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Belle & Belle II

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

2. Interaction region

2.1. Beam crossing angle

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

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

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

2.2. Beam-line magnets near the interaction point

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

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

Fig. 1. Side view of the Belle detector.

A. Abashian et al. / Nuclear Instruments and Methods in Physics Research A 479 (2002) 117–232124
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84#institutes#
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=
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Y. Kwon (Yonsei Univ./Belle) Physics Highlights from Belle Aug. 25, 2015 4
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e+e� ! ⌥(4S) as a B-factory

B-factories 
• Precise knowledge of  the initial states in 𝑒 𝑒  collisions. 

• Designed to run at Υ(4𝑆) resonance ( 𝑠 = 10.58GeV). 

Saga-Yonsei Workshop on High Energy Physics: Jan. 14th, 2014 4 

8GeV 𝒆  

3.5GeV 𝒆  
10.58 GeV 

1.1nb 𝝈 𝒆 𝒆 → 𝒀 𝟒𝑺  
~3nb 𝝈 𝒆 𝒆 → 𝒒𝒒  

(𝒒 = 𝒖,𝒅, 𝒔, 𝒄) 

𝚼(𝟒𝑺) 

• Br Υ 4𝑆 → 𝐵𝐵 > 96% ; w/ 𝑝 = 380MeV/𝑐 

• How to benefit from this Υ(4𝑆) decay structure? 

The Upsilon System 

• B(⌥(4S) ! BB) > 96%, with pCM
B ⇠ 0.35 GeV/c

• nothing else but BB in the final state
) if we know (E,~p) of one B, the other B is also constrained

Y. Kwon (Yonsei Univ.) Study of neutrinos using “B-meson beams” at Belle Apr. 9, 2014 5

(Note) mB = 5.28 GeV
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Belle (and BaBar, too) achievements include: 

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

• Mixing, CP, and spectroscopy of charmed 
hadrons 

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

• Studies of τ and 2γ

2008
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The next Luminosity Frontier
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SuperKEKB                         Belle II

injector  
to Linac

<latexit sha1_base64="laRUtirPKCAfEsaLcQ1gFWKAzeA="></latexit>

L = 6.5⇥ 1035 cm�2s�1

Z goal

L dt = 50 ab�1



26	countries/regions,			~120	institutions,			~1000	collaborators 8

The Belle II Collaboration
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<latexit sha1_base64="Wve7QkNG/CznpAkUN89BoQ9CUdw="></latexit>

�

Z
L dt = N(events)

<latexit sha1_base64="CiifKDLMgcKMnEtjNp5REOaYkiM=">AAACEXicbVA7T8MwGHTKq5RXgJHFokLqVCUIBGNVFsYi0YfUVJHjOq1V2wm2g1RF4Sew8FdYGECIlY2Nf4PTZoCWkyyd7u6z/V0QM6q043xbpZXVtfWN8mZla3tnd8/eP+ioKJGYtHHEItkLkCKMCtLWVDPSiyVBPGCkG0yucr97T6SikbjV05gMOBoJGlKMtJF8u+YpOuLIT5teZHL5NWkzy6CRObmD7kPqSQ5FkPl21ak7M8Bl4hakCgq0fPvLG0Y44URozJBSfdeJ9SBFUlPMSFbxEkVihCdoRPqGCsSJGqSzjTJ4YpQhDCNpjtBwpv6eSBFXasoDk+RIj9Wil4v/ef1Eh5eDlIo40UTg+UNhwqCOYF4PHFJJsGZTQxCW1PwV4jGSCGtTYsWU4C6uvEw6p3X3vO7cnFUbzaKOMjgCx6AGXHABGuAatEAbYPAInsEreLOerBfr3fqYR0tWMXMI/sD6/AEYzp3M</latexit>

�BB ' 1 nb
<latexit sha1_base64="3DcwSqldL6dEQ3KHgpnkguJzVLo="></latexit>

) 1 fb�1 ⇠ 106 BB events
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Processes with  
(a)   and beyond (“leptonic”) 
(b)   (“semileptonic”)

W+ → ℓ+νℓ
B+ → ℓ+νℓ

B+ → Xqℓ+νℓ
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1-page summary of semileptonic decays
Precision measurements of CKM UT

11

Test of lepton universality in R(D(*))
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g` (` = e, µ, ⌧)
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Is g⌧ = gµ, and/or ge?

R(D(*)) ≡
ℬ(B → D(*)τ+ν)
ℬ(B → D(*)ℓ+ν)

<latexit sha1_base64="Zu6ZQaA+u241luwOtw5+084rVyo=">AAAB7XicdVDJSgNBEO2JW4xb1KMijUHwFGaEuNyCXjwmYBZIQujp1CRterqH7h4hDDl69+JBEa/+Qr7Dm9/gT9hZhCj6oODxXhVV9fyIM21c98NJLSwuLa+kVzNr6xubW9ntnaqWsaJQoZJLVfeJBs4EVAwzHOqRAhL6HGp+/2rs1+5AaSbFjRlE0ApJV7CAUWKsVO22m8B5O5tz8+4EeI4UXO/i1MPeTMkV90flz/uDUamdfW92JI1DEIZyonXDcyPTSogyjHIYZpqxhojQPulCw1JBQtCtZHLtEB9ZpYMDqWwJgyfq/ERCQq0HoW87Q2J6+rc3Fv/yGrEJzlsJE1FsQNDpoiDm2Eg8fh13mAJq+MASQhWzt2LaI4pQYwPK2BC+P8X/k+pJ3ivk3bJN4xJNkUZ76BAdIw+doSK6RiVUQRTdogf0hJ4d6Tw6L87rtDXlzGZ20Q84b1+UQZLW</latexit>g`
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1-page summary of semileptonic decays
Precision measurements of CKM UT 
• a tension of Inclusive vs. Exclusive?

• arXiv:2101.00020 for  inclusive
a “Belle masterpiece” by Uni. Bonn group 
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Figure 61: Combined average on |Vub| and |Vcb| including the LHCb measurement of |Vub|/|Vcb|,
the exclusive |Vub| measurement from B ! ⇡`⌫, and |Vcb| measurements from both B ! D⇤`⌫
and B ! D`⌫. The dashed ellipse corresponds to a 1� two-dimensional contour (68% of CL).
The point with the error bars corresponds to the inclusive |Vcb| from the kinetic scheme (Sec.
6.2.2), and the inclusive |Vub| from GGOU calculation (Sec. 6.4.3).

and presented in Figures 62 and 63. In the B0
! ⇢�`+⌫ average, both the B0

! ⇢�`+⌫ and
B+

! ⇢0`+⌫ decays are used, where the B+
! ⇢0`+⌫ are rescaled by 2⌧B0/⌧B+ assuming the

isospin symmetry. For B+
! !`+⌫ and B+

! ⌘`+⌫ decays, the agreement between the different
measurements is good. B+

! ⌘0`+⌫ shows a discrepancy between the old CLEO measurement
and the BABAR untagged analysis, but the statistical uncertainties of the CLEO measurement
are large. The B0

! ⇢`+⌫ results, instead, show significant differences, in particular the BABAR
untagged analysis gives a branching fraction significantly lower (by about 2�) that the Belle
measurement based on the hadronic-tag. A possible reason for such discrepancy could be the
broad nature of the ⇢ resonance that makes the control of the background under the ⇢ mass
peak more difficult in the untagged analysis than in the hadronic-tag analysis.

We do not report |Vub| for these exclusive charmless decays, because the form factor cal-
culations have not yet reached the precision achieved for B ! ⇡`⌫ decays. Unquenched lattice
QCD calculations of the form factors are not available for these decays, but LCSR calculations
exist for all these decay modes. The most recent of these calculations for the B ! ⇢`⌫ and
B ! !`⌫ decays are reported in Ref. [542] and [543].

168
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Test of lepton universality in  R(D(*))

Florian Bernlochner 

FB, M. Franco Sevilla, D. Robinson, G. Wormser 

[arXiv:2101.08326], submitted to Review of Modern Physics
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Figure 26 Left: R(D(⇤)) world averages with di↵erent assumptions for the unknown correlation ⇢D⇤⇤ : The average with
⇢D⇤⇤ = 0 (light blue) is based on similar assumptions as (Amhis et al., 2019) and shows a compatibility with the SM expectation
of 3.2 standard deviations taking into account the small uncertainties of the theoretical predictions; ⇢D⇤⇤ = ±1 (light red or
orange) agrees with the SM expectation within 2.9 and 3.7 standard deviations, respectively. In our quoted average we profile
the unknown correlation and obtain ⇢̂D⇤⇤ = �0.88 (heather gray) with a compatibility with the SM of 3.6 standard deviations.
Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).

The most important ones stem from the modeling of the
B ! D

⇤⇤
l⌫ processes, which comprise a significant back-

ground source in all measurements to date. The manner
in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D

⇤⇤
`⌫̄`

is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D

⇤⇤
`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D

⇤⇤
`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
(⇤)

l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem
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Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).
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ground source in all measurements to date. The manner
in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D

⇤⇤
`⌫̄`

is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D

⇤⇤
`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D

⇤⇤
`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
(⇤)

l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem

Note that there is a difference in stat. coverage for the 2D 

(39.3%) versus 1D measurements (68.3%)
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Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).
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with an overall correlation of ⇢ = �0.33. In addition to
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leptonic ⌧ branching fractions and the B ! D
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are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem
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Figure 26 Left: R(D(⇤)) world averages with di↵erent assumptions for the unknown correlation ⇢D⇤⇤ : The average with
⇢D⇤⇤ = 0 (light blue) is based on similar assumptions as (Amhis et al., 2019) and shows a compatibility with the SM expectation
of 3.2 standard deviations taking into account the small uncertainties of the theoretical predictions; ⇢D⇤⇤ = ±1 (light red or
orange) agrees with the SM expectation within 2.9 and 3.7 standard deviations, respectively. In our quoted average we profile
the unknown correlation and obtain ⇢̂D⇤⇤ = �0.88 (heather gray) with a compatibility with the SM of 3.6 standard deviations.
Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).
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ground source in all measurements to date. The manner
in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D
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is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D

⇤⇤
`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D

⇤⇤
`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
(⇤)

l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem

See also: https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html

ℛ(D*)SM = 0.258 ± 0.005
ℛ(D)SM = 0.299 ± 0.003

More Recent SM Calculations:


BaBar B->D* 

https://arxiv.org/abs/1903.10002

- R(D*)=0.253+-0.005


Gambino, Jung, Schacht  using Belle 2019 data

https://arxiv.org/abs/1905.08209

- R(D*)=0.254 +0.007 -0.006


Bordone, Jung, van Dyk using Belle 2019 data

https://arxiv.org/abs/1908.09398

- RD=297+-0.003, RD*=0.250+-0.003


HFLAV arithmetic average

of SM Calculations


from Florian Bernlochner’s talk @ APS 2021

Florian Bernlochner 

FB, M. Franco Sevilla, D. Robinson, G. Wormser 

[arXiv:2101.08326], submitted to Review of Modern Physics
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Figure 26 Left: R(D(⇤)) world averages with di↵erent assumptions for the unknown correlation ⇢D⇤⇤ : The average with
⇢D⇤⇤ = 0 (light blue) is based on similar assumptions as (Amhis et al., 2019) and shows a compatibility with the SM expectation
of 3.2 standard deviations taking into account the small uncertainties of the theoretical predictions; ⇢D⇤⇤ = ±1 (light red or
orange) agrees with the SM expectation within 2.9 and 3.7 standard deviations, respectively. In our quoted average we profile
the unknown correlation and obtain ⇢̂D⇤⇤ = �0.88 (heather gray) with a compatibility with the SM of 3.6 standard deviations.
Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).
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ground source in all measurements to date. The manner
in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D
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is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D

⇤⇤
`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D

⇤⇤
`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
(⇤)

l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem
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The most important ones stem from the modeling of the
B ! D

⇤⇤
l⌫ processes, which comprise a significant back-

ground source in all measurements to date. The manner
in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D

⇤⇤
`⌫̄`

is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D

⇤⇤
`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D

⇤⇤
`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
(⇤)

l⌫ FFs
are fully correlated across measurements. The compat-
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2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.
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ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
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2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.
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ibility with the SM expectation is within 3.2 standard
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of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
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A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem
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, features & motivationsB+ → ℓ+νℓ
SM predictions 

Experimental features 

•                  large BF, but multiple ’s

•    , but very small BF

B+ → τ+ντ ν

B+ → ℓ+νℓ (ℓ ≠ τ) Eℓ ∼ mB/2

14
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, features & motivationsB+ → ℓ+νℓ
SM predictions 

Motivations 

• very clean place to measure , and/or search for new physics (e.g.  or LQ)

• ultimate test of LUV

• Belle has measured  with both inclusive tag [PLB 647, 67 (2007)] and 
hadronic tag [PRD 91, 052016 (2015)] and updated  with inclusive tagging [PRL 
121, 031801 (2018), and PRD 101, 032007 (2020)].

fB |Vub | H+

B+ → e+ν, μ+ν
B+ → μ+ν
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and all other parameters cancel!
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, ‘to Tag or not to Tag’B+ → ℓ+νℓ

16

Why bother? 
• missing (s) in the final state

• need extra kinematic constraints to improve sensitivity

• exploit  producing  and nothing else

How to tag? 
• “hadronic tagging” — reconstruction of the full decay chain of  in hadronic modes

• “semileptonic tagging” — use semileptonic  decays, e.g. 

ν

Υ(4S) BB
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Why bother? 
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• exploit  producing  and nothing else

How to tag? 
• “hadronic tagging” — reconstruction of the full decay chain of  in hadronic modes

• “semileptonic tagging” — use semileptonic  decays, e.g. 

Tagged vs. Untagged for   
• tagging is not really necessary   mono-energetic  in the final state

• Nonetheless, analyses with tagging have also been tried
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PRD (2015)

Why then bother with ‘tagged’ for B+
! `+⌫?

I much better resolution of pB
` with the full-recon. tagging

I But, does it make a case for ‘full-recon-tagged’ analysis of B+
! `+⌫?
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Fig. 3. pB
! distributions for the signal candidates. Points show the on-resonance data, and solid histograms show the expected background due to rare B → Xu!ν

decays (hatched, from MC); other BB̄ events, principally B → Xc!ν decays (cross-hatched, also from MC); and continuum events (light shaded, taken from scaled
off-resonance data). Dashed histograms are MC B → !ν signals that are obtained by multiplying the SM expectations by a factor of 10 for the muon mode and by
5 × 106 for the electron mode. The arrows show the signal regions.

Fig. 4. Mbc distributions for the events in the #E signal region, together with the fit results (dotted lines). The solid curves are the background contributions. The
dashed curves are the signal contributions. The signal contribution in the electron mode is multiplied by a factor of −4 to make it visible on the plot.

from the off-resonance data for the continuum background and
from MC for the BB̄ background. We do not include the peak-
ing component from B → Xu!ν in this fit since an examination
of #E sideband data indicates that the peaking contribution is
negligible. The expected number of background events in the
signal region is estimated by fitting the Mbc distribution outside
the signal region to a background shape determined from the
BB̄ MC and off-resonance data. The expected number of back-
ground events is 7.4 ± 1.0 (13.4 ± 1.4) for the muon (electron)
mode. Use of the combination of the BB̄ MC samples and off-
resonance data instead of the on-resonance data gives similar
expected number of background events. The Mbc distributions
are used as probability density functions (PDF) to compute an
extended likelihood function defined as follows:

(4)L(ns, nb) = e−(ns+nb)

N !
N∏

i=1

(
nsfs(i) + nbfb(i)

)

where ns and nb represent the numbers of signal and back-
ground events in the fit region to be determined in the fit, N

is the number of observed events, fs and fb are the signal

and background PDFs, respectively. The negative log likelihood
function is minimized using MINUIT [18] with two free para-
meters nb and ns where ns = ε! ×NBB̄ ×B(B+ → !+ν) with ε!

being the efficiency in the fit region, and NBB̄ the total number
of BB̄ events analyzed. We assume the number of the charged
and neutral BB̄ pairs to be equal.

Fig. 4 shows the Mbc distributions of events in the #E signal
region together with the fit results. We observe 12 (15) events
for the muon (electron) mode in the signal region. The signal
yield extracted from the fit is 4.1 ± 3.1 events for the muon
mode and −1.8 ± 3.3 events for the electron mode in the signal
region. For the SM branching fractions, we expect 2.8±0.2 and
(7.3 ± 1.4) × 10−5 events for the muon mode and the electron
mode, respectively. The significance of the signal in the muon
mode is 1.3, which is defined as

√
2 ln(Lmax/L0) where Lmax

is the likelihood value for the best-fit signal yield and L0 is
the likelihood value for no signal event. No excess of events is
observed in the electron mode. Selection efficiencies, expected
numbers of events for signal and background and fit results are
summarized in Table 1.

untagged
PLB (2007) PRD (2015)
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, why bother with tagging?B+ → ℓ+νℓ

• Note:  and 
➔ any signal for  at the Belle (II) sensitivity is way beyond the SM 

• In that case, are we sure what we see is really ?
What about ?  Or,  where  is any invisible particle from NP, e.g. sterile ? 

• With full-recon, we can use  to discern many such cases

ℬSM(B+ → e+νe) ∼ 10−11 ℬSM(B+ → μ+νμ) ∼ 3 × 10−7

B+ → e+νe

B+ → e+νe
B0 → e+τ− B+ → e+X0 X0 ν

pB
ℓ

Why then bother with ‘tagged’ for B+
! `+⌫?

I Note: BSM(B+
! e+⌫) ⇠ 10�11 and BSM(B+

! µ+⌫) ⇠ 3 ⇥ 10�7

) Any signal for B+ ! e+⌫ at the Belle sensitivity is way beyond the SM

I In that case, are we sure what we see is really B+
! e+⌫?

What about B0 ! e+⌧�? How about B+ ! e+X0 where X0 is any unknown particle from NP?

I With full-recon., we can use pB
` to discern many such cases

I Belle analysis with hadronic B-tagging PRD 91, 052016 (2015)
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L., which
are by far the most stringent limits obtained with the
hadronic tagging method. Given the low background level
demonstrated in this search, we expect more stringent
constraints on the new physics models to be set by Belle
II [27], the next generation B factory experiment.
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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (bottom). The points with error bars are the
experimental data. The solid histograms are for the signal MC
distributions which are scaled up by a factor of 106 (40) from the
SM expectation for Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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selection efficiency, and NBþB− is the number of
ϒð4SÞ → BþB− events in the data sample. Using
Bðϒð4SÞ → BþB−Þ ¼ 0.513% 0.006 [3], we estimate
NBþB− as ð396% 7Þ × 106.
We obtain Nbkg

exp by fitting the pB
l sideband of the data

sample with a PDF obtained from the background MC. We
then estimate the expected background yield in the pB

l
signal region from the ratio of the fitted background MC
yields in the pB

l sideband and the pB
l signal region.

The systematic uncertainties on Nbkg
exp are estimated

according to the uncertainties in the background PDF
parameters, the branching fraction of background decays,
and the statistics of the data sample in the pB

l sideband. We
vary each source in turn by its uncertainty (%1σ), and the
resulting deviations in Nbkg

exp are added in quadrature. To
calculate the effect of the branching fraction uncertainties
of the background modes, we refer to the experimental
measurements [3] for the Bþ → D̄ð&Þ0lþνl, Bþ → π0lþνl,
Bþ → πþK0, and Bþ → Kþπ0 modes and vary each
branching fraction one by one from the world-average
value by its error. For the Bþ → lþνlγ, an uncertainty of
%50% is applied. For modes where a clear estimate of the
background level is not available, we assume a conservative
branching fraction uncertainty of þ100

−50 %. The values of
Nbkg

exp and their uncertainties for both Bþ → eþνe and Bþ →
μþνμ decays are listed in Table I.
The efficiencies ϵs are 0.086% 0.007 and 0.102% 0.008

for Bþ → eþνe and Bþ → μþνμ, respectively, as summa-
rized in Table I. The uncertainties of ϵs are calculated from
the following sources: lepton identification, signal MC
statistical error, track finding uncertainties of the signal
lepton, ϵtag correction, and pB

l shape.
The lepton identification efficiency correction is esti-

mated by comparing the efficiency difference between the
data and MC using γγ → eþe−=μþμ− processes, from
which we obtain a 2.0% uncertainty for Bþ → eþνe and
2.3% for Bþ → μþνμ. The uncertainty due to signal MC
statistics is 1.4% for Bþ → eþνe and 1.3% for Bþ → μþνμ.
The track-finding uncertainty is obtained by studying the
partially reconstructed D&þ → D0πþ, D0 → K0

Sπ
þπ−, and

KS → πþπ− decay chain, where one of the K0
S daughters is

not explicitly reconstructed. We compare, between data and
MC, the efficiency of finding theK0

S daughter pion which is

not explicitly used in the partial D& reconstruction and
estimate a contribution of 0.35% uncertainty for both Bþ →
eþνe and Bþ → μþνμ modes. We also include the 6.4% ϵtag
correction uncertainty mentioned earlier.
To account for the difference of pB

l shapes in the signal
MC and the data, we study Bþ → D̄0πþ decays as a control
sample. The control sample is similar to our signal decay
since it is also a two-body decay of a Bþ meson. The D̄0

meson is identified in the D̄0 → Kþπ− and D̄0 →
Kþπ−πþπ− decay channels. We follow the same analysis
procedure as in the Bþ → lþνl analysis, where the πþ

from the primary decay of the Bþ meson (primary πþ) is
treated as the lepton and the D̄0 decay products as a whole
are treated as the invisible neutrino. We compare the
distributions of the primary πþ momentum in the rest
frame of the signal B (pB

π ) between the background
subtracted data sample and the control sample MC, which
are displayed in Fig. 2.
We estimate the pB

l shape correction factor as the ratio of
the pB

π selection efficiencies between the background-
subtracted data and MC for the control mode. The
yields are compared for the wide (2.15 GeV=c <
pB
π < 2.45 GeV=c) and the peak (2.28 GeV=c < pB

π <
2.36 GeV=c) region, separately for data and MC. By
comparing the ratios of the peak region yield to that of
the wide region, we obtain the pB

l shape correction factor as
0.953% 0.034, where the error includes both the statistical
uncertainty of the study as well as systematic uncertainties
in fitting. With this correction applied to the MC sample,
the control sample yield of data and MC agree within 0.3σ.
The total systematic uncertainty related to ϵsNBþB−

is 8.0% for both Bþ → eþνe and Bþ → μþνμ. The
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FIG. 2 (color online). The pB
π distributions of the Bþ → D̄0πþ

control sample study. The points with error bars indicate the
background-subtracted data and the solid histogram shows the
MC distribution. The region between the two dashed lines
represents the pB

π selection region for the control sample study.

TABLE I. Summary of the signal selection efficiency (ϵs), the
number of events observed in the pB

l signal region (Nobs), and
the expected background yield in the pB

l signal region (Nbkg
exp) for

the Bþ → lþνl search.

Mode ϵs [%] Nobs Nbkg
exp

Bþ → eþνe 0.086% 0.007 0 0.10% 0.04
Bþ → μþνμ 0.102% 0.008 0 0.26þ0.09

−0.08
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L., which
are by far the most stringent limits obtained with the
hadronic tagging method. Given the low background level
demonstrated in this search, we expect more stringent
constraints on the new physics models to be set by Belle
II [27], the next generation B factory experiment.
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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (bottom). The points with error bars are the
experimental data. The solid histograms are for the signal MC
distributions which are scaled up by a factor of 106 (40) from the
SM expectation for Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L., which
are by far the most stringent limits obtained with the
hadronic tagging method. Given the low background level
demonstrated in this search, we expect more stringent
constraints on the new physics models to be set by Belle
II [27], the next generation B factory experiment.
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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0

2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8

E
ve

nt
s 

/ (
0.

02
5 

G
eV

/c
)

0

1

2

3

4

5

6

7

2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8

E
ve

nt
s 

/ (
0.

02
5 

G
eV

/c
)

0
1
2
3
4
5
6
7
8

FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (bottom). The points with error bars are the
experimental data. The solid histograms are for the signal MC
distributions which are scaled up by a factor of 106 (40) from the
SM expectation for Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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selection efficiency, and NBþB− is the number of
ϒð4SÞ → BþB− events in the data sample. Using
Bðϒð4SÞ → BþB−Þ ¼ 0.513% 0.006 [3], we estimate
NBþB− as ð396% 7Þ × 106.
We obtain Nbkg

exp by fitting the pB
l sideband of the data

sample with a PDF obtained from the background MC. We
then estimate the expected background yield in the pB

l
signal region from the ratio of the fitted background MC
yields in the pB

l sideband and the pB
l signal region.

The systematic uncertainties on Nbkg
exp are estimated

according to the uncertainties in the background PDF
parameters, the branching fraction of background decays,
and the statistics of the data sample in the pB

l sideband. We
vary each source in turn by its uncertainty (%1σ), and the
resulting deviations in Nbkg

exp are added in quadrature. To
calculate the effect of the branching fraction uncertainties
of the background modes, we refer to the experimental
measurements [3] for the Bþ → D̄ð&Þ0lþνl, Bþ → π0lþνl,
Bþ → πþK0, and Bþ → Kþπ0 modes and vary each
branching fraction one by one from the world-average
value by its error. For the Bþ → lþνlγ, an uncertainty of
%50% is applied. For modes where a clear estimate of the
background level is not available, we assume a conservative
branching fraction uncertainty of þ100

−50 %. The values of
Nbkg

exp and their uncertainties for both Bþ → eþνe and Bþ →
μþνμ decays are listed in Table I.
The efficiencies ϵs are 0.086% 0.007 and 0.102% 0.008

for Bþ → eþνe and Bþ → μþνμ, respectively, as summa-
rized in Table I. The uncertainties of ϵs are calculated from
the following sources: lepton identification, signal MC
statistical error, track finding uncertainties of the signal
lepton, ϵtag correction, and pB

l shape.
The lepton identification efficiency correction is esti-

mated by comparing the efficiency difference between the
data and MC using γγ → eþe−=μþμ− processes, from
which we obtain a 2.0% uncertainty for Bþ → eþνe and
2.3% for Bþ → μþνμ. The uncertainty due to signal MC
statistics is 1.4% for Bþ → eþνe and 1.3% for Bþ → μþνμ.
The track-finding uncertainty is obtained by studying the
partially reconstructed D&þ → D0πþ, D0 → K0

Sπ
þπ−, and

KS → πþπ− decay chain, where one of the K0
S daughters is

not explicitly reconstructed. We compare, between data and
MC, the efficiency of finding theK0

S daughter pion which is

not explicitly used in the partial D& reconstruction and
estimate a contribution of 0.35% uncertainty for both Bþ →
eþνe and Bþ → μþνμ modes. We also include the 6.4% ϵtag
correction uncertainty mentioned earlier.
To account for the difference of pB

l shapes in the signal
MC and the data, we study Bþ → D̄0πþ decays as a control
sample. The control sample is similar to our signal decay
since it is also a two-body decay of a Bþ meson. The D̄0

meson is identified in the D̄0 → Kþπ− and D̄0 →
Kþπ−πþπ− decay channels. We follow the same analysis
procedure as in the Bþ → lþνl analysis, where the πþ

from the primary decay of the Bþ meson (primary πþ) is
treated as the lepton and the D̄0 decay products as a whole
are treated as the invisible neutrino. We compare the
distributions of the primary πþ momentum in the rest
frame of the signal B (pB

π ) between the background
subtracted data sample and the control sample MC, which
are displayed in Fig. 2.
We estimate the pB

l shape correction factor as the ratio of
the pB

π selection efficiencies between the background-
subtracted data and MC for the control mode. The
yields are compared for the wide (2.15 GeV=c <
pB
π < 2.45 GeV=c) and the peak (2.28 GeV=c < pB

π <
2.36 GeV=c) region, separately for data and MC. By
comparing the ratios of the peak region yield to that of
the wide region, we obtain the pB

l shape correction factor as
0.953% 0.034, where the error includes both the statistical
uncertainty of the study as well as systematic uncertainties
in fitting. With this correction applied to the MC sample,
the control sample yield of data and MC agree within 0.3σ.
The total systematic uncertainty related to ϵsNBþB−

is 8.0% for both Bþ → eþνe and Bþ → μþνμ. The
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FIG. 2 (color online). The pB
π distributions of the Bþ → D̄0πþ

control sample study. The points with error bars indicate the
background-subtracted data and the solid histogram shows the
MC distribution. The region between the two dashed lines
represents the pB

π selection region for the control sample study.

TABLE I. Summary of the signal selection efficiency (ϵs), the
number of events observed in the pB

l signal region (Nobs), and
the expected background yield in the pB

l signal region (Nbkg
exp) for

the Bþ → lþνl search.

Mode ϵs [%] Nobs Nbkg
exp

Bþ → eþνe 0.086% 0.007 0 0.10% 0.04
Bþ → μþνμ 0.102% 0.008 0 0.26þ0.09

−0.08
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L., which
are by far the most stringent limits obtained with the
hadronic tagging method. Given the low background level
demonstrated in this search, we expect more stringent
constraints on the new physics models to be set by Belle
II [27], the next generation B factory experiment.
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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (bottom). The points with error bars are the
experimental data. The solid histograms are for the signal MC
distributions which are scaled up by a factor of 106 (40) from the
SM expectation for Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L., which
are by far the most stringent limits obtained with the
hadronic tagging method. Given the low background level
demonstrated in this search, we expect more stringent
constraints on the new physics models to be set by Belle
II [27], the next generation B factory experiment.
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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (bottom). The points with error bars are the
experimental data. The solid histograms are for the signal MC
distributions which are scaled up by a factor of 106 (40) from the
SM expectation for Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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selection efficiency, and NBþB− is the number of
ϒð4SÞ → BþB− events in the data sample. Using
Bðϒð4SÞ → BþB−Þ ¼ 0.513% 0.006 [3], we estimate
NBþB− as ð396% 7Þ × 106.
We obtain Nbkg

exp by fitting the pB
l sideband of the data

sample with a PDF obtained from the background MC. We
then estimate the expected background yield in the pB

l
signal region from the ratio of the fitted background MC
yields in the pB

l sideband and the pB
l signal region.

The systematic uncertainties on Nbkg
exp are estimated

according to the uncertainties in the background PDF
parameters, the branching fraction of background decays,
and the statistics of the data sample in the pB

l sideband. We
vary each source in turn by its uncertainty (%1σ), and the
resulting deviations in Nbkg

exp are added in quadrature. To
calculate the effect of the branching fraction uncertainties
of the background modes, we refer to the experimental
measurements [3] for the Bþ → D̄ð&Þ0lþνl, Bþ → π0lþνl,
Bþ → πþK0, and Bþ → Kþπ0 modes and vary each
branching fraction one by one from the world-average
value by its error. For the Bþ → lþνlγ, an uncertainty of
%50% is applied. For modes where a clear estimate of the
background level is not available, we assume a conservative
branching fraction uncertainty of þ100

−50 %. The values of
Nbkg

exp and their uncertainties for both Bþ → eþνe and Bþ →
μþνμ decays are listed in Table I.
The efficiencies ϵs are 0.086% 0.007 and 0.102% 0.008

for Bþ → eþνe and Bþ → μþνμ, respectively, as summa-
rized in Table I. The uncertainties of ϵs are calculated from
the following sources: lepton identification, signal MC
statistical error, track finding uncertainties of the signal
lepton, ϵtag correction, and pB

l shape.
The lepton identification efficiency correction is esti-

mated by comparing the efficiency difference between the
data and MC using γγ → eþe−=μþμ− processes, from
which we obtain a 2.0% uncertainty for Bþ → eþνe and
2.3% for Bþ → μþνμ. The uncertainty due to signal MC
statistics is 1.4% for Bþ → eþνe and 1.3% for Bþ → μþνμ.
The track-finding uncertainty is obtained by studying the
partially reconstructed D&þ → D0πþ, D0 → K0

Sπ
þπ−, and

KS → πþπ− decay chain, where one of the K0
S daughters is

not explicitly reconstructed. We compare, between data and
MC, the efficiency of finding theK0

S daughter pion which is

not explicitly used in the partial D& reconstruction and
estimate a contribution of 0.35% uncertainty for both Bþ →
eþνe and Bþ → μþνμ modes. We also include the 6.4% ϵtag
correction uncertainty mentioned earlier.
To account for the difference of pB

l shapes in the signal
MC and the data, we study Bþ → D̄0πþ decays as a control
sample. The control sample is similar to our signal decay
since it is also a two-body decay of a Bþ meson. The D̄0

meson is identified in the D̄0 → Kþπ− and D̄0 →
Kþπ−πþπ− decay channels. We follow the same analysis
procedure as in the Bþ → lþνl analysis, where the πþ

from the primary decay of the Bþ meson (primary πþ) is
treated as the lepton and the D̄0 decay products as a whole
are treated as the invisible neutrino. We compare the
distributions of the primary πþ momentum in the rest
frame of the signal B (pB

π ) between the background
subtracted data sample and the control sample MC, which
are displayed in Fig. 2.
We estimate the pB

l shape correction factor as the ratio of
the pB

π selection efficiencies between the background-
subtracted data and MC for the control mode. The
yields are compared for the wide (2.15 GeV=c <
pB
π < 2.45 GeV=c) and the peak (2.28 GeV=c < pB

π <
2.36 GeV=c) region, separately for data and MC. By
comparing the ratios of the peak region yield to that of
the wide region, we obtain the pB

l shape correction factor as
0.953% 0.034, where the error includes both the statistical
uncertainty of the study as well as systematic uncertainties
in fitting. With this correction applied to the MC sample,
the control sample yield of data and MC agree within 0.3σ.
The total systematic uncertainty related to ϵsNBþB−

is 8.0% for both Bþ → eþνe and Bþ → μþνμ. The
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FIG. 2 (color online). The pB
π distributions of the Bþ → D̄0πþ

control sample study. The points with error bars indicate the
background-subtracted data and the solid histogram shows the
MC distribution. The region between the two dashed lines
represents the pB

π selection region for the control sample study.

TABLE I. Summary of the signal selection efficiency (ϵs), the
number of events observed in the pB

l signal region (Nobs), and
the expected background yield in the pB

l signal region (Nbkg
exp) for

the Bþ → lþνl search.

Mode ϵs [%] Nobs Nbkg
exp

Bþ → eþνe 0.086% 0.007 0 0.10% 0.04
Bþ → μþνμ 0.102% 0.008 0 0.26þ0.09

−0.08
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L., which
are by far the most stringent limits obtained with the
hadronic tagging method. Given the low background level
demonstrated in this search, we expect more stringent
constraints on the new physics models to be set by Belle
II [27], the next generation B factory experiment.
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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (bottom). The points with error bars are the
experimental data. The solid histograms are for the signal MC
distributions which are scaled up by a factor of 106 (40) from the
SM expectation for Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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• Note:  and 
➔ any signal for  at the Belle (II) sensitivity is way beyond the SM 

• In that case, are we sure what we see is really ?
What about ?  Or,  where  is any invisible particle from NP, e.g. sterile ? 

• With full-recon, we can use  to discern many such cases

ℬSM(B+ → e+νe) ∼ 10−11 ℬSM(B+ → μ+νμ) ∼ 3 × 10−7

B+ → e+νe

B+ → e+νe
B0 → e+τ− B+ → e+X0 X0 ν

pB
ℓ

Why then bother with ‘tagged’ for B+
! `+⌫?

I Note: BSM(B+
! e+⌫) ⇠ 10�11 and BSM(B+

! µ+⌫) ⇠ 3 ⇥ 10�7

) Any signal for B+ ! e+⌫ at the Belle sensitivity is way beyond the SM

I In that case, are we sure what we see is really B+
! e+⌫?

What about B0 ! e+⌧�? How about B+ ! e+X0 where X0 is any unknown particle from NP?

I With full-recon., we can use pB
` to discern many such cases

I Belle analysis with hadronic B-tagging PRD 91, 052016 (2015)
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L., which
are by far the most stringent limits obtained with the
hadronic tagging method. Given the low background level
demonstrated in this search, we expect more stringent
constraints on the new physics models to be set by Belle
II [27], the next generation B factory experiment.
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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0

2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8

E
ve

nt
s 

/ (
0.

02
5 

G
eV

/c
)

0

1

2

3

4

5

6

7

2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8

E
ve

nt
s 

/ (
0.

02
5 

G
eV

/c
)

0
1
2
3
4
5
6
7
8

FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (bottom). The points with error bars are the
experimental data. The solid histograms are for the signal MC
distributions which are scaled up by a factor of 106 (40) from the
SM expectation for Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.

SEARCH FOR Bþ → eþνe AND … PHYSICAL REVIEW D 91, 052016 (2015)

052016-7

selection efficiency, and NBþB− is the number of
ϒð4SÞ → BþB− events in the data sample. Using
Bðϒð4SÞ → BþB−Þ ¼ 0.513% 0.006 [3], we estimate
NBþB− as ð396% 7Þ × 106.
We obtain Nbkg

exp by fitting the pB
l sideband of the data

sample with a PDF obtained from the background MC. We
then estimate the expected background yield in the pB

l
signal region from the ratio of the fitted background MC
yields in the pB

l sideband and the pB
l signal region.

The systematic uncertainties on Nbkg
exp are estimated

according to the uncertainties in the background PDF
parameters, the branching fraction of background decays,
and the statistics of the data sample in the pB

l sideband. We
vary each source in turn by its uncertainty (%1σ), and the
resulting deviations in Nbkg

exp are added in quadrature. To
calculate the effect of the branching fraction uncertainties
of the background modes, we refer to the experimental
measurements [3] for the Bþ → D̄ð&Þ0lþνl, Bþ → π0lþνl,
Bþ → πþK0, and Bþ → Kþπ0 modes and vary each
branching fraction one by one from the world-average
value by its error. For the Bþ → lþνlγ, an uncertainty of
%50% is applied. For modes where a clear estimate of the
background level is not available, we assume a conservative
branching fraction uncertainty of þ100

−50 %. The values of
Nbkg

exp and their uncertainties for both Bþ → eþνe and Bþ →
μþνμ decays are listed in Table I.
The efficiencies ϵs are 0.086% 0.007 and 0.102% 0.008

for Bþ → eþνe and Bþ → μþνμ, respectively, as summa-
rized in Table I. The uncertainties of ϵs are calculated from
the following sources: lepton identification, signal MC
statistical error, track finding uncertainties of the signal
lepton, ϵtag correction, and pB

l shape.
The lepton identification efficiency correction is esti-

mated by comparing the efficiency difference between the
data and MC using γγ → eþe−=μþμ− processes, from
which we obtain a 2.0% uncertainty for Bþ → eþνe and
2.3% for Bþ → μþνμ. The uncertainty due to signal MC
statistics is 1.4% for Bþ → eþνe and 1.3% for Bþ → μþνμ.
The track-finding uncertainty is obtained by studying the
partially reconstructed D&þ → D0πþ, D0 → K0

Sπ
þπ−, and

KS → πþπ− decay chain, where one of the K0
S daughters is

not explicitly reconstructed. We compare, between data and
MC, the efficiency of finding theK0

S daughter pion which is

not explicitly used in the partial D& reconstruction and
estimate a contribution of 0.35% uncertainty for both Bþ →
eþνe and Bþ → μþνμ modes. We also include the 6.4% ϵtag
correction uncertainty mentioned earlier.
To account for the difference of pB

l shapes in the signal
MC and the data, we study Bþ → D̄0πþ decays as a control
sample. The control sample is similar to our signal decay
since it is also a two-body decay of a Bþ meson. The D̄0

meson is identified in the D̄0 → Kþπ− and D̄0 →
Kþπ−πþπ− decay channels. We follow the same analysis
procedure as in the Bþ → lþνl analysis, where the πþ

from the primary decay of the Bþ meson (primary πþ) is
treated as the lepton and the D̄0 decay products as a whole
are treated as the invisible neutrino. We compare the
distributions of the primary πþ momentum in the rest
frame of the signal B (pB

π ) between the background
subtracted data sample and the control sample MC, which
are displayed in Fig. 2.
We estimate the pB

l shape correction factor as the ratio of
the pB

π selection efficiencies between the background-
subtracted data and MC for the control mode. The
yields are compared for the wide (2.15 GeV=c <
pB
π < 2.45 GeV=c) and the peak (2.28 GeV=c < pB

π <
2.36 GeV=c) region, separately for data and MC. By
comparing the ratios of the peak region yield to that of
the wide region, we obtain the pB

l shape correction factor as
0.953% 0.034, where the error includes both the statistical
uncertainty of the study as well as systematic uncertainties
in fitting. With this correction applied to the MC sample,
the control sample yield of data and MC agree within 0.3σ.
The total systematic uncertainty related to ϵsNBþB−

is 8.0% for both Bþ → eþνe and Bþ → μþνμ. The
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FIG. 2 (color online). The pB
π distributions of the Bþ → D̄0πþ

control sample study. The points with error bars indicate the
background-subtracted data and the solid histogram shows the
MC distribution. The region between the two dashed lines
represents the pB

π selection region for the control sample study.

TABLE I. Summary of the signal selection efficiency (ϵs), the
number of events observed in the pB

l signal region (Nobs), and
the expected background yield in the pB

l signal region (Nbkg
exp) for

the Bþ → lþνl search.

Mode ϵs [%] Nobs Nbkg
exp

Bþ → eþνe 0.086% 0.007 0 0.10% 0.04
Bþ → μþνμ 0.102% 0.008 0 0.26þ0.09

−0.08
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L., which
are by far the most stringent limits obtained with the
hadronic tagging method. Given the low background level
demonstrated in this search, we expect more stringent
constraints on the new physics models to be set by Belle
II [27], the next generation B factory experiment.
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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (bottom). The points with error bars are the
experimental data. The solid histograms are for the signal MC
distributions which are scaled up by a factor of 106 (40) from the
SM expectation for Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L., which
are by far the most stringent limits obtained with the
hadronic tagging method. Given the low background level
demonstrated in this search, we expect more stringent
constraints on the new physics models to be set by Belle
II [27], the next generation B factory experiment.
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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (bottom). The points with error bars are the
experimental data. The solid histograms are for the signal MC
distributions which are scaled up by a factor of 106 (40) from the
SM expectation for Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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selection efficiency, and NBþB− is the number of
ϒð4SÞ → BþB− events in the data sample. Using
Bðϒð4SÞ → BþB−Þ ¼ 0.513% 0.006 [3], we estimate
NBþB− as ð396% 7Þ × 106.
We obtain Nbkg

exp by fitting the pB
l sideband of the data

sample with a PDF obtained from the background MC. We
then estimate the expected background yield in the pB

l
signal region from the ratio of the fitted background MC
yields in the pB

l sideband and the pB
l signal region.

The systematic uncertainties on Nbkg
exp are estimated

according to the uncertainties in the background PDF
parameters, the branching fraction of background decays,
and the statistics of the data sample in the pB

l sideband. We
vary each source in turn by its uncertainty (%1σ), and the
resulting deviations in Nbkg

exp are added in quadrature. To
calculate the effect of the branching fraction uncertainties
of the background modes, we refer to the experimental
measurements [3] for the Bþ → D̄ð&Þ0lþνl, Bþ → π0lþνl,
Bþ → πþK0, and Bþ → Kþπ0 modes and vary each
branching fraction one by one from the world-average
value by its error. For the Bþ → lþνlγ, an uncertainty of
%50% is applied. For modes where a clear estimate of the
background level is not available, we assume a conservative
branching fraction uncertainty of þ100

−50 %. The values of
Nbkg

exp and their uncertainties for both Bþ → eþνe and Bþ →
μþνμ decays are listed in Table I.
The efficiencies ϵs are 0.086% 0.007 and 0.102% 0.008

for Bþ → eþνe and Bþ → μþνμ, respectively, as summa-
rized in Table I. The uncertainties of ϵs are calculated from
the following sources: lepton identification, signal MC
statistical error, track finding uncertainties of the signal
lepton, ϵtag correction, and pB

l shape.
The lepton identification efficiency correction is esti-

mated by comparing the efficiency difference between the
data and MC using γγ → eþe−=μþμ− processes, from
which we obtain a 2.0% uncertainty for Bþ → eþνe and
2.3% for Bþ → μþνμ. The uncertainty due to signal MC
statistics is 1.4% for Bþ → eþνe and 1.3% for Bþ → μþνμ.
The track-finding uncertainty is obtained by studying the
partially reconstructed D&þ → D0πþ, D0 → K0

Sπ
þπ−, and

KS → πþπ− decay chain, where one of the K0
S daughters is

not explicitly reconstructed. We compare, between data and
MC, the efficiency of finding theK0

S daughter pion which is

not explicitly used in the partial D& reconstruction and
estimate a contribution of 0.35% uncertainty for both Bþ →
eþνe and Bþ → μþνμ modes. We also include the 6.4% ϵtag
correction uncertainty mentioned earlier.
To account for the difference of pB

l shapes in the signal
MC and the data, we study Bþ → D̄0πþ decays as a control
sample. The control sample is similar to our signal decay
since it is also a two-body decay of a Bþ meson. The D̄0

meson is identified in the D̄0 → Kþπ− and D̄0 →
Kþπ−πþπ− decay channels. We follow the same analysis
procedure as in the Bþ → lþνl analysis, where the πþ

from the primary decay of the Bþ meson (primary πþ) is
treated as the lepton and the D̄0 decay products as a whole
are treated as the invisible neutrino. We compare the
distributions of the primary πþ momentum in the rest
frame of the signal B (pB

π ) between the background
subtracted data sample and the control sample MC, which
are displayed in Fig. 2.
We estimate the pB

l shape correction factor as the ratio of
the pB

π selection efficiencies between the background-
subtracted data and MC for the control mode. The
yields are compared for the wide (2.15 GeV=c <
pB
π < 2.45 GeV=c) and the peak (2.28 GeV=c < pB

π <
2.36 GeV=c) region, separately for data and MC. By
comparing the ratios of the peak region yield to that of
the wide region, we obtain the pB

l shape correction factor as
0.953% 0.034, where the error includes both the statistical
uncertainty of the study as well as systematic uncertainties
in fitting. With this correction applied to the MC sample,
the control sample yield of data and MC agree within 0.3σ.
The total systematic uncertainty related to ϵsNBþB−

is 8.0% for both Bþ → eþνe and Bþ → μþνμ. The
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FIG. 2 (color online). The pB
π distributions of the Bþ → D̄0πþ

control sample study. The points with error bars indicate the
background-subtracted data and the solid histogram shows the
MC distribution. The region between the two dashed lines
represents the pB

π selection region for the control sample study.

TABLE I. Summary of the signal selection efficiency (ϵs), the
number of events observed in the pB

l signal region (Nobs), and
the expected background yield in the pB

l signal region (Nbkg
exp) for

the Bþ → lþνl search.

Mode ϵs [%] Nobs Nbkg
exp

Bþ → eþνe 0.086% 0.007 0 0.10% 0.04
Bþ → μþνμ 0.102% 0.008 0 0.26þ0.09

−0.08
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L., which
are by far the most stringent limits obtained with the
hadronic tagging method. Given the low background level
demonstrated in this search, we expect more stringent
constraints on the new physics models to be set by Belle
II [27], the next generation B factory experiment.
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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (bottom). The points with error bars are the
experimental data. The solid histograms are for the signal MC
distributions which are scaled up by a factor of 106 (40) from the
SM expectation for Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.

SEARCH FOR Bþ → eþνe AND … PHYSICAL REVIEW D 91, 052016 (2015)

052016-7

Y. Kwon (Yonsei Univ.) Experimental mini-review on leptonic B decays WG 2 @ CKM 2016 21

B+
! `+⌫ results

Search for Bþ → eþνe and Bþ → μþνμ decays using hadronic tagging

Y. Yook,70 Y.-J. Kwon,70 A. Abdesselam,58 I. Adachi,12 S. Al Said,58,27 K. Arinstein,4 D. M. Asner,49 V. Aulchenko,4

T. Aushev,22 R. Ayad,58 S. Bahinipati,15 A. M. Bakich,57 A. Bala,50 V. Bansal,49 V. Bhardwaj,41 B. Bhuyan,16 A. Bondar,4

G. Bonvicini,68 A. Bozek,45 M. Bračko,34,23 T. E. Browder,11 D. Červenkov,5 V. Chekelian,35 A. Chen,42 B. G. Cheon,10

K. Chilikin,22 R. Chistov,22 K. Cho,28 V. Chobanova,35 Y. Choi,56 Z. Doležal,5 Z. Drásal,5 A. Drutskoy,22,37 D. Dutta,16

K. Dutta,16 S. Eidelman,4 H. Farhat,68 J. E. Fast,49 T. Ferber,7 O. Frost,7 V. Gaur,59 N. Gabyshev,4 S. Ganguly,68

A. Garmash,4 R. Gillard,68 R. Glattauer,19 Y. M. Goh,10 B. Golob,32,23 O. Grzymkowska,45 J. Haba,12 K. Hara,12

K. Hayasaka,40 H. Hayashii,41 X. H. He,51 M. Heck,25 T. Higuchi,26 Y. Horii,40 Y. Hoshi,62 W.-S. Hou,44 T. Iijima,40,39

A. Ishikawa,63 R. Itoh,12 Y. Iwasaki,12 T. Iwashita,26 I. Jaegle,11 T. Julius,36 E. Kato,63 P. Katrenko,22 T. Kawasaki,47

C. Kiesling,35 D. Y. Kim,55 J. B. Kim,29 J. H. Kim,28 K. T. Kim,29 M. J. Kim,30 Y. J. Kim,28 K. Kinoshita,6 J. Klucar,23

B. R. Ko,29 P. Kodyš,5 S. Korpar,34,23 P. Križan,32,23 P. Krokovny,4 T. Kuhr,25 A. Kuzmin,4 J. S. Lange,8 Y. Li,67 L. Li Gioi,35

C. Liu,53 Y. Liu,6 D. Liventsev,12 P. Lukin,4 K. Miyabayashi,41 H. Miyata,47 G. B. Mohanty,59 A. Moll,35,60 R. Mussa,21

Y. Nagasaka,13 I. Nakamura,12 E. Nakano,48 M. Nakao,12 Z. Natkaniec,45 M. Nayak,17 E. Nedelkovska,35 N. K. Nisar,59

S. Nishida,12 O. Nitoh,66 S. Ogawa,61 S. Okuno,24 P. Pakhlov,22,37 C.-S. Park,70 H. Park,30 H. K. Park,30 T. K. Pedlar,33

R. Pestotnik,23 M. Petrič,23 L. E. Piilonen,67 M. Ritter,35 M. Röhrken,25 A. Rostomyan,7 S. Ryu,54 T. Saito,63 Y. Sakai,12

S. Sandilya,59 L. Santelj,23 T. Sanuki,63 Y. Sato,63 V. Savinov,52 O. Schneider,31 G. Schnell,1,14 C. Schwanda,19 K. Senyo,69

O. Seon,39 M. E. Sevior,36 V. Shebalin,4 C. P. Shen,2 T.-A. Shibata,64 J.-G. Shiu,44 B. Shwartz,4 A. Sibidanov,57

F. Simon,35,60 Y.-S. Sohn,70 A. Sokolov,20 E. Solovieva,22 M. Starič,23 M. Steder,7 M. Sumihama,9 T. Sumiyoshi,65

G. Tatishvili,49 Y. Teramoto,48 K. Trabelsi,12 M. Uchida,64 T. Uglov,22,38 P. Urquijo,3 Y. Usov,4 C. Van Hulse,1

P. Vanhoefer,35 G. Varner,11 K. E. Varvell,57 A. Vinokurova,4 V. Vorobyev,4 M. N. Wagner,8 C. H. Wang,43 M.-Z. Wang,44

P. Wang,18 X. L. Wang,67 M. Watanabe,47 Y. Watanabe,24 S. Wehle,7 K. M. Williams,67 E. Won,29 Y. Yamashita,46

S. Yashchenko,7 Y. Yusa,47 Z. P. Zhang,53 V. Zhilich,4 and A. Zupanc23

(Belle Collaboration)

1University of the Basque Country UPV/EHU, 48080 Bilbao
2Beihang University, Beijing 100191
3University of Bonn, 53115 Bonn

4Budker Institute of Nuclear Physics SB RAS and Novosibirsk State University, Novosibirsk 630090
5Faculty of Mathematics and Physics, Charles University, 121 16 Prague

6University of Cincinnati, Cincinnati, Ohio 45221
7Deutsches Elektronen–Synchrotron, 22607 Hamburg

8Justus-Liebig-Universität Gießen, 35392 Gießen
9Gifu University, Gifu 501-1193

10Hanyang University, Seoul 133-791
11University of Hawaii, Honolulu, Hawaii 96822

12High Energy Accelerator Research Organization (KEK), Tsukuba 305-0801
13Hiroshima Institute of Technology, Hiroshima 731-5193

14IKERBASQUE, Basque Foundation for Science, 48011 Bilbao
15Indian Institute of Technology Bhubaneswar, Satya Nagar 751007

16Indian Institute of Technology Guwahati, Assam 781039
17Indian Institute of Technology Madras, Chennai 600036

18Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049
19Institute of High Energy Physics, Vienna 1050

20Institute for High Energy Physics, Protvino 142281
21INFN-Sezione di Torino, 10125 Torino

22Institute for Theoretical and Experimental Physics, Moscow 117218
23J. Stefan Institute, 1000 Ljubljana

24Kanagawa University, Yokohama 221-8686
25Institut für Experimentelle Kernphysik, Karlsruher Institut für Technologie, 76131 Karlsruhe
26Kavli Institute for the Physics and Mathematics of the Universe (WPI), University of Tokyo,

Kashiwa 277-8583
27Department of Physics, Faculty of Sciences, King Abdulaziz University, Jeddah 21589

28Korea Institute of Science and Technology Information, Daejeon 305-806
29Korea University, Seoul 136-713

30Kyungpook National University, Daegu 702-701
31École Polytechnique Fédérale de Lausanne (EPFL), Lausanne 1015

32Faculty of Mathematics and Physics, University of Ljubljana, 1000 Ljubljana

PHYSICAL REVIEW D 91, 052016 (2015)

1550-7998=2015=91(5)=052016(8) 052016-1 © 2015 American Physical Society

multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L., which
are by far the most stringent limits obtained with the
hadronic tagging method. Given the low background level
demonstrated in this search, we expect more stringent
constraints on the new physics models to be set by Belle
II [27], the next generation B factory experiment.
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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (bottom). The points with error bars are the
experimental data. The solid histograms are for the signal MC
distributions which are scaled up by a factor of 106 (40) from the
SM expectation for Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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selection efficiency, and NBþB− is the number of
ϒð4SÞ → BþB− events in the data sample. Using
Bðϒð4SÞ → BþB−Þ ¼ 0.513% 0.006 [3], we estimate
NBþB− as ð396% 7Þ × 106.
We obtain Nbkg

exp by fitting the pB
l sideband of the data

sample with a PDF obtained from the background MC. We
then estimate the expected background yield in the pB

l
signal region from the ratio of the fitted background MC
yields in the pB

l sideband and the pB
l signal region.

The systematic uncertainties on Nbkg
exp are estimated

according to the uncertainties in the background PDF
parameters, the branching fraction of background decays,
and the statistics of the data sample in the pB

l sideband. We
vary each source in turn by its uncertainty (%1σ), and the
resulting deviations in Nbkg

exp are added in quadrature. To
calculate the effect of the branching fraction uncertainties
of the background modes, we refer to the experimental
measurements [3] for the Bþ → D̄ð&Þ0lþνl, Bþ → π0lþνl,
Bþ → πþK0, and Bþ → Kþπ0 modes and vary each
branching fraction one by one from the world-average
value by its error. For the Bþ → lþνlγ, an uncertainty of
%50% is applied. For modes where a clear estimate of the
background level is not available, we assume a conservative
branching fraction uncertainty of þ100

−50 %. The values of
Nbkg

exp and their uncertainties for both Bþ → eþνe and Bþ →
μþνμ decays are listed in Table I.
The efficiencies ϵs are 0.086% 0.007 and 0.102% 0.008

for Bþ → eþνe and Bþ → μþνμ, respectively, as summa-
rized in Table I. The uncertainties of ϵs are calculated from
the following sources: lepton identification, signal MC
statistical error, track finding uncertainties of the signal
lepton, ϵtag correction, and pB

l shape.
The lepton identification efficiency correction is esti-

mated by comparing the efficiency difference between the
data and MC using γγ → eþe−=μþμ− processes, from
which we obtain a 2.0% uncertainty for Bþ → eþνe and
2.3% for Bþ → μþνμ. The uncertainty due to signal MC
statistics is 1.4% for Bþ → eþνe and 1.3% for Bþ → μþνμ.
The track-finding uncertainty is obtained by studying the
partially reconstructed D&þ → D0πþ, D0 → K0

Sπ
þπ−, and

KS → πþπ− decay chain, where one of the K0
S daughters is

not explicitly reconstructed. We compare, between data and
MC, the efficiency of finding theK0

S daughter pion which is

not explicitly used in the partial D& reconstruction and
estimate a contribution of 0.35% uncertainty for both Bþ →
eþνe and Bþ → μþνμ modes. We also include the 6.4% ϵtag
correction uncertainty mentioned earlier.
To account for the difference of pB

l shapes in the signal
MC and the data, we study Bþ → D̄0πþ decays as a control
sample. The control sample is similar to our signal decay
since it is also a two-body decay of a Bþ meson. The D̄0

meson is identified in the D̄0 → Kþπ− and D̄0 →
Kþπ−πþπ− decay channels. We follow the same analysis
procedure as in the Bþ → lþνl analysis, where the πþ

from the primary decay of the Bþ meson (primary πþ) is
treated as the lepton and the D̄0 decay products as a whole
are treated as the invisible neutrino. We compare the
distributions of the primary πþ momentum in the rest
frame of the signal B (pB

π ) between the background
subtracted data sample and the control sample MC, which
are displayed in Fig. 2.
We estimate the pB

l shape correction factor as the ratio of
the pB

π selection efficiencies between the background-
subtracted data and MC for the control mode. The
yields are compared for the wide (2.15 GeV=c <
pB
π < 2.45 GeV=c) and the peak (2.28 GeV=c < pB

π <
2.36 GeV=c) region, separately for data and MC. By
comparing the ratios of the peak region yield to that of
the wide region, we obtain the pB

l shape correction factor as
0.953% 0.034, where the error includes both the statistical
uncertainty of the study as well as systematic uncertainties
in fitting. With this correction applied to the MC sample,
the control sample yield of data and MC agree within 0.3σ.
The total systematic uncertainty related to ϵsNBþB−

is 8.0% for both Bþ → eþνe and Bþ → μþνμ. The
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FIG. 2 (color online). The pB
π distributions of the Bþ → D̄0πþ

control sample study. The points with error bars indicate the
background-subtracted data and the solid histogram shows the
MC distribution. The region between the two dashed lines
represents the pB

π selection region for the control sample study.

TABLE I. Summary of the signal selection efficiency (ϵs), the
number of events observed in the pB

l signal region (Nobs), and
the expected background yield in the pB

l signal region (Nbkg
exp) for

the Bþ → lþνl search.

Mode ϵs [%] Nobs Nbkg
exp

Bþ → eþνe 0.086% 0.007 0 0.10% 0.04
Bþ → μþνμ 0.102% 0.008 0 0.26þ0.09

−0.08
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L., which
are by far the most stringent limits obtained with the
hadronic tagging method. Given the low background level
demonstrated in this search, we expect more stringent
constraints on the new physics models to be set by Belle
II [27], the next generation B factory experiment.
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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (bottom). The points with error bars are the
experimental data. The solid histograms are for the signal MC
distributions which are scaled up by a factor of 106 (40) from the
SM expectation for Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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FIG. 1: Some Feymann diagrams to produce lightest neutralino from B meson decays in
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  search at BelleB+ → ℓ+X0

B+
! `+X0 (Belle)

factors is 1.10–1.11 for the electron mode and 0.93–0.99 for
the muon mode.
The signal branching fractions are obtained by the

following equation:

BðBþ → lþX0Þ ¼ Nobs − Nbkg
exp

2 · ϵs · NBþB−
; ð1Þ

where Nobs is the number of observed events and Nbkg
exp is

the number of expected background events, both in the
pB
l signal region, ϵs is the signal efficiency, and

NBþB− ¼ ð396% 7Þ × 106 is the number of BþB− events.
The factor of 2 in the denominator appears because we
search for signals in both Bþ and B− decays (see [5]).
To evaluate ϵs, signal MC samples are generated using

EvtGen [18], including final-state radiation using PHOTOS
[19]. These samples are processed with a detector simu-
lation based on GEANT3 [20]. The signal efficiencies are
summarized in Table I.
Figure 3 shows the pB

l distribution of the on-resonance
data. The fitted yield of background in the pB

l sideband
of on-resonance data is extrapolated to the signal region.
The extrapolation factor is determined from background
MC samples.
The observed yields in the signal region are summarized

in Table I. There is no signal excess for either mode in any
MX0 range. In the muon mode for MX0 ¼ 1.5 GeV=c2

(1.6 GeV=c2), we find 5 (4) events in the pB
l signal region

while we expect 1.12% 0.34 (0.95% 0.29) background
events. The local p-value of this yield, assuming a

background-only hypothesis, is 0.60%(1.59%). We obtain
the 90% confidence level (C.L.) upper limit of the signal
yield in each case by using the frequentist approach [21]
implemented in the POLE (Poissonian limit estimator)
program [22], where the systematic uncertainties are taken
into account.
The systematic uncertainty consists of the multiplicative

uncertainty on ϵs · NBþB− and the additive uncertainty on
the background. The multiplicative uncertainty is calcu-
lated from the uncertainties on the number of BþB− events,
track finding and lepton identification for the signal lepton,
the ϵtag correction, the pB

l shape, and the signal MC
sample size.
A 1.8% uncertainty is assigned for the uncertainty

on the number of B mesons and the branching fraction
of ϒð4SÞ → BþB− [23]. The track-finding uncertainty is
estimated by comparing the track-finding efficiency in data
and MC, determining it in both cases from the number of
pions in the partially and fully reconstructed D& → πD0,
D0 → ππK0

S, K0
S → ππ decay chain. For the pB

l shape
uncertainty, we use the 3.6% uncertainty from the Bþ →
D̄0πþ control sample study in the Bþ → lþνl search [13]
due to its similar kinematics. The lepton identification
uncertainty is estimated by comparing the efficiency differ-
ence between data and MC using γγ → lþl−. The multi-
plicative systematic uncertainties are summarized in
Table III.
The systematic uncertainties on the background estima-

tion are determined by considering the following sources:
uncertainties in the background PDF parameters, the
branching fraction of the background modes and the
statistical uncertainty from the pB

l sideband. Each source
is varied one at a time by its uncertainty ð%1σÞ and the
resulting deviations from the nominal background yield are
added in quadrature. For the branching fraction uncertain-
ties of the background modes, we use the world-average
values in Ref. [23] for Bþ → π0lþνl and Bþ → πþK0. For
Bþ → lþνlγ, a variation of %50% is applied. For other
modes, where an estimate of the background level is not
clearly available, a conservative branching fraction uncer-
tainty of þ100

−50 % is assumed.

TABLE III. Summary of multiplicative systematic uncertainties
on ϵs · NBþB− . The lepton identification and MC statistical
uncertainties depend on MX0 and are given as ranges.

Source Bþ → eþX0 Bþ → μþX0

NBþB− 1.8% 1.8%
Tracking 0.35% 0.35%
ϵtag correction 6.4% 6.4%
pB
l shape 3.6% 3.6%

Lepton ID (1.0–1.1)% (0.8–0.9)%
MC sample size (1.8–2.0)% (1.8–1.9)%
Total 7.9% 7.8%
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FIG. 3. pB
l data distributions for Bþ → eþX0 (top) and Bþ →

μþX0 (bottom), where the red curve indicates the background
expectation and the magenta dashed line indicates the upper
bound of the pB

l sideband.
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factors is 1.10–1.11 for the electron mode and 0.93–0.99 for
the muon mode.
The signal branching fractions are obtained by the

following equation:

BðBþ → lþX0Þ ¼ Nobs − Nbkg
exp

2 · ϵs · NBþB−
; ð1Þ

where Nobs is the number of observed events and Nbkg
exp is

the number of expected background events, both in the
pB
l signal region, ϵs is the signal efficiency, and

NBþB− ¼ ð396% 7Þ × 106 is the number of BþB− events.
The factor of 2 in the denominator appears because we
search for signals in both Bþ and B− decays (see [5]).
To evaluate ϵs, signal MC samples are generated using

EvtGen [18], including final-state radiation using PHOTOS
[19]. These samples are processed with a detector simu-
lation based on GEANT3 [20]. The signal efficiencies are
summarized in Table I.
Figure 3 shows the pB

l distribution of the on-resonance
data. The fitted yield of background in the pB

l sideband
of on-resonance data is extrapolated to the signal region.
The extrapolation factor is determined from background
MC samples.
The observed yields in the signal region are summarized

in Table I. There is no signal excess for either mode in any
MX0 range. In the muon mode for MX0 ¼ 1.5 GeV=c2

(1.6 GeV=c2), we find 5 (4) events in the pB
l signal region

while we expect 1.12% 0.34 (0.95% 0.29) background
events. The local p-value of this yield, assuming a

background-only hypothesis, is 0.60%(1.59%). We obtain
the 90% confidence level (C.L.) upper limit of the signal
yield in each case by using the frequentist approach [21]
implemented in the POLE (Poissonian limit estimator)
program [22], where the systematic uncertainties are taken
into account.
The systematic uncertainty consists of the multiplicative

uncertainty on ϵs · NBþB− and the additive uncertainty on
the background. The multiplicative uncertainty is calcu-
lated from the uncertainties on the number of BþB− events,
track finding and lepton identification for the signal lepton,
the ϵtag correction, the pB

l shape, and the signal MC
sample size.
A 1.8% uncertainty is assigned for the uncertainty

on the number of B mesons and the branching fraction
of ϒð4SÞ → BþB− [23]. The track-finding uncertainty is
estimated by comparing the track-finding efficiency in data
and MC, determining it in both cases from the number of
pions in the partially and fully reconstructed D& → πD0,
D0 → ππK0

S, K0
S → ππ decay chain. For the pB

l shape
uncertainty, we use the 3.6% uncertainty from the Bþ →
D̄0πþ control sample study in the Bþ → lþνl search [13]
due to its similar kinematics. The lepton identification
uncertainty is estimated by comparing the efficiency differ-
ence between data and MC using γγ → lþl−. The multi-
plicative systematic uncertainties are summarized in
Table III.
The systematic uncertainties on the background estima-

tion are determined by considering the following sources:
uncertainties in the background PDF parameters, the
branching fraction of the background modes and the
statistical uncertainty from the pB

l sideband. Each source
is varied one at a time by its uncertainty ð%1σÞ and the
resulting deviations from the nominal background yield are
added in quadrature. For the branching fraction uncertain-
ties of the background modes, we use the world-average
values in Ref. [23] for Bþ → π0lþνl and Bþ → πþK0. For
Bþ → lþνlγ, a variation of %50% is applied. For other
modes, where an estimate of the background level is not
clearly available, a conservative branching fraction uncer-
tainty of þ100

−50 % is assumed.

TABLE III. Summary of multiplicative systematic uncertainties
on ϵs · NBþB− . The lepton identification and MC statistical
uncertainties depend on MX0 and are given as ranges.

Source Bþ → eþX0 Bþ → μþX0

NBþB− 1.8% 1.8%
Tracking 0.35% 0.35%
ϵtag correction 6.4% 6.4%
pB
l shape 3.6% 3.6%

Lepton ID (1.0–1.1)% (0.8–0.9)%
MC sample size (1.8–2.0)% (1.8–1.9)%
Total 7.9% 7.8%
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FIG. 3. pB
l data distributions for Bþ → eþX0 (top) and Bþ →

μþX0 (bottom), where the red curve indicates the background
expectation and the magenta dashed line indicates the upper
bound of the pB

l sideband.
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More than 95% of b → c decays result in observed
Dð"Þlþνl final states, so we use their branching fraction
uncertainties [23]. The values of Nbkg

exp and their uncertain-
ties for both Bþ → eþX0 and Bþ → μþX0 are listed in
Table I.
Figure 4 shows the expected and obtained 90% C.L.

upper limits of BðBþ → lþX0Þ for each assumed value of
MX0 . Table I summarizes the pB

l signal region, estimated
background, signal efficiency, number of observed events,
and upper limit of the branching fraction at 90% C.L. for
each assumed value of MX0 for both modes.
From the branching fraction upper limits, assuming

R-parity violation, we can set bounds on the MSSM-related
parameter ξl

ξl ¼ λ02l13

!
1

2M2
~l

þ 1

12M2
~uL

þ 1

6M2
~bR

"
2

¼ 8πðmu þmbÞ2BðBþ → lþX0Þ
τBþg02f2Bm

2
BþpB

l ðm2
Bþ −m2

l −m2
X0Þ

ð2Þ

where λ0 is a dimensionless R-parity-violating coupling
constant, g0 the weak coupling constant, fB the decay
constant of the Bþ meson,mBþ its mass, pB

l the momentum
of the lþ in the B rest frame, mu and mb the up and bottom
quark mass,ml the charged lepton mass,mX0 the neutralino
mass, and M ~f the sfermion mass that appears as an
intermediate particle. The range of upper bounds of ξe is
4.1 × 10−14 to 1.7 × 10−13 GeV−4c8 and on ξμ is 4.2 ×
10−14 to 2.3 × 10−13 GeV−4c8.
In summary, we obtain first upper limits for the branch-

ing fraction of Bþ → eþX0 and Bþ → μþX0 for an X0 mass
range 0.1 GeV=c2 to 1.8 GeV=c2 using Belle’s full data
set, where X0 is assumed to leave no experimental
signature. For 18 assumed values of MX0 for both modes,
upper limits of branching fraction are found to be Oð10−6Þ.
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FIG. 2. The signal resolution of B+ ! µ+ ⌫µ is compared
for signal events reconstructed in the c.m. (p⇤µ) and the signal

B rest frame (pBµ ).

Wolfram moments [39] and CLEO Cones [40], are highly359

discriminating. In addition, we include in the input fea-360

tures of the boosted decision tree the number of tracks in361

the ROE, the number of leptons (electrons or muons) in362

the ROE, the normalized beam constrained mass of the363

tag-side B meson defined as364

bmtag
bc

=
q

s/4�
�
p⇤
tag,cal

�2
/
�p

s/2
�
, (8)

and the normalized missing energy defined as365

� bE =
�
E⇤

tag,reco �
p
s/2

�
/
�p

s/2
�
, (9)

with E⇤
tag,reco denoting the energy from boosting the366

ROE four-vector from the laboratory into the c.m. frame.367

This list of variables and pBµ are used in the data-driven368

correction described in Section II to correct the simulated369

continuum events. We apply a loose set of ROE prese-370

lection cuts: only events with at least two tracks, less371

than three leptons, bmtag
bc

> 0.96, � bE 2 [�0.5, 0.1), and372

R2 < 0.5 are further considered. Figure 3 compares the373

classifier output Cout and pBµ distributions of the pre-374

dicted simulated and corrected continuum contribution375

with recorded o↵-resonance collision events. Both vari-376

ables show good agreement.377

Using this classifier and the cosine of the angle between378

the calibrated signal B meson in the c.m. system and379

the muon in the B rest frame (cos⇥Bµ) we define four380

mutually exclusive categories: two signal enriched cate-381

gories with Cout 2 [0.98, 1) and split with respect to their382

cos⇥Bµ values. For B+ ! µ+ ⌫µ signal decays no pre-383

ferred direction is expected, but for semileptonic and con-384

tinuum backgrounds the selected muons are emitted more385

frequently in the flight direction of the reconstructed B386

meson candidate direction due to the spin quantum num-387

ber of the hadronic final states or the nature of the pro-388

duction process, respectively. In addition, we include389

two additional categories with Cout 2 [0.93, 0.98), which390

help separate b ! u ` ⌫` and continuum processes from391

B+ ! µ+ ⌫µ signal decays. Table II summarizes the four392

categories. The chosen cut values were determined using393

a grid search and by fits to Asimov data sets (using the394

fit procedure further described in Section V).395

In Section VII the signal depleted region of Cout 2396

[0.9, 0.93) is analyzed and simultaneous fits in two cate-397

gories, cos⇥Bµ < 0 and cos⇥Bµ > 0, are carried out to398

validate the modeling of the important b ! u ` ⌫` back-399

ground and to extract a value of the inclusive B(B !400

Xu `
+ ⌫) branching fraction. The selection e�ciencies of401

B+ ! µ+ ⌫µ signal and the background processes are402

summarized in Table III.403

IV. INCLUSIVE TAG VALIDATION USING404

B+ ! D
0
⇡+ DECAYS405

In order to validate the quality of the inclusive tag re-406

construction and rule out possible biases introduced by407

the calibration method, we study the hadronic two-body408

decay of B+ ! D
0
⇡+ with D

0 ! K+ ⇡�. Due to409

the absence of any neutrino in this decay, we are able410

to fully reconstruct the B+ four-vector and boost the411

prompt ⇡+ in its frame of rest. Alternatively, we use the412

ROE, as outlined in the previous section, to reconstruct413

the very same information. Comparing the results from414

both allows us to determine if the calibration introduces415

potential biases and do also validate the signal resolu-416

tion predicted in the simulation. In addition, we use this417

data set to test the validity of the continuum suppres-418

sion and the data-driven continuum corrections outlined419

in Section II.420

We reconstruct the B+ ! D
0
⇡+ with D

0 ! K+ ⇡�
421

using the same impact parameter requirements used in422

the B+ ! µ+ ⌫µ analysis. For the prompt ⇡+ candidate423

we require a momentum of more than 2.1 GeV in the424

TABLE II. The definition of the four signal categories is
shown.

Category Cout cos⇥Bµ Signal E�ciency

I [0.98,1.00) [-0.13,1.00) 6.5%

II [0.98,1.00) [-1.00,-0.13) 5.9%

III [0.93,0.98) [0.04,1.00) 7.1%

IV [0.93,0.98) [-1.00,0.04) 8.3%

TABLE III. The cumulative selection e�ciencies of B+ !
µ+ ⌫µ signal decays and dominant background processes
throughout the selection is listed. For details about the vari-
ous selection steps see text.

E�ciency B+ ! µ+ ⌫µ b ! u ` ⌫` Continuum

B B̄ & Muon reco. 99% 10% 0.9%

ROE Presel. 55% 1.4% 0.03%

Cout cut 28% 0.2% 0.001%

• an improved search over Belle’s 2018 result 
✓ modeling of   and continuum background

✓ use inclusive B tagging to maximize signal selection efficiency 
(⇐ BFSM ~ )

• carry out the analysis in the signal B rest frame 
✓ exploit   GeV 

✓ achieve better resolution and sensitivity 

than using   (CM frame)

✓ sensitive to  search, for mN ∈ [0, 1.5) GeV

b → uℓ+ν

4 × 10−7

pB
μ ≃ 2.64

p*μ
B+ → μ+N

Features

BELLE

PRD 101, 032007 (2020)

N = an unknown neutral 
fermion (e.g. a sterile ν)

 and  B+ → μ+νμ B+ → μ+N

(PRL 121, 031801)
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BELLE

PRD 101, 032007 (2020)

 and  B+ → μ+νμ B+ → μ+N
Signal extraction 

✓ by binned max. likelihood fit to  in kinema2c/BDT categories  pB
μ



Youngjoon Kwon (Yonsei U.)                                              May 21, 2021                                           Muon Anomalies Workshop @ SNU 25

BELLE

PRD 101, 032007 (2020)

Signal extraction

 and  B+ → μ+νμ B+ → μ+N
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BELLE

PRD 101, 032007 (2020)

• B(B+ ! µ+⌫) = (5.3± 2.0± 0.9)⇥ 10�7 @ 2.8�
<latexit sha1_base64="oTaXZ8yo9FhXi7l7IITepjUAsSg="></latexit>

< 8.9⇥ 10�7
<latexit sha1_base64="KDorkx67SKYyegPVtxebmMNOs/w="></latexit>

B(B+ ! µ+⌫) < 8.6⇥ 10�7
<latexit sha1_base64="SmaWXArlyvlopLgo5YK1dv094kU="></latexit>

Frequentist 
Bayesian

   ResultB+ → μ+ν

See back-up slide for New Physics implication!
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BELLE

PRD 101, 032007 (2020)



RK(*)

EW penguin

γ/Z0
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Belle’s legacy on EW penguins
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0.5 1 1.5
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-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < 

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

! K+`+`� and
B0

! K0
S`

+`� decays, are also shown.

is compatible with the SM prediction with a p-value of 0.10%. The significance of
this discrepancy is 3.1 standard deviations, giving evidence for the violation of lepton
universality in these decays.
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Figure 2: Candidate invariant mass distributions. Distribution of the invariant mass
m(J/ )(K

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

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

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

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

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

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

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

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

5

charge-conjugate mode is implied.
Calculation of the SM predictions for the branching fractions of B+

! K
+
µ
+
µ
� and

B
+
! K

+
e
+
e
� decays is complicated by the strong nuclear force that binds together

the quarks into hadrons, as described by quantum chromodynamics (QCD). The large
interaction strengths preclude predictions of QCD e↵ects with the perturbation techniques
used to compute the electroweak force amplitudes and only approximate calculations
are presently possible. However, the strong force does not couple directly to leptons
and hence its e↵ect on the B

+
! K

+
µ
+
µ
� and B

+
! K

+
e
+
e
� decays is identical. The

ratio between the branching fractions of these decays is therefore predicted with O(1%)
precision [3–8]. Due to the small masses of both electrons and muons compared to that of
b quarks, this ratio is predicted to be close to unity, except where the value of the dilepton
invariant mass-squared (q2) significantly restricts the phase space available to form the two
leptons. Similar considerations apply to decays with other B hadrons, B! Hµ

+
µ
� and

B! He
+
e
�, where B = B

+, B0, B0
s
or ⇤0

b
; and H can be e.g. an excited kaon, K⇤0, or a

combination of particles such as a proton and charged kaon, pK�. The ratio of branching
fractions, RH [9, 10], is defined in the dilepton mass-squared range q

2
min < q

2
< q

2
max as

RH ⌘

Z
q
2
max

q
2
min

dB(B! Hµ
+
µ
�)

dq2
dq2

Z
q
2
max

q
2
min

dB(B! He
+
e
�)

dq2
dq2

. (1)

For decays with H = K
+ and H = K

⇤0 such ratios, denoted RK and RK⇤0 , respec-
tively, have previously been measured in similar regions of q

2 [11, 12]. For RK the
measurements are in the region 1.1 < q

2
< 6.0GeV2

/c
4, whereas for RK⇤0 the regions are

0.045 < q
2
< 1.1GeV2

/c
4 and 1.1 < q

2
< 6.0GeV2

/c
4. These ratios have been determined

to be 2.1–2.5 standard deviations below their respective SM expectations [3–7,13–18]. The
analogous ratio has also been measured for ⇤0

b
decays with H = pK

� and is compatible
with unity at the level of one standard deviation [19].

These decays all proceed via the same b! s quark transition and the results have
therefore further increased interest in measurements of angular observables [20–30] and
branching fractions [31–34] of decays mediated by b! sµ

+
µ
� transitions. Such decays

also exhibit some tension with the SM predictions but the extent of residual QCD e↵ects
is still the subject of debate [3, 18, 35–43]. A consistent model-independent interpretation
of all these data is possible via a modification of the b ! s coupling strength [44–50]. Such
a modification can be realised in new physics models with an additional heavy neutral
boson [51–67] or with leptoquarks [68–90]. Other explanations of the data involve a variety
of extensions to the SM, such as supersymmetry, extended Higgs-boson sectors and models
with extra dimensions [91–100]. Tension with the SM is also seen in the combination of
several ratios that test lepton-universality in b! c`

+
⌫` transitions [101–109].

In this article, a measurement of the RK ratio is presented based on proton-proton
collision data collected with the LHCb detector at CERN’s Large Hadron Collider (see
Methods). The data were recorded during the years 2011, 2012 and 2015–2018, in which
the centre-of-mass energy of the collisions was 7, 8 and 13TeV, and correspond to an
integrated luminosity of 9 fb�1. Compared to the previous LHCb RK result [11], the
experimental method is essentially identical but the analysis uses an additional 4 fb�1

of data collected in 2017 and 2018. The results supersede those of the previous LHCb

2

Fig. 2. The fit is of good quality and the value of RK is measured to be

RK(1.1 < q
2
< 6.0GeV2

/c
4) = 0.846 +0.042

� 0.039
+0.013
� 0.012 ,

where the first uncertainty is statistical and the second systematic. Combining the
uncertainties gives RK = 0.846 +0.044

� 0.041. This is the most precise measurement to date and is
consistent with the SM expectation, 1.00± 0.01 [3–7], at the level of 0.10% (3.1 standard
deviations), giving evidence for the violation of lepton universality in these decays. The
value of RK is found to be consistent in subsets of the data divided on the basis of
data-taking period, selection category and magnet polarity (see Methods). The profile-
likelihood is given in Methods. A comparison with previous measurements is shown in
Fig. 4.

The 3850±70 B
+
! K

+
µ
+
µ
� decay candidates that are observed are used to compute

the B
+
! K

+
µ
+
µ
� branching fraction as a function of q2. The results are consistent

between the di↵erent data-taking periods and with previous LHCb measurements [33].
The B

+
! K

+
e
+
e
� branching fraction is determined by combining the value of RK with

the value of dB(B+
! K

+
µ
+
µ
�)/dq2 in the region (1.1 < q

2
< 6.0GeV2

/c
4) [33], taking

into account correlated systematic uncertainties. This gives

dB(B+
! K

+
e
+
e
�)

dq2
(1.1 < q

2
< 6.0GeV2

/c
4) = (28.6 +1.5

� 1.4 ± 1.3)⇥ 10�9
c
4
/GeV2

.

The limited knowledge of the B+
! J/ K

+ branching fraction [2] gives rise to the dominant
systematic uncertainty. This is the most precise measurement of this quantity to date
and, given the large theoretical uncertainty on the predictions [7, 112], is consistent with
the SM.

A breaking of lepton universality would require an extension of the gauge structure of
the SM that gives rise to the known fundamental forces. It would therefore constitute a
significant evolution in our understanding and would challenge an inference based on a
wealth of experimental data in other processes. Confirmation of any beyond the SM e↵ect
will clearly require independent evidence from a wide range of sources.

Measurements of other RH observables with the full LHCb data set will provide further
information on the quark-level processes measured. In addition to a↵ecting the decay rates,
new physics can also alter how the decay products are distributed in phase space. An
angular analysis of the electron mode, where SM-like behaviour might be expected in the
light of the present results and those from b! sµ

+
µ
� decays, would allow the formation

of ratios between observable quantities other than branching fractions, enabling further
precise tests of lepton universality [13, 15, 27,115,116]. The hierarchical e↵ect needed to
explain the existing b! s`

+
`
� and b! c`

+
⌫` data, with the largest e↵ects observed in tau

modes, then muon modes, and little or no e↵ects in electron modes, suggests that studies
of b! s⌧

+
⌧
� transitions are also of great interest [117,118]. There are excellent prospects

for all of the above and further measurements with the much larger samples that will be
collected with the upgraded LHCb detector from 2022 and, in the longer term, with the
LHCb Upgrade II [119]. Other experiments should also be able to determine RH ratios,
with the Belle II experiment in particular expected to have competitive sensitivity [120].

In summary, in the dilepton mass-squared region 1.1 < q
2
< 6.0GeV2

/c
4, the ratio

of branching fractions for B+
! K

+
µ
+
µ
� and B

+
! K

+
e
+
e
� decays is measured to be

RK = 0.846 +0.044
� 0.041. This is the most precise measurement of this ratio to date and
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The Standard Model (SM) of particle physics provides precise predictions for the
properties and interactions of fundamental particles, which have been confirmed by
numerous experiments since the inception of the model in the 1960’s. However, it is clear
that the model is incomplete. The SM is unable to explain cosmological observations of the
dominance of matter over antimatter, the apparent dark-matter content of the Universe,
or explain the patterns seen in the interaction strengths of the particles. Particle physicists
have therefore been searching for ‘new physics’ — the new particles and interactions that
can explain the SM’s shortcomings.

One method to search for new physics is to compare measurements of the properties
of hadron decays, where hadrons are bound states of quarks, with their SM predictions.
Measurable quantities can be predicted precisely in the decays of a charged beauty hadron,
B

+, into a charged kaon, K+, and two charged leptons, `+`�. The B
+ hadron contains

a beauty antiquark, b, and the K
+ a strange antiquark, s, such that at the quark level

the decay involves a b ! s transition. Quantum field theory allows such a process to be
mediated by virtual particles that can have a physical mass larger than the mass di↵erence
between the initial- and final-state particles. In the SM description of such processes,
these virtual particles include the electroweak-force carriers, the �, W± and Z

0 bosons,
and the top quark (see Fig. 1, left). Such decays are highly suppressed [1] and the fraction
of B+ hadrons that decay into this final state (the branching fraction, B) is of the order
of 10�6 [2].

A distinctive feature of the SM is that the di↵erent leptons, electron (e�), muon (µ�)
and tau (⌧�), have the same interaction strengths. This is known as ‘lepton universality’.
The only exception to this is due to the Higgs field, since the lepton-Higgs interaction
strength gives rise to the di↵ering lepton masses m⌧ > mµ > me. The suppression
of b ! s transitions is understood in terms of the fundamental symmetries on which
the SM is built. Conversely, lepton universality is an accidental symmetry of the SM,
which is not a consequence of any axiom of the theory. Extensions to the SM that aim
to address many of its shortfalls predict new virtual particles that could contribute to
b ! s transitions (see Fig. 1, right) and could have nonuniversal interactions, hence
giving branching fractions of B+

! K
+
`
+
`
� decays with di↵erent leptons that di↵er from

the SM predictions. Whenever a process is specified in this article, the inclusion of the

Figure 1: Fundamental processes contributing to B+
! K+`+`� decays in the SM and possible

new physics models. A B+ meson, consisting of b and u quarks, decays into a K+, containing
s and u quarks, and two charged leptons, `+`�. (Left) The SM contribution involves the
electroweak bosons �, W+ and Z0. (Right) A possible new physics contribution to the decay
with a hypothetical leptoquark (LQ) which, unlike the electroweak bosons, could have di↵erent
interaction strengths with the di↵erent types of leptons.

1

The Standard Model (SM) of particle physics provides precise predictions for the
properties and interactions of fundamental particles, which have been confirmed by
numerous experiments since the inception of the model in the 1960’s. However, it is clear
that the model is incomplete. The SM is unable to explain cosmological observations of the
dominance of matter over antimatter, the apparent dark-matter content of the Universe,
or explain the patterns seen in the interaction strengths of the particles. Particle physicists
have therefore been searching for ‘new physics’ — the new particles and interactions that
can explain the SM’s shortcomings.

One method to search for new physics is to compare measurements of the properties
of hadron decays, where hadrons are bound states of quarks, with their SM predictions.
Measurable quantities can be predicted precisely in the decays of a charged beauty hadron,
B

+, into a charged kaon, K+, and two charged leptons, `+`�. The B
+ hadron contains

a beauty antiquark, b, and the K
+ a strange antiquark, s, such that at the quark level

the decay involves a b ! s transition. Quantum field theory allows such a process to be
mediated by virtual particles that can have a physical mass larger than the mass di↵erence
between the initial- and final-state particles. In the SM description of such processes,
these virtual particles include the electroweak-force carriers, the �, W± and Z

0 bosons,
and the top quark (see Fig. 1, left). Such decays are highly suppressed [1] and the fraction
of B+ hadrons that decay into this final state (the branching fraction, B) is of the order
of 10�6 [2].

A distinctive feature of the SM is that the di↵erent leptons, electron (e�), muon (µ�)
and tau (⌧�), have the same interaction strengths. This is known as ‘lepton universality’.
The only exception to this is due to the Higgs field, since the lepton-Higgs interaction
strength gives rise to the di↵ering lepton masses m⌧ > mµ > me. The suppression
of b ! s transitions is understood in terms of the fundamental symmetries on which
the SM is built. Conversely, lepton universality is an accidental symmetry of the SM,
which is not a consequence of any axiom of the theory. Extensions to the SM that aim
to address many of its shortfalls predict new virtual particles that could contribute to
b ! s transitions (see Fig. 1, right) and could have nonuniversal interactions, hence
giving branching fractions of B+

! K
+
`
+
`
� decays with di↵erent leptons that di↵er from

the SM predictions. Whenever a process is specified in this article, the inclusion of the

Figure 1: Fundamental processes contributing to B+
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s and u quarks, and two charged leptons, `+`�. (Left) The SM contribution involves the
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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>

RK* from Belle 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)
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RK from Belle 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−
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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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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 .
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Much renewed interests in  for  anomalies and 
potential interpretations in LUV 

LUV accompanied by LFV 

So, why not search for ?

B → K(*)ℓ+ℓ− RK(*)

B → K(*)ℓ+ℓ′ − (ℓ′ ≠ ℓ)

35

LFV in B → K(*)ℓ+ℓ−

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

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

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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and background samples and perform our fitting procedure
on these combined sets of events. We then calculate, for
each input value of signal yield, the fraction of sets (fsig)

that have a fitted yield less than that observed in the data.
The input signal having fsig ¼ 0.10 is taken as an upper
limit NUL

sig (statistical error only). We convert NUL
sig into an

upper limit on the branching fraction (BUL) via the formula

B ¼
Nsig

BðK#0 → Kþπ−Þ × 2 × NBB̄ × f00 × ε
;

where BðK#0 → Kþπ−Þ ¼ 0.6651 is the assumed branch-
ing fraction (from isospin symmetry) for the intermediate
decay K#0 → Kþπ−; NBB̄ is the number of BB̄ pairs,
ð7.72& 0.11Þ × 108; f00 is the branching fraction
Bðϒð4SÞ → B0B̄0Þ ¼ 0.486& 0.006 [31]; and ε is the
signal reconstruction efficiency as calculated from MC
simulation. We include systematic uncertainty in BUL by
smearing the Nsig distributions of the aforementioned
statistically equivalent samples by the total fractional
systematic uncertainty (see below) before calculating
fsig. The resulting upper limits are listed in Table I. For
the upper limit on both decays K#0μþe− and K#0μ−eþ

combined, BðB0 → K#0μ&e∓Þ≡ BðB0 → K#0μþe−Þ þ
BðB0 → K#0μ−eþÞ, and the branching fractions for the
two modes are assumed to be identical when calculating the
efficiency.
There are a number of systematic uncertainties, as listed

in Table II. The uncertainty on ε due to limited MC

)2 (GeV/cbcM

5.22 5.24 5.26 5.28

 )2
E

ve
nt

s 
/ (

0.
00

3 
G

eV
/c

0

5

10

15

20

25

30

)2 (GeV/cbcM

5.22 5.24 5.26 5.28

 )2
E

ve
nt

s 
/ (

0.
00

3 
G

eV
/c

0

5

10

15

20

25

)2 (GeV/cbcM

5.22 5.24 5.26 5.28

 )2
E

ve
nt

s 
/ (

0.
00

3 
G

eV
/c

0

10

20

30

40

50

FIG. 2. TheMbc distribution for data events that pass the selection
criteria for the decays B0 → K#0μþe− (top), B0 → K#0μ−eþ

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

TABLE I. Results from the fits. The rightmost columns corre-
spond to efficiency, signal yield, 90%C.L. upper limit on the signal
yield, and 90% C.L. upper limit on the branching fraction.

Mode ε (%) Nsig NUL
sig BUL ð10−7Þ

B0→K#0μþe− 8.8 −1.5þ4.7
−4.1 5.2 1.2

B0→K#0μ−eþ 9.3 0.4þ4.8
−4.5 7.4 1.6

B0→K#0μ&e∓ (combined) 9.0 −1.2þ6.8
−6.2 8.0 1.8

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

Systematic uncertainty (%)

Source K#0μþe− K#0μ−eþ K#0μ&e∓

Reconstruction efficiency &0.3 &0.3 &0.3
Number of B0B̄0 pairs &1.4 &1.4 &1.4
f00 &1.2 &1.2 &1.2
Track reconstruction &1.4 &1.4 &1.4
Particle identification &2.8 &2.8 &2.8
Oqq̄

NN and OBB
NN

&2.8 &2.8 &2.8
PDF shape parameters þ2.1

−3.0
þ8.2
−8.1

þ4.5
−4.5

B → charmless decays &0.5 &2.2 &1.4
K#0 polarization þ2.7

−1.4
þ3.8
−1.9

þ3.2
−1.6

Total þ5.7
−5.6

þ10.3
−9.7

þ7.2
−6.7
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FIG. 2. TheMbc distribution for data events that pass the selection
criteria for the decays B0 → K#0μþe− (top), B0 → K#0μ−eþ

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

TABLE I. Results from the fits. The rightmost columns corre-
spond to efficiency, signal yield, 90%C.L. upper limit on the signal
yield, and 90% C.L. upper limit on the branching fraction.

Mode ε (%) Nsig NUL
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that have a fitted yield less than that observed in the data.
The input signal having fsig ¼ 0.10 is taken as an upper
limit NUL
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sig into an

upper limit on the branching fraction (BUL) via the formula
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;

where BðK#0 → Kþπ−Þ ¼ 0.6651 is the assumed branch-
ing fraction (from isospin symmetry) for the intermediate
decay K#0 → Kþπ−; NBB̄ is the number of BB̄ pairs,
ð7.72& 0.11Þ × 108; f00 is the branching fraction
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smearing the Nsig distributions of the aforementioned
statistically equivalent samples by the total fractional
systematic uncertainty (see below) before calculating
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(middle), and also both decays combined (bottom). Points with
error bars are the data, and the blue solid curve is the result of the fit
for the signal-plus-background hypothesis, where the blue dashed
curve is the background component. The red shaded histogram
represents the signal PDF with arbitrary normalization.

TABLE I. Results from the fits. The rightmost columns corre-
spond to efficiency, signal yield, 90%C.L. upper limit on the signal
yield, and 90% C.L. upper limit on the branching fraction.
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and background samples and perform our fitting procedure
on these combined sets of events. We then calculate, for
each input value of signal yield, the fraction of sets (fsig)

that have a fitted yield less than that observed in the data.
The input signal having fsig ¼ 0.10 is taken as an upper
limit NUL

sig (statistical error only). We convert NUL
sig into an

upper limit on the branching fraction (BUL) via the formula

B ¼
Nsig

BðK#0 → Kþπ−Þ × 2 × NBB̄ × f00 × ε
;

where BðK#0 → Kþπ−Þ ¼ 0.6651 is the assumed branch-
ing fraction (from isospin symmetry) for the intermediate
decay K#0 → Kþπ−; NBB̄ is the number of BB̄ pairs,
ð7.72& 0.11Þ × 108; f00 is the branching fraction
Bðϒð4SÞ → B0B̄0Þ ¼ 0.486& 0.006 [31]; and ε is the
signal reconstruction efficiency as calculated from MC
simulation. We include systematic uncertainty in BUL by
smearing the Nsig distributions of the aforementioned
statistically equivalent samples by the total fractional
systematic uncertainty (see below) before calculating
fsig. The resulting upper limits are listed in Table I. For
the upper limit on both decays K#0μþe− and K#0μ−eþ

combined, BðB0 → K#0μ&e∓Þ≡ BðB0 → K#0μþe−Þ þ
BðB0 → K#0μ−eþÞ, and the branching fractions for the
two modes are assumed to be identical when calculating the
efficiency.
There are a number of systematic uncertainties, as listed

in Table II. The uncertainty on ε due to limited MC
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FIG. 2. TheMbc distribution for data events that pass the selection
criteria for the decays B0 → K#0μþe− (top), B0 → K#0μ−eþ

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

TABLE I. Results from the fits. The rightmost columns corre-
spond to efficiency, signal yield, 90%C.L. upper limit on the signal
yield, and 90% C.L. upper limit on the branching fraction.

Mode ε (%) Nsig NUL
sig BUL ð10−7Þ

B0→K#0μþe− 8.8 −1.5þ4.7
−4.1 5.2 1.2

B0→K#0μ−eþ 9.3 0.4þ4.8
−4.5 7.4 1.6

B0→K#0μ&e∓ (combined) 9.0 −1.2þ6.8
−6.2 8.0 1.8

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

Systematic uncertainty (%)

Source K#0μþe− K#0μ−eþ K#0μ&e∓

Reconstruction efficiency &0.3 &0.3 &0.3
Number of B0B̄0 pairs &1.4 &1.4 &1.4
f00 &1.2 &1.2 &1.2
Track reconstruction &1.4 &1.4 &1.4
Particle identification &2.8 &2.8 &2.8
Oqq̄

NN and OBB
NN

&2.8 &2.8 &2.8
PDF shape parameters þ2.1

−3.0
þ8.2
−8.1

þ4.5
−4.5

B → charmless decays &0.5 &2.2 &1.4
K#0 polarization þ2.7

−1.4
þ3.8
−1.9

þ3.2
−1.6

Total þ5.7
−5.6

þ10.3
−9.7

þ7.2
−6.7

S. SANDILYA et al. PHYS. REV. D 98, 071101 (2018)

071101-6
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(2006)
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Invisible final states 
•   (Belle II) 

•

B+ → K+νν

B0 → νν(γ)
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In the SM, 
•  

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

existing measurements (upper limits)

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

8

responding to 9 fb�1. No statistically significant signal
is observed and an upper limit on the branching frac-
tion of 4.1⇥ 10�5 at the 90% CL is set, assuming an SM
signal. This measurement is competitive with previous
results for similar integrated luminosities, demonstrating
the capability of the inclusive tagging approach, which is
widely applicable and expands the future physics reach
of Belle II.
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4

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

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

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

b s

⌫

⌫

u, c, t

Z

W�

(a) Penguin diagram

b s

⌫ ⌫

u, c, t

`�

W� W+

(b) Box diagram

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

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

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

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

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

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

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

p
s = 10.58GeV, which cor-

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

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

Tagging

hadronic + SL

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

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

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

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

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

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

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

K+ pT ε ∼ 80 %

⇒

Bsig

∵

pT(K+)

B+ → J/ψK+

arXiv:2104.12624 
submitted to PRL

Novel Search for                         

!10

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

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

BB qqB(→Kνν)B

1.

3.In comparison with tagged 
approaches this inclusive tag 

approach leads to higher signal 
efficiency but also larger 

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

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

ϵsig

|  Belle II Highlights and Prospects | Slavomira Stefkova

B+ → K+νν̄ Moriond 2021:63 fb-1

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

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

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

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

5. signal region in 2D (BDT2 vs. ) 
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1. signal  — track of highest  w/ at least 1 PXD hit ( ) 

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

3. BDT for signal discrimination 
use event-shape, ROE dynamics,  kinematics, vertexing info.
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 to suppress two different bkgds : BB and continuum

5. signal region in 2D (BDT2 vs. ) 
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MVA Selection and Measurement Region Definition:

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

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

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

4.

Signal Region

5.

|  Belle II Highlights and Prospects | Slavomira Stefkova

B+ → K+νν̄ Moriond 2021:63 fb-1

B+ → K+νν̄

Signal Region
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1. signal  — track of highest  w/ at least 1 PXD hit ( ) 

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

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

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

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

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

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

K+ pT ε ∼ 80 %

⇒

Bsig

∵

pT(K+)

B+ → J/ψK+

arXiv:2104.12624 
submitted to PRL

Novel Search for                         

!11

MVA Selection and Measurement Region Definition:

4. Two consecutive BDTs are trained and applied to suppress the backgrounds
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1. signal  — track of highest  w/ at least 1 PXD hit ( ) 

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

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

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

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

6. check BDT output with  samples 
for both signal and bkgd (see the paper for details)

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

K+ pT ε ∼ 80 %

⇒

Bsig

∵

pT(K+)

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

6.
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Signal Extraction:
8. Binned simultaneous ML fit to on-resonance + off-
resonance data is performed:

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

nuisance parameters = systematic uncertainties

     Measured signal strength

     

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

8.

μ = 4.2+2.9
−2.8(stat)+1.8

−1.6(syst)
ℬ(B+ → K+νν̄) = 1.9+1.6

−1.5 × 10−5

4.1x10-5 @90 % CL
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profile likelihood scan, where the fit is performed with µ fixed at values around the best fit value
and the remaining parameters free. The systematic uncertainty is calculated by subtraction in
quadrature of the statistical uncertainty from the total uncertainty. The result is translated into
an observed branching ratio of [1.9+1.6

�1.5]⇥ 10�5 = [1.9+1.3
�1.3(stat)

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

signal is observed and the expected and observed upper limits on the B+ ! K+⌫⌫̄ branching
fraction are estimated using the CLs method 19. Figure 8 shows that at the 90% confidence
level the expected upper limit, derived in the background only hypothesis, is 2.3⇥ 10�5 and the
observed upper limit is 4.1⇥ 10�5.

5 Conclusion

This contribution illustrates the first search for the B+ ! K+⌫⌫̄ decay with an inclusive tagging
method. The study is performed on the data corresponding to 63 fb�1 integrated luminosity
collected at the ⌥(4S) resonance by the Belle II detector, together with an additional sample of
9 fb�1 of o↵-resonance data. No statistically significant signal is observed and an upper limit of
4.1⇥10�5 on the B+ ! K+⌫⌫̄ branching ratio is set at the 90% confidence level. As illustrated
in Fig. 9, the measurement is competitive with the previous searches, thus proving the capability
of the inclusive tagging method.

Figure 8 – CLs value as a function of the branching
fraction of B+ ! K+⌫⌫̄ for the expected and ob-
served signal yields. In red the corresponding upper
limits at the 90% confidence level. The expected
limit is derived for the background-only hypothesis.

Figure 9 – Comparison of the branching fraction
measured by Belle II and the previous experiments.
The values reported for Belle are computed based
on the quoted observed number of events and e�-
ciency. The weighted average is computed assum-
ing that uncertainties are uncorrelated.
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invisible B0 → (+γ)
In the SM 

• ,  ,  

sensitive to new physics BSM, e.g. 
• R-parity-violating models
• dark matter contributions
• some models predict 

ℬ(B0 → νν̄) ∼ 10−25 ℬ(B0 → νν̄νν̄) ∼ 10−16 ℬ(B0 → γνν̄) ∼ 10−9

ℬ ≲ 𝒪(10−6 − 10−7)

BELLE

PRD 102, 012003 (2020)

We report searches for B0 → invisible and B0 → invisible þ γ decays, where the energy of the photon is
required to be larger than 0.5 GeV. These results are obtained from a 711 fb−1 data sample that contains
772 × 106BB̄ pairs and was collected near the ϒð4SÞ resonance with the Belle detector at the KEKB eþe−

collider. We observe no significant signal for either decay and set upper limits on their branching fractions
at 90% confidence level of BðB0 → invisibleÞ < 7.8 × 10−5 and BðB0 → invisibleþ γÞ < 1.6 × 10−5.
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The decays B0 → invisible and B0 → invisibleþ γ, with
“invisible” defined as particles that leave no signal in the
Belle detector, are sensitive to new physics beyond the
Standard Model (SM). For instance, models with R-parity
violation [1] or dark matter contributions [2] predict that the
branching fraction of B0 decays to an invisible final state
could be as high as 10−6 − 10−7. In the SM, such a decay is
B0 → ðγÞνν̄, which proceeds through the Feynman dia-
grams in Fig. 1. The B0 → νν̄ decay is strongly helicity
suppressed by a factor of ðmν=mB0Þ2 [3], and the estimated
branching fraction is at the 10−25 level. A recent calculation
[4] predicts that a B0 → νν̄νν̄ decay, which has the same
signature as B0 → νν̄ in the detector, also contributes to the
invisible final state, and the estimated branching fraction is
at the 10−16 level. For the B0 → γνν̄ decay, despite the
removal of helicity suppression, the branching fraction
predicted from the SM is of order 10−9 [5], which is still too
small to be observed by current experiments. A very low
background from the SM indicates that a signal of B0 →
invisibleðþγÞ in the current B-factory data would indicate
new physics.
Several experimental searches for B0 → invisibleðþγÞ

have been performed and no signal has been observed. The
most stringent branching-fraction upper limits [6], BðB0 →
invisibleÞ < 2.4 × 10−5 and BðB0 → invisibleþ γÞ <
1.7 × 10−5, were provided by the BABAR Collaboration
using the semileptonic tagging method and with 424 fb−1

of data. A previous search [7] from Belle with 606 fb−1 of

data adopted a hadronic tagging method and reported the
upper limit, BðB0 → invisibleÞ < 1.2 × 10−4, a factor of 5
higher than the BABAR results. Here we report the updated
results with the full Belle dataset and improved hadronic
tagging.
These searches are based on a data sample that was

collected with the Belle detector at the KEKB asymmetric-
energy eþe− (3.5 on 8 GeV) collider [8]. The sample
contains 772 × 106BB̄ pairs accumulated at the ϒð4SÞ
resonance, corresponding to an integrated luminosity of
711 fb−1, and an additional 90 fb−1 of off-resonance data
recorded at the center-of-mass (c.m.) energy 60 MeV below
the ϒð4SÞ resonance.
The Belle detector is a large-solid-angle magnetic

spectrometer that consists of a silicon vertex detector
(SVD), a 50-layer central drift chamber (CDC), an array
of aerogel threshold Cherenkov counters, a barrel-like
arrangement of time-of-flight scintillation counters, and
an electromagnetic calorimeter (ECL) comprised of CsI
(Tl) crystals located inside a superconducting solenoid coil
that provides a 1.5 T magnetic field. Outside the coil, the
K0

L and muon detector (KLM), composed of alternating
layers of charged particle detectors and iron plates, is
instrumented to detect K0

L mesons and to identify muons.
The detector is described in detail elsewhere [9]. Two inner
detector configurations were used. A 2.0 cm radius beam
pipe and a three-layer SVD were used for the first 140 fb−1

data sample, while a 1.5 cm radius beam pipe, a four-layer
SVD and a small-cell inner CDC were used to record the
remaining 571 fb−1 data sample [10].
To determine our signal efficiency and optimize event

selection criteria, we use Monte Carlo (MC) simulated
events. All MC samples in the analysis are generated by the
EvtGen package [11], with the detector response simulated
by the Geant3 package [12]. Ten million B0 → νν̄ and B0 →
γνν̄ signal events are generated with a phase-space decay
model. However, for the B0 → γνν̄ search, a phase-space
decay model is not appropriate to describe the process.
Thus, the signal efficiency is reweighted according to
theoretical calculations [5], in which the “quark constituent
model” is assumed and differential branching fraction as a
function of squared missing mass (M2

miss) is given.M
2
miss is

defined as

M2
miss ¼ ðP⃗beam − P⃗Btag

− P⃗γÞ2=c2; ð1ÞFIG. 1. Feynman diagrams for B0 → ðγÞνν̄ in the Standard
Model.
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EvtGen package [11], with the detector response simulated
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 signal extraction 
• by 2D fit to 

•

  signal extraction 
• counting in  with bkgd. subtraction 

• study  for bkgd. evaluation using control 
mode, 

B0 → inv .
(EECL, cos θT)

Nsig = 18.8+15.3
−14.5

B0 → inv. + γ
EECL

M2
miss

B0 → D−ℓ+ν

according to two-dimensional histogram PDFs and then
fitting with the product of one-dimensional PDFs.
The validity of the EECL PDFs for background is checked

using the sideband samples excluded by the Otag threshold.
Comparison between sideband data and the combined
distribution of non-B and generic B background according
to the MC ratio shows consistency, as shown in Fig. 3. In
the comparison, the correctness of the MC ratio between
background components is further verified by fitting cos θT
in the sideband sample, which is shown in Fig. 4. In this fit,
there are ð23" 8Þ% of generic B events among the
combined background, which is consistent with the pro-
portion of ð25" 1Þ% from MC simulation.
To verify the EECL PDF obtained from the signal

MC simulation, B0 → D$−lþν (l ¼ e; μ; D$− → D0π−,

D0 → Kþπ−) is used as a control sample. In these events,
Btag is fully reconstructed, and the other B meson is
identified by decays to Dð$Þlν from the remaining part
of the event (double tagging). To mimic the invisible final
state, particles used in the signal-side reconstruction are
excluded, such as in the EECL and the shape variables
calculations. Event selections are done in the same manner
as in the B0 → invisible study. The extra tracks, π0, and K0

L
vetoes are demanded after removing particles involved in
the reconstruction of Btag and Bsig. The Otag and Oshape are
also based on the algorithms established before. Additional
selections include 1.855 GeV=c2 < MD0 < 1.885 GeV=c2

(1.8σ window); 0.143 GeV=c2 < ΔMD < 0.148 GeV=c2

(2.2σ window), where ΔMD is the difference between the
reconstructed D$− and D0 masses; −0.5 GeV2=c4 <
M2

miss < 0.5 GeV2=c4 (1.5σ window), where M2
miss is

defined in Eq. (1) with P⃗γ replaced by P⃗D$−l. After the
double tagging, background for the B0 → D$−lþν becomes
negligible. Comparison of the EECL distribution between
the doubly tagged data and the B0 → νν̄ MC simulation
shows excellent agreement as seen in Fig. 3.
The projections of the 2D fitting result for B0 →

invisible are shown in Fig. 5. The corresponding fitting
yields of each component are listed in Table I. No
significant signal is observed.
The systematic uncertainty due to the statistical error of

the EECL and cos θT PDFs modeling is estimated by varying
the content of each bin in the histogram PDFs and
parameters of the Legendre polynomials by "1σ, respec-
tively, and repeating the fit on data. All of the systematic
uncertainties of signal yields are listed in Table II, and the
total systematic uncertainty is the sum in quadrature of
all terms.
The significance of the signal yield is defined asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=Ls

p
Þ, where L0 and Ls are the maximized

likelihood values when the signal yield is constrained to
zero and floated, respectively. The systematic uncertainty is
taken into consideration by convolving the likelihood
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FIG. 3. Left, Comparison of EECL distributions between back-
ground MC simulation and data in the Otag sideband. The black
points are data. The blue crosses with a shaded error band are the
background MC simulation. Right, Comparison of EECL distri-
butions between B0 → νν̄ signal MC simulation and B0 →
D$−lþν data. The black points are data. The red and shaded
distribution is signal MC simulation. Histograms are normalized
such that the sum of all bins equals one.
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Y. KU et al. PHYS. REV. D 102, 012003 (2020)

012003-6

BELLE

PRD 102, 012003 (2020)

invisible B0 → (+γ)

 @ 90% CLℬ(B0 → invisible) < 7.8 × 10−5

 @ 90% CLℬ(B0 → invisible + γ) < 1.6 × 10−5
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LFV, LNV & BNV 
searches in  decaysτ

τ− → μ−γ τ− → e−γ preliminary, to be submitted to JHEP

PRD 102, 111101 (2020)
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New physics (NP) search with τ
the  lepton

•the heaviest charged lepton 

•highly sensitive to NP 

Unique lab to look for NP

•LFV 

•EDM, g-2, CPV 

•  decays to   

•BNV, too 

τ

B (D) τ

49

NP Search with τ 
τ lepton!
•  The heaviest charged lepton!

•  High sensitivity to New Physics!

electron muon tau 

e µ τ

Gen. I II III 
Mass [MeV] 0.511 106 1780 
Life ∞ 2.20µs 0.291ps 

Unique laboratory to search for NP!
•  LFV (Lepton Flavor Violation)!

•  EDM, CPV, g-2!

•  Tauonic decays of Ds, B, t, H !

•  Precision test of SM!

•  also BNV (Baryon Number Violation) as mτ > mp , mΛ , …!

τ → µγ  

τ µ

γ

τ
χ0

!µ

(ml
2 )23(13)

τ → µµµ 
τ µ

µ

µ

h

3 

(m⌧ > m⇤,mp, ...)
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Lepton-flavor-violating (LFV)  decayτ
In the Standard Model with non-zero  mass,   LFV can happen, 
but the rate is really tiny.

However, in many new physics models it can become large enough 
to be within sensitivity of Belle (or Belle-II)

• For example, with SUSY-GUT,

ν τ

50

5.10 Tau decays

5.10.1 Introduction

Lepton flavor violation (LFV) in τ decays is one of the most important physics target in the
Super KEKB project. Here we give a brief review of various theoretical predictions available in
recent years, and the experimental achievements and prospects at the Super KEKB experiment.

Lepton flavour conservation in the Standard Model (SM) is associated with neutrinos being
massless. Observations of neutrino oscillations imply a nonzero mass and hence the mixing of
lepton flavours, which is violating the lepton flavor conservation. With finite but tiny masses
compared to the weak scale (mW ∼ 80.4 GeV), charged lepton flavour violating processes are
however strongly suppressed and beyond experimental reach, since

B(τ → lγ) =
3α
32π

|
∑

i

U∗
τ iUµi

#2
3i

m2
W

|2 ≤ 10−53 ∼ 10−49, (5.87)

where U is the PMNS neutrino mixing matrix and #2
ij is difference of neutrino mass squares,

#2
ij = m2

νi
− m2

νj
[200].

The situation is quite different if there are new particles which have masses of the order of
the weak scale and couples to leptons. In fact, many extensions of SM, such as supersymmetry
(SUSY), little Higgs models and extra dimensions predict enhanced LFV decays. Some of recent
theoretical predictions relevant for the LFV τ decays are summarized in Table 5.19. For the
LFV τ decays, the branching fractions can be as high as in the experimentally obtainable range
10−9 ∼ 10−7 and the upper bound is in fact limited by recent B-Factory experiments results.

model Ref.
SUSY + Seesaw [207], [208], [209], [201], [202]
SUSY + GUTs [203], [204], [205], [206], [210]
SUSY(Higgs mediated) [211], [212], [213], [214], [215], [216], [217]
Unconstrained MSSM [218]
SUSY+R-parity violating [219], [220]
Little Higgs [221], [222]
Non-universal Z’ [223]
Extra-dimension [224], [225], [226]
Left-Right Symmetric model [227]
νR at O(10TeV) [228], [229]
Others [230]

Table 5.19: A compilation of the theoretical predictions of the LFV τ decays.

The current limit on the µ → eγ is set at B(µ+ → e+γ) < 1.2 × 10−11 (90% C.L.) by
the MEGA experiment at the Los Alamos Meson Physics Facility [231]. The MEG experiment
at PSI is now starting the physics run with a sensitivity with 10−13 [232]. For the µ − e
conversion experiments, two experiments at sensitivity of 10−16 are proposed at J-PARK [233]
and FNAL [234]. And ambiguous future project at a sensitivity of 10−18 is designed at J-
PARK [235].

There are exciting projects on the LFV searches on the muon sector [236]. However, even
if µ+ → e+γ is discovered at some levels, it will not provide sufficient information to determine
the underlying LFV mechanism or even identify the correct underlying theory. In addition we

178

B(⌧ ! µ�) ' (4.5⇥ 10�6)|(�LL)32|2
✓
500 GeV

mSUSY

◆4 ✓ tan�

10

◆2
Calibbi et al., 

PRD 74, 116002 (2006)
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Search for τ+ → ℓ+γ
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Analysis approach ! or $
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Signal side
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Signal-side: Nℓ = 1 and ,# = 1
Tag-side: 1-prong - ( Eg. - → ℓ00, 20, 30 )

Signal region definition

4$% = 5$&'()* + − 7ℓ#)*
+

Δ5/ : = (5ℓ#)* − 5$&'()* )/ :

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

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

3#$%&'( ~ 5
2

※ Adopt blind analysis

beam-energy-constrained mass

ℓ: $ or !

Signal region
(SR)

0#$~2"

Δ4/ 6~0

CM frame
• �(e+e� ! ⌧+⌧�) = (0.919± 0.003) nb ⇡ �bb̄, at

p
s ⇡ 10.58 GeV

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

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

• signal extraction by Msig and �EMbc ΔE/ s

Analysis method of tau LFV 

2014/Sep/17 TAU2014 4 
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e+e- →t+t- 
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Signal Extraction  

mgM ~ t mass 

E~0 

signal MC distribution. 
Size of boxes shows density. 

Blind analysis 
⇒Blind signal region 
     

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

UEML=Unbinned Extended Maximum Likelihood fit 

e− e+

BELLE

preliminary 
to be submitted to JHEP
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BELLE

preliminary 
to be submitted to JHEP

signal events efficiently, an elliptical region is adopted as follows:280
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�high/low
Mbc

and �high/low
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p
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are the standard deviations on the higher/lower side of the peak281

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

mated resolutions are �high/low
Mbc

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

p
s

= (5.6±0.4)⇥283

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

= 11.55 ± 0.27/10.59 ± 0.19284

MeV/c2, �high/low
�E/

p
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µM�E/
p
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are the mean value of the signal distribution: µMbc = 1.78 MeV/c2, µ�E/
p
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�0.6 ⇥ 10�3 for ⌧± ! µ±� events and µMbc = 1.79 MeV/c2 µ�E/
p
s = �1.0 ⇥ 10�3 for287

⌧± ! e±� events. The overall signal efficiency using this signal region is 3.7% for ⌧± ! µ±�288

and 2.9% for ⌧± ! e±� events.289
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Figure 3. Two-dimensional distribution for (a) ⌧± ! µ±� and (b) ⌧± ! e±� events. The black

points are the data, the blue boxes are ⌧± ! `±� events and the magenta ellipses show the signal

region used in this analysis (2� region).

The most dominant background in the ⌧± ! µ±� (⌧± ! e±�) search arises from290

⌧+⌧� events decaying to ⌧± ! µ±⌫µ⌫⌧ (⌧± ! e±⌫e⌫⌧ ) with a photon from initial-state291

radiation or beam background. The µ+µ�� and e+e�� events are subdominant, with their292

contribution falling below 5%. Other backgrounds such as two-photon and qq̄ are negligible293

in the signal region.294
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from the fit is checked and the relative difference from the nominal value is assigned as the351

systematic uncertainty. The estimated uncertainty is 3.3% for the ⌧± ! µ±� and 3.7%352

for the ⌧± ! e±� analysis. The uncertainties due to limited MC statistics and particle353

identification are negligible compared to the other uncertainties described above.354

Table 1. Systematic uncertainties in this analysis (in %).

Source ⌧± ! µ±� ⌧± ! e±�

Track reconstruction efficiency 0.7 0.7
Photon reconstruction efficiency 2.0 2.0
Photon energy calibration 3.2 3.2
Luminosity 1.4 1.4
Trigger efficiency 2.1 3.4
Background PDF model 3.3 3.7
Total 6.2 6.5

4 Result355

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

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

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

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

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

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

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

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

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

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

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

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

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

at 90% CL can be calculated: B(⌧± ! µ±�) < 4.9⇥ 10�8 and B(⌧± ! e±�) < 6.4⇥ 10�8.369

The toy MC simulation provides an observed upper limit on the signal at the 90% CL as370

s̃90 = 2.8 (s̃90 = 3.0) events from the fit for the ⌧± ! µ±� (⌧± ! e±�) search. The upper371

limit on the branching fraction B(⌧± ! `±�) at the 90% CL is372

B(⌧± ! µ±�) <
s̃90

2✏N⌧⌧
= 4.2⇥ 10�8, (4.1)

B(⌧± ! e±�) <
s̃90

2✏N⌧⌧
= 5.6⇥ 10�8, (4.2)

where the number of ⌧ pairs produced is N⌧⌧ = (912± 14)⇥ 106 and the signal efficiencies373

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

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

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

τ → μγ τ → eγ

<latexit sha1_base64="lPsKj0Hfmk17EbNaHUQ7nJtx+yA="></latexit>

• use
R
Ldt = 988 fb�1 Belle data

) N⌧⌧ = 912⇥ 106
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 LNV, BNV search — motivationsτ
Baryogenesis of our Universe has been unknown 
Lepton #, Baryon # — accidental symmetries of SM 
Baryon number violation — a crucial element of baryogenesis 
Signals of LNV, BNV could be a clear signal of BSM  

Selection rules :  or  
•  for standard -decay 

•  

• , e.g.  decay 

•  (  oscil.) or  ( ), etc. 

|Δ(B − L) | = 0 2
ΔB = ΔL = 0 β
ΔB = ΔL = ± 1
ΔB = − ΔL = 1 p
ΔB = 2 nn̄ ΔL = 2 0ν2β
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We use 711 fb−1 (89 fb−1) of data recorded at (60 MeV
below) the ϒð4SÞ resonance with the Belle detector [12]
at the KEKB asymmetric-energy eþe− collider [13]. A
sample of 121 fb−1 collected near the ϒð5SÞ peak is also
used in this search.
Belle is a large-solid-angle magnetic spectrometer com-

prising a silicon vertex detector, a 50-layer central drift
chamber (CDC), an array of aerogel threshold Cherenkov
counters (ACC), a barrel-like arrangement of time-of-flight
scintillation counters (TOF), and a CsI(Tl) crystal electro-
magnetic calorimeter (ECL). All these components are
located inside a superconducting solenoid providing a
magnetic field of 1.5 T. An iron flux return located outside
the solenoid coil is instrumented with resistive plate
chambers to detect K0

L mesons and muons (KLM).
To optimize the event selection and obtain signal

detection efficiency, we use Monte Carlo (MC) simulation
samples. Signal and background events from eþe− →
τþτ−ðγÞ are generated by the KKMC [14] program, while
the subsequent decays of τ leptons are handled by TAUOLA

[15] or PYTHIA [16], and final-state radiation is included
with PHOTOS [17]. For the signal MC samples, we generate
τþτ− events, where one τ decays into pll0ðl;l0 ¼ e; μÞ,
assuming a phase-space distribution, and the other τ into
all SM-allowed final states (“generic decay”). Non-τ
backgrounds, such as eþe− → qq̄ (udsc continuum, BB̄),
Bhabha scattering, and dimuon processes are generated
with EvtGen [18], BHLUMI [19], and KKMC, respectively.
We generate two-photon mediated final states using DIAG36

[20] and TREPS [21]. The DAIG36 program is applied
for the eþe−qq̄ production as well as for the eþe−eþe−

and eþe−μþμ− processes. We use TREPS to generate the
eþe−pp̄ final state with its cross section tuned to the known
measurements. Additionally, MC samples for suppressed
decays [22] τ− → π−eþe−ντ and π−μþμ−ντ are used to
study possible background contaminations.
We follow a “blind” analysis technique in this search,

where the signal region (defined below) in data remains
hidden until all of our selection criteria and background
estimation methods are finalized. Below we describe
different stages of event reconstruction and selection. All
kinematic observables are measured in the laboratory frame
unless stated otherwise.
At the preliminary level, we try to retain as many generic

eþe− → τþτ− events as possible in the sample while
reducing obvious backgrounds. Towards that end, we apply
the following criteria on different kinematic variables.
Charged track and photon candidates are selected within
a range of 17° < θ < 150°, where θ is their polar angle
relative to the z axis (opposite the eþ beam direction). We
require the transverse momentum (pT) of each charged
track to be greater than 0.1 GeV and the energy of each
photon to be greater than 0.1 GeV. Natural units ℏ ¼ c ¼ 1
are used throughout the paper. Each track must have a
distance of closest approach with respect to the interaction

point (IP) within %0.5 cm in the transverse plane and
within %3.0 cm along the z axis. Candidate τ-pair events
are required to have four charged tracks with zero net
charge; this criterion greatly reduces the amount of back-
ground from high-multiplicity eþe− → qq̄ events. We
require the primary vertex, reconstructed by minimizing
the sum of χ2 ’s computed with helix parameters measured
for all four tracks, to be close to the IP. Requirements on the
radius, r < 1.0 cm, and z position, jzj < 3.0 cm, of the
event primary vertex suppress beam-related and cosmic
muon backgrounds.
As two-photon mediated events contain many low-pT

tracks, a minimum threshold on the highest pT track
(pmax

T > 0.5 GeV) provides a useful handle against such
events. This background is suppressed further by requiring
either pmax

T > 1 GeV or Erec > 3 GeV, where Erec is the
sum of momenta of all charged tracks and energies of all
photons in the center-of-mass (CM) frame. Additionally,
we require [Etot < 9 GeV, θmax < 175°, or 2 < EECL <
10 GeV] and [Nbarrel ≥ 2, or Etrk

ECL < 5.3 GeV], where the
total energy Etot ¼ Erec þ pCM

miss with pCM
miss being the mag-

nitude of the missing momentum in the CM frame, θmax is
the maximum opening angle between any two tracks, EECL
is the sum of energies deposited by all tracks and photons in
the ECL, Nbarrel is the number of tracks in the barrel region,
given by 30° < θ < 130°, and Etrk

ECL is the sum of energies
deposited by tracks in the ECL in the CM frame.
At the second stage of selection, we apply the following

criteria to pick up candidate events that are more signal-
like. First we require the four charged tracks to be arranged
in a 3–1 topology as shown in Fig. 1. This classification
is done by means of the thrust axis [23] calculated from
the observed track and photon candidates. One of the two
hemispheres divided by the plane perpendicular to the
thrust axis should contain three tracks (signal side) and
the other has one track (tag side). To reduce eþe− → qq̄
background further, we require the magnitude of the thrust
to be greater than 0.9.

FIG. 1. A schematic of 3–1 topology defined in the CM frame.
The blue dotted line divides the event into two hemispheres based
on the thrust-axis direction.

D. SAHOO et al. PHYS. REV. D 102, 111101 (2020)

111101-4
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We search for various LNV, BNV  decays 

 LHCb limits for ,  :  

Theory calculations using  lifetime bound: 
 

Search using full  (on- and off-resonance) and 
 data from Belle 

τ

∃ τ− → p̄μ+μ− pμ−μ− ℬ < 𝒪(10−7)

p
ℬ ≲ 10−30 − 10−48

Υ(4S)
Υ(5S)

BELLE

PRD 102, 111101 (2020)

 LNV, BNV search at Belleτ
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 LNV, BNV τ

listed above for a given channel are in the descending order
of their contributions. While calculating the background
contribution from τ decays, we use the exclusive MC
samples for suppressed decays, where appropriate.
To calculate the background in the signal region, we

assume a uniform background distribution along the Mrec
axis in Fig. 2. The assumption is validated with MC
samples before applying the method to data. As only a
few events survive our final set of selections, it becomes a
challenge to know the background shape in the Mrec-ΔE
plane. Instead of changing our selections channel-by-
channel, we release the proton identification requirement
for all six channels to check the background shape in the
sideband. While this alleviates the issue of low event yields,
we find for τ− → pμ−μ− and p̄μþμ− the negative ΔE
region is overpopulated, mostly owing to π → μ misiden-
tification in generic τ decays. Similarly, in case of τ− →
p̄eþe− and p̄e−μþ the positive ΔE region has a higher
event yield coming from two-photon and radiative dimuon
events. On the other hand, for all the channels the ΔE strip
is found to have a uniform event density inMrec. Therefore,
we calculate the background yield in the signal region
based on the number of events found in the ΔE strip in lieu
of the full sideband. The expected numbers of background
events in the signal region with uncertainties are listed in
Table I for all channels.
For τ− → pe−e− and p̄eþμ− channels, no events survive

in the ΔE strip as shown in Fig. 5. In these two cases, we
use the following method to get an approximate back-
ground yield in the strip. As the τ− → pμ−μ− channel has
the most number of events, we take the ratio of events in its
lower sideband with and without applying proton identi-
fication. We multiply this ratio by the number of events
found in τ− → pe−e− and p̄eþμ− without proton identi-
fication requirement to get an approximate background
yield in the ΔE strip, from which the expected number of
background in the signal region is calculated. We have
checked that this method gives a background yield con-
sistent with that directly obtained from the ΔE strip for
other four channels.
We calculate the systematic uncertainties arising

from various sources. The uncertainties due to lepton

identification are 2.3% per electron and 2.0% per muon.
Similarly, the proton identification uncertainty is 0.5%.
Tracking efficiency uncertainty is 0.35% per track, totaling
1.4% for four tracks in the final state. For the systematic
uncertainty due to efficiency variation, we take half of the
maximum spread in efficiency with respect to its average
value found in the invariant-mass variables:Mpl,Mpl0 , and
Mll0 . The uncertainty in the trigger efficiency studied with
a dedicated trigger simulation program is found to be 1.2%
[22]. All these multiplicative contributions are added in
quadrature to get a total systematic uncertainty in effi-
ciency. The uncertainty associated with integrated lumi-
nosity is 1.4%, and that due to the eþe− → τþτ− cross
section is 0.3%. Both contribute as an uncertainty to the

TABLE I. Signal detection efficiency, number of expected
background events (Nbkg), number of observed data events
(Nobs), 90% CL upper limits on the signal yield and branching
fraction for various decay channels.

Channel ϵð%Þ Nbkg Nobs NUL
sig Bð×10−8Þ

τ− → p̄eþe− 7.8 0.50$ 0.35 1 3.9 < 3.0
τ− → pe−e− 8.0 0.23$ 0.07 1 4.1 < 3.0
τ− → p̄eþμ− 6.5 0.22$ 0.06 0 2.2 < 2.0
τ− → p̄e−μþ 6.9 0.40$ 0.28 0 2.1 < 1.8
τ− → pμ−μ− 4.6 1.30$ 0.46 1 3.1 < 4.0
τ− → p̄μ−μþ 5.0 1.14$ 0.43 0 1.5 < 1.8
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FIG. 5. ΔE–Mrec distributions where the red box denotes the
signal region and the green ΔE strip is used to calculate the
expected background. Black dots represent the data.
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listed above for a given channel are in the descending order
of their contributions. While calculating the background
contribution from τ decays, we use the exclusive MC
samples for suppressed decays, where appropriate.
To calculate the background in the signal region, we

assume a uniform background distribution along the Mrec
axis in Fig. 2. The assumption is validated with MC
samples before applying the method to data. As only a
few events survive our final set of selections, it becomes a
challenge to know the background shape in the Mrec-ΔE
plane. Instead of changing our selections channel-by-
channel, we release the proton identification requirement
for all six channels to check the background shape in the
sideband. While this alleviates the issue of low event yields,
we find for τ− → pμ−μ− and p̄μþμ− the negative ΔE
region is overpopulated, mostly owing to π → μ misiden-
tification in generic τ decays. Similarly, in case of τ− →
p̄eþe− and p̄e−μþ the positive ΔE region has a higher
event yield coming from two-photon and radiative dimuon
events. On the other hand, for all the channels the ΔE strip
is found to have a uniform event density inMrec. Therefore,
we calculate the background yield in the signal region
based on the number of events found in the ΔE strip in lieu
of the full sideband. The expected numbers of background
events in the signal region with uncertainties are listed in
Table I for all channels.
For τ− → pe−e− and p̄eþμ− channels, no events survive

in the ΔE strip as shown in Fig. 5. In these two cases, we
use the following method to get an approximate back-
ground yield in the strip. As the τ− → pμ−μ− channel has
the most number of events, we take the ratio of events in its
lower sideband with and without applying proton identi-
fication. We multiply this ratio by the number of events
found in τ− → pe−e− and p̄eþμ− without proton identi-
fication requirement to get an approximate background
yield in the ΔE strip, from which the expected number of
background in the signal region is calculated. We have
checked that this method gives a background yield con-
sistent with that directly obtained from the ΔE strip for
other four channels.
We calculate the systematic uncertainties arising

from various sources. The uncertainties due to lepton

identification are 2.3% per electron and 2.0% per muon.
Similarly, the proton identification uncertainty is 0.5%.
Tracking efficiency uncertainty is 0.35% per track, totaling
1.4% for four tracks in the final state. For the systematic
uncertainty due to efficiency variation, we take half of the
maximum spread in efficiency with respect to its average
value found in the invariant-mass variables:Mpl,Mpl0 , and
Mll0 . The uncertainty in the trigger efficiency studied with
a dedicated trigger simulation program is found to be 1.2%
[22]. All these multiplicative contributions are added in
quadrature to get a total systematic uncertainty in effi-
ciency. The uncertainty associated with integrated lumi-
nosity is 1.4%, and that due to the eþe− → τþτ− cross
section is 0.3%. Both contribute as an uncertainty to the

TABLE I. Signal detection efficiency, number of expected
background events (Nbkg), number of observed data events
(Nobs), 90% CL upper limits on the signal yield and branching
fraction for various decay channels.

Channel ϵð%Þ Nbkg Nobs NUL
sig Bð×10−8Þ

τ− → p̄eþe− 7.8 0.50$ 0.35 1 3.9 < 3.0
τ− → pe−e− 8.0 0.23$ 0.07 1 4.1 < 3.0
τ− → p̄eþμ− 6.5 0.22$ 0.06 0 2.2 < 2.0
τ− → p̄e−μþ 6.9 0.40$ 0.28 0 2.1 < 1.8
τ− → pμ−μ− 4.6 1.30$ 0.46 1 3.1 < 4.0
τ− → p̄μ−μþ 5.0 1.14$ 0.43 0 1.5 < 1.8
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FIG. 5. ΔE–Mrec distributions where the red box denotes the
signal region and the green ΔE strip is used to calculate the
expected background. Black dots represent the data.
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listed above for a given channel are in the descending order
of their contributions. While calculating the background
contribution from τ decays, we use the exclusive MC
samples for suppressed decays, where appropriate.
To calculate the background in the signal region, we

assume a uniform background distribution along the Mrec
axis in Fig. 2. The assumption is validated with MC
samples before applying the method to data. As only a
few events survive our final set of selections, it becomes a
challenge to know the background shape in the Mrec-ΔE
plane. Instead of changing our selections channel-by-
channel, we release the proton identification requirement
for all six channels to check the background shape in the
sideband. While this alleviates the issue of low event yields,
we find for τ− → pμ−μ− and p̄μþμ− the negative ΔE
region is overpopulated, mostly owing to π → μ misiden-
tification in generic τ decays. Similarly, in case of τ− →
p̄eþe− and p̄e−μþ the positive ΔE region has a higher
event yield coming from two-photon and radiative dimuon
events. On the other hand, for all the channels the ΔE strip
is found to have a uniform event density inMrec. Therefore,
we calculate the background yield in the signal region
based on the number of events found in the ΔE strip in lieu
of the full sideband. The expected numbers of background
events in the signal region with uncertainties are listed in
Table I for all channels.
For τ− → pe−e− and p̄eþμ− channels, no events survive

in the ΔE strip as shown in Fig. 5. In these two cases, we
use the following method to get an approximate back-
ground yield in the strip. As the τ− → pμ−μ− channel has
the most number of events, we take the ratio of events in its
lower sideband with and without applying proton identi-
fication. We multiply this ratio by the number of events
found in τ− → pe−e− and p̄eþμ− without proton identi-
fication requirement to get an approximate background
yield in the ΔE strip, from which the expected number of
background in the signal region is calculated. We have
checked that this method gives a background yield con-
sistent with that directly obtained from the ΔE strip for
other four channels.
We calculate the systematic uncertainties arising

from various sources. The uncertainties due to lepton

identification are 2.3% per electron and 2.0% per muon.
Similarly, the proton identification uncertainty is 0.5%.
Tracking efficiency uncertainty is 0.35% per track, totaling
1.4% for four tracks in the final state. For the systematic
uncertainty due to efficiency variation, we take half of the
maximum spread in efficiency with respect to its average
value found in the invariant-mass variables:Mpl,Mpl0 , and
Mll0 . The uncertainty in the trigger efficiency studied with
a dedicated trigger simulation program is found to be 1.2%
[22]. All these multiplicative contributions are added in
quadrature to get a total systematic uncertainty in effi-
ciency. The uncertainty associated with integrated lumi-
nosity is 1.4%, and that due to the eþe− → τþτ− cross
section is 0.3%. Both contribute as an uncertainty to the

TABLE I. Signal detection efficiency, number of expected
background events (Nbkg), number of observed data events
(Nobs), 90% CL upper limits on the signal yield and branching
fraction for various decay channels.

Channel ϵð%Þ Nbkg Nobs NUL
sig Bð×10−8Þ

τ− → p̄eþe− 7.8 0.50$ 0.35 1 3.9 < 3.0
τ− → pe−e− 8.0 0.23$ 0.07 1 4.1 < 3.0
τ− → p̄eþμ− 6.5 0.22$ 0.06 0 2.2 < 2.0
τ− → p̄e−μþ 6.9 0.40$ 0.28 0 2.1 < 1.8
τ− → pμ−μ− 4.6 1.30$ 0.46 1 3.1 < 4.0
τ− → p̄μ−μþ 5.0 1.14$ 0.43 0 1.5 < 1.8
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FIG. 5. ΔE–Mrec distributions where the red box denotes the
signal region and the green ΔE strip is used to calculate the
expected background. Black dots represent the data.
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Signal yield in (Mrec, ΔE)

• an order-of-mag. improvement from 
LHCb in , 

• first limits in the other four modes
pμ−μ− p̄μ+μ−

BELLE

PRD 102, 111101 (2020)
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Epilogue
Ever since the B-factories (Belle & BaBar) started taking data in 1999, we have 
learned a lot, e.g. CP violations in B systems and confirmation of CKM 
mechanism, discoveries of many rare decays, and many exotic hadrons. 

But we have not found answers to fundamental questions of ‘flavor’ in the SM.  
Moreover, we are most sure that SM is not a complete description of the Nature, 
and we definitely need New Physics beyond the SM. 

In this talk, we went through a few examples of such on-going efforts, searching 
for LFV, LNV, and LUV with Belle (II).
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“There must be something in the flavors. We just don’t know where we can find it and 
what its scale is.”*

“We shall not cease from exploration”✝

* In a private conversation with Tao Han 
✝ T. S. Eliot
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Thank you!


