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Radiative and electroweak penguin decay at Belle II
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Flavor changing neutral current b to s(d) decays, particularly radiative and electroweak penguin
processes, will continue to be of great interest as a probe to search for physics beyond the Standard
Model. Lately, there have been several anomalies observed in the b to s transition at the LHCb
experiment in the angular observable, P5′ and lepton-universality measurements. The Belle II
experimentwill take an important role in providing independentmeasurements for these anomalies.
This article describes how the Belle II physics program can be complementary to that of LHCb,
and the Belle II ongoing studies and prospects on radiative and electroweak penguin processes in
early data and the final dataset of 50 ab−1 .
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Radiative and electroweak penguin decay at Belle II

1. Introduction

The Standard Model of particle physics (SM) is a well established theoretical framework. However,
there still remain unanswered questions such as baryon asymmetry in universe or the origin of dark
matter, naively indicating the necessity of physics beyond the SM (BSM). As B-meson decays via
flavor changing neutral current (FCNC) are forbidden at tree-level in the SM, these decays only
proceed through higher-order loop diagrams. Radiative and electroweak penguin processes shown
in Figure 1 are typical example of such B-meson FCNC decays.

Prospects for rare B decays at Belle II

Sam Cunli↵e
Pacific Northwest National Laboratory, 902 Battelle Blvd., Richland, WA 99352, USA.
samuel.cunliffe@pnnl.gov

orcid: 0000-0003-0167-8641

Proceedings of the APS Division of Particles and Fields Meeting (DPF2017).
29 July – 4 August 2017, Fermilab, Batavia, IL, C170731.

Presented on behalf of the Belle II electroweak penguins working group.

BELLE2-CONF-PROC-2017-028; PNNL-SA-128762

Abstract

Rare and flavour-changing neutral current decays of the B meson are an important probe in the
search for physics beyond the Standard Model. There have recently been several anomalies in rare
B decays, and lepton-universality measurements, specifically involving the b ! s`+`� quark tran-
sition. These results tend towards a non-Standard-Model interpretation. The Belle II experiment
is a next-generation b physics experiment located at SuperKEKB, an upgraded B factory e+e�

collider, in Tsukuba, Japan. The first collisions are expected in early 2018 with full physics data
expected in 2019. This document describes prospects for several rare B decays at Belle II including
b ! s`+`� processes and others, such as b ! (s, d)� and b ! s⌫⌫̄. Areas where the Belle II program
is complementary to that of the currently running LHCb experiment are highlighted.

1. Introduction

Rare and flavour-changing neutral current
(FCNC) decays of the beauty quark are sen-
sitive to the e↵ects of undiscovered new parti-
cles, if they exist, that are not included in the
Standard Model of particle physics (SM). As
FCNC are forbidden at tree-level in the SM,
these decays proceed by higher-order loop-level
diagrams (as shown in Figure 1). However any
potential new physics (NP) contribution does
not su↵er the same restriction and can occur
at a comparable size. As these NP diagrams
contain virtual particles that can be o↵-mass-
shell, the mass scale in the search for NP with
these decays is typically many times larger than
searches involving direct production. Further-
more, several recent measurements of these de-
cay processes [1–4]1 are in tension with SM
predictions, which has generated much inter-
est [5–9]2.

1The result of Ref. [4] is also presented at this con-
ference, talk by S. Sandilya.

2The analysis of Ref. [6] is also presented at this con-
ference, talk by W. Altmannshofer.
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Figure 1: The leading order Feynman diagrams
for the FCNC b ! s`` (where ` rep-
resents e, µ, ⌧ or ⌫) and b ! (s, d)� in
the SM.
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(a) radiative penguin (b) electroweak penguin 

Figure 1: The leading order Feynman diagrams for FCNC decays: (a) radiative penguin and (b) electroweak
penguin process in the SM.

These penguin decays may receive contributions from BSM at a comparable size. Moreover, as
the BSM appears as off-shell particles, these decays can provide a unique opportunity to explore
higher mass scales compared to searches involving direct production. Several recent measurements
in b → s`+`− decays are in tension with the SM predictions. For example, a measurement of
the decay-angular distributions in the decay B0 → K∗0µ+µ− performed by LHCb, shows more
than 2.5 σ discrepancy with the SM for the observable P5′ [1, 2]. Measurements of the ratio of
branching fractions of the decays B → K (∗)µ+µ− and B+ → K (∗)e+e−, referred to as RK and R∗K ,
are also found to be about 2.5 σ inconsistent with the lepton flavor universality [3, 4]. The Belle II
experiment will be able to provide an independent cross-check for these measurements, possibly
finding a hint for BSM physics. Prospects for various measurements in the context of radiative and
electroweak penguin decays are described in the following sections.

2. SuperKEKB and Belle II detector

SuperKEKB [5] is an e+e− collider, located at KEK in Tsukuba, Japan, with asymmetric beam
energy of 4 GeV for positrons and 7 GeV for electrons such that the collision energy is equal to the
energy of the Υ(4S) resonance and the BB̄ pair is boosted in the forward direction. SuperKEKB
was designed and constructed as an upgrade of the KEKB accelerator complex, aiming to collect
a total integrated luminosity of 50 ab−1 with the maximum peak luminosity of 6 × 1035 cm−2 s−1,
which is approximately 30 times higher than the recorded peak luminosity of KEKB. This dataset
will contain approximately 50 × 109 BB̄ events. The beam interaction point is surrounded by
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Radiative and electroweak penguin decay at Belle II

the Belle II detector [6], a multipurpose detector with a 4π solid angle composed of various sub-
detector systems: pixel and silicon strip layers (PXD and SVD), central drift chamber (CDC),
particle identification counters (TOP and ARICH), electromagnetic calorimeter (ECL), and KL-
muon detector (KLM). The Belle II detector was also designed and constructed as an upgrade of the
Belle detector to be capable of reconstructing vertices of B-mesons precisely (vertex resolution of
< 50 µm is required) while coping with the higher luminosity as well as the higher beam-induced
background. Belle II detector started taking physics data in 2019 and the total integrated luminosity
of 74 fb−1 was collected to date (September 2020).

3. Analysis strategy

3.1 Theoretical framework

The effective Hamiltonian is a general expression to describe a full theory at low energy (µ) and
it has been used widely to interpret results in a model independent way. The Hamiltonian can be
factorized into local operators Oi with Wilson coefficients Ci as follows:

Heff ∼ ΣiCi (µ)Oi (µ) . (1)

There are 24 operators in the full expression. However, only three operators are relevant in the
b → s process: the radiative penguin process involves O7 while the electroweak penguin process
involves O9 (vector) and O10 (axial-vector). The BSM contribution is expected to modify the SM
contributions or introduce new operators in the form of ∆H ∼ (CBSM/ΛBSM )OBSM where ΛBSM

characterizes the energy scale of new physics. A global fit with all available measurements is able
to obtain model-independent constraints on Ci and hence constrain BSM models.

3.2 B-meson reconstruction

As B-mesons are pair-produced, Belle II will be able to perform inclusive measurements where the
hadronic part of the decay is not specified. The inclusive measurements are complementary to the
exclusive ones as they tend to be less affected by uncertainties due to hadronic form-factors. For
the reconstruction of B → Xsγ decays, for example, there are two methods used and they are often
referred to as (1) sum-of-exclusive method and (2) fully-inclusive method. In the sum-of-exclusive
method, the hadronic system is reconstructed from exclusive decays containing a kaon and pion(s).
Hadronic candidates are then combined with a hard photon to reconstruct B-meson candidates. The
B-meson is referred to as Bsig. In the fully-inclusive method, the other B-meson referred to as Btag
is also reconstructed to improve the S/B ratio. Btag is classified further into three types of tag; (1) a
fully reconstructed hadronic final state (hadronic tagging), (2) a fully reconstructed semi-leptonic
decay (semi-leptonic tagging), and (3) only an energetic lepton (leptonic tagging) from the B-meson
decay. These reconstruction methods have their own pros and cons, providing access to different
observables. A full event interpretation (FEI) [7] is a new reconstruction algorithm developed for
Belle II employing machine learning techniques; the reconstruction efficiency of Btag is expected
to improve approximately by a factor of two in comparison to the efficiency obtained by the Belle
algorithm.

3
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Radiative and electroweak penguin decay at Belle II

Analysis strategy

Analysis strategy

Exclusive: Reconstruct a specific decay channel, say B ! K ⇤�
Inclusive: B ! Xs�, where Xs is any strange final state

* Semi-inclusive or sum-of-exclusive: Reconstruct Xs from as
many final states as possible

* Fully inclusive1

Hadronic tagged B ! Xs� event in
center-of-mass frame

1For details look FEI talk by Slavomira Stefkova

S.Halder Results and prospects of EWP decays at Belle II 10th June, 2020 (Wednesday) 5 / 25

hadronization

final state 
particles

Figure 2: A schematic of a hadronically tagged decay of the B-meson (Btag) where B → D0(→ Kπ)π is
reconstructed in this example. Several hadronic decay chains with high branching fractions or efficiencies are
included as Btag. For the signal (Bsig), the B-meson decay being targeted is reconstructed. The signal can
include neutrinos as missing energy or an inclusive decay (Xs) where all possible hadrons are considered.

4. Radiative penguin decay

B → Xsγ offers important constraints through C7 on many BSM scenarios such as supersymmetry
and models with extended Higgs sectors. The prompt photons are selected as isolated clusters in
ECL that are not matched to any charged tracks. In order to reduce contaminations from asymmetric
π0/η → γγ decays, each photon candidate is paired with all other photons in the event. The B-
mesons are then reconstructed as described in Section 3.2. The sensitivity projection for branching
fraction, BF(B→ Xsγ), is shown in Figure 3.

8

B→Xsγ
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b ! s(d)�

• Inclusive B ! Xs� theoretically and experimentally clean.

• B(B ! Xs�) represents strongest constraint on NP in C7.
I Percent-level precision achievable with full dataset.

• ACP , �ACP , �0+ expected to be determined to sub-percent
precision with full dataset.

Justin Tan FPCP 2019 9

• Inclusive measurement can be only performed at Belle II !! 

• B→Xsγ offers strongest constraint on Wilson coefficient C7 

• For BF, ~6% (3.2%) precision with 5 ab-1  (50 ab-1) data:

Integrated Luminosity

• Fully inclusive (green and red): 

reduce systematics by better modeling 

neutral hadrons faking photons 

• Sum-of-exclusive: increase the 

number of models to reduce the 

systematic from Xs hadronization 

• Belle II sensitivity in green considering 

improvement in hadronic tagging

Belle 
(0.71ab-1) 

Belle II 

Belle II Physics Book: https://arxiv.org/abs/1808.10567
9

B→Xsγ — CP and isospin observables

• Three important observables, ACP, ΔACP, and Δ0+, are expected to be determined  

to < 5%  (< a few %) level at  5 ab-1 (50 ab-1)
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• Precision driven by sample size — 

experimental systematic uncertainties can 

be reduced as well as theoretical 

uncertainty on hadronic form-factors.  

• ACP(B →Xs+dγ) is sensitive to BSM thanks 

to small theory unc. (while ACP(B →Xsγ) has 

been theory unc limited)

S. Cunli↵e · Prospects for rare B decays at Belle II

Parent Tagging Belle II FEI Belle MC Belle II FEI Belle

B± Hadronic 0.61% 0.49% 0.28%
Semi-leptonic 1.45% 1.42% 0.67%

B0 Hadronic 0.34% 0.33% 0.18%
Semi-leptonic 1.25% 1.33% 0.63%

Table 1: Tagging e�ciencies for Belle II FEI algorithms determined with simulation of the Belle II and
Belle detectors and the original Belle e�ciency evaluated on data. Taken from [27,29].

clusive decay, such as B ! Xs� as,

ACP =
�
⇥
B̄ ! Xs�
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�
⇥
B̄ ! Xs�

⇤
+ � [B ! Xs̄�]

,
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� [B0 ! Xs�] + � [B± ! Xs�]
,

�ACP = ACP

⇥
B± ! X±

s �
⇤
� ACP

⇥
B0 ! X0

s�
⇤
.

In all cases, the flavour and CP state of the
parent B is determined from the tag.

Such observables have reduced experimental
systematic e↵ects, as well as reduced theoretical
uncertainty from hadronic form-factors. Exper-
imental measurements are therefore more pre-
cise than the branching fractions, for example
ACP and �0+ for B ! Xs� are both around
2% [32,33], for B ! Xd� they are around 30%.
With 50 ab�1 at Belle II, measurements are ex-
pected to reach sub-percent-level precision for
ACP and �0+ in B ! Xs�, and around percent
level precision for B ! Xd�. Figure 6 shows
the precision on ACP and �ACP as a function
of integrated luminosity collected at the ⌥(4S)
resonance.

6.2. Lepton (non) universality and inclu-
sive b ! s(e+e�, µ+µ�)

Recent experimental tests of lepton universality
in b ! s`+`� decays have shown deviation from
the SM predictions [1,2]. Deviations are not too
far from statistical significance and are there-
fore the source of much discussion within the
community [5–8]. In addition to these measure-
ments a somewhat longstanding discrepancy
in the angular analysis of B0 ! K⇤0µ+µ� [3]
has been explored for both B ! K⇤e+e� and
B ! K⇤µ+µ� by Belle [4].

In global fits to the Wilson coe�cients [6–8],
these discrepancies prefer a non-zero CNP

9 . In

Figure 6: Sensitivity to ACP and �ACP in
B ! X(s, d)� decays. To appear in [29].

terms of NP interpretations, models with an ex-
tended electroweak sector, such as a new vector
boson Z 0, have been suggested. There has been
some debate in the theory community about
possible non-NP explanations for these devia-
tions, such as underestimated hadronic uncer-
tainty, or an underestimated contribution from
high-order diagrams involving charm quarks in
the b ! sµ+µ� transition [34].

References [1, 2] present the measurement
of lepton universality ratios conventionally de-
fined,

RK(⇤) ⌘ B
⇥
B ! K(⇤)µ+µ�⇤

B
⇥
B ! K(⇤)e+e�

⇤ ,

where B is the branching fraction. In
the SM these ratios are predicted to be
very close to unity within the region of the
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* ΔACP ~0 in the SM

[ ]

Figure 3: The Belle II sensitivity projection for BF(B → Xsγ) (left) and (∆)ACP (B → Xγ)(right) as a
function of integrated luminosity [8]. In the BF projection, the leptonic tag in the inclusive method (red), the
sum-of-exclusive method (blue), and the hadronic tag in the inclusive method (green) are shown separately.
The green line is discontinuous assuming the improvement of hadronic tagging in the Belle II experiment.

BF(B→ Xsγ) will be measured to 6% precision with the early dataset of 5 ab−1 and to 3% precision
with the full dataset of 50 ab−1. For the leptonic tagging, at present, the uncertainty is dominated
by the systematic uncertainty arising from neutral hadrons faking photons. The uncertainty is
expected to be reduced significantly at Belle II by exploiting the cluster shape information in ECL.
For the hadronic tagging, the uncertainty was statistically dominated due to the low reconstruction
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Radiative and electroweak penguin decay at Belle II

efficiency of B-mesons. With the full dataset, the systematic uncertainty will be dominated by the
mis-reconstruction of neutral hadrons as photons in the inclusive measurements. For the sum-of-
exclusive method, the dominant uncertainty arises from hadronization of Xs such as fragmentation
and missing decay modes, and this uncertainty will remain dominant even with the full dataset.
In addition to the BF measurements, other important observables such as CP asymmetry (ACP),
isospin asymmetry (∆0+), and difference of CP asymmetry (∆ACP) as defined in Equation 2 and 3
can be measured at Belle II.

ACP =
Γ[B̄ → Xsγ] − Γ[B → Xs̄γ]
Γ[B̄ → Xsγ] + Γ[B → Xs̄γ]

, ∆0+ =
Γ[B0 → Xsγ] − Γ[B± → Xsγ]
Γ[B0 → Xsγ] + Γ[B± → Xsγ]

, (2)

∆ACP = ACP[B± → X±s γ] − ACP[B0 → X0
s γ], (3)

In these measurements, experimental systematic uncertainties can be reduced along with theo-
retical uncertainty on hadronic form-factors. Figure 3 also shows sensitivity projection for these
measurements.

5. Electroweak penguin decay

B → Xs`
+`−, where ` is either e or µ, also provides important information on the quark flavor

sector that is complementary to the B → Xsγ decay, and constrains C9 and C10. Electrons are
selected as an isolated track that is matched to a cluster in ECL with a large p/E. Charged tracks
that leave cluster hits in the KLM are selected as muons. Belle II is capable of performing inclusive
and exclusive measurements of the B → Xs`

+`− decay.
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B→Xsℓ+ℓ-

• In addition to BF, AFB  is also an important measurement to constrain  

C9 and C10 — Smaller systematic uncertainty than exclusive mode 

• Uncertainty on BF will be dominated by systematics at ~15 ab-1,  

while AFB measurement will be still statistically dominated at 50 ab-1 

• ACP and ΔCP(AFB) will also be measured
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Figure 7: Sensitivity to an inclusive lepton uni-
versality ratio defined in Equation 1, for
two regions of squared invariant mass of
the lepton pair. To appear in [29].

squared invariant mass of the lepton pair,
1 < q2 < 6 GeV2/c4 [35]. Belle II will not over-
take the precision of these measurements but
will perform an independent verification. With
approximately 10 ab�1 (3 ab�1) Belle II will
reach the current precision of RK (RK⇤). How-
ever an analogous definition in terms of the in-
clusive decays,

RXs
⌘ B [B ! Xsµ

+µ�]

B [B ! Xse+e�]
, (1)

can be made. Such an observable would be chal-
lenging for LHCb, but could be measured with
percent-level precision at Belle II as shown in
Figure 7.

It is also possible to measure the di↵eren-
tial branching fraction (dB/dq2), ACP, and per-
form an angular analysis for these inclusive
B ! Xe+e� and B ! Xµ+µ� decays. In con-
trast to the angular analysis of the exclusive
B ! K⇤µ+µ� decay with many observables, in
an inclusive angular analysis it is only possible
to measure the forward-backward asymmetry of
the leptons (AFB). Current precision [36–38] is
around 30% for dB/dq2, and 20% for AFB and
ACP. Belle II will reach a precision of around
7% for dB/dq2 and 2 � 3% for AFB and ACP.
Figures 8 and 9 show the sensitivity for the for-

Figure 8: Sensitivity to the di↵erential branching
fraction (dB/dq2) in B ! Xs`

+`� de-
cays, for three regions of squared invari-
ant mass of the lepton (` = e, µ) pair.
To appear in [29].

mer two of these observables.

6.3. b ! s⌫⌫̄

Assuming that the B ! K⇤⌫⌫̄ decay occurs at
the rates predicted by the SM [39,40],

B
⇥
B+ ! K+⌫⌫̄

⇤
= (4.7 ± 0.6) ⇥ 106;

B
⇥
B0 ! K⇤0⌫⌫̄

⇤
= (9.5 ± 1.1) ⇥ 106,

Belle II will observe the process and measure
the branching fraction with 10 � 11% uncer-
tainty in 50 ab�1. This decay mode is of similar
interest to B0 ! K⇤0µ+µ� in terms of sensi-
tivity to CNP

9,10, however probing B ! K⇤⌫⌫̄ de-
cays also provides orthogonal information. For
B ! K⇤⌫⌫̄, the factorisation of hadronic e↵ects
is exact (since neutrinos are electrically neutral)
and could be used to extract B ! K hadronic
form-factors to high accuracy [29]. It is also
possible that B ! K⇤⌫⌫̄ can provide model-
dependent information to disentangle possible
NP e↵ects behind the current anomalies [39].

Experimentally, it is possible to use full event
reconstruction and construct the sum of the
missing energy and missing momentum in the
e+e� centre-of-momentum frame. The distri-
bution of this variable is shown in Figure 10.

7

S. Cunli↵e · Prospects for rare B decays at Belle II

Figure 9: Sensitivity to the forward-backward
asymmetry of the leptons (AFB) in
B ! Xs`

+`� decays, for three regions
of squared invariant mass of the lepton
(` = e, µ) pair. To appear in [29].

Such a variable is promising for separating sig-
nal from background, either for a counting anal-
ysis or as the independent variable in a maxi-
mum likelihood fit. Assuming observation at
Belle II, it should also be possible to measure
fraction of longitudinal polarisation of the K⇤

in B ! K⇤⌫⌫̄ to around 20% precision.

6.4. b ! (s, d)⌧+⌧�

Decays with the b ! (s, d)⌧+⌧� transition are
thus-far unobserved. Current experimental lim-
its [41, 42] are of the order of 10�3 which is
rather far from the SM predictions [43, 44] of,

B
⇥
B0

s ! ⌧+⌧�
⇤

= (7.73 ± 0.49) ⇥ 10�7;

B
⇥
B0 ! ⌧+⌧�

⇤
= (2.22 ± 0.19) ⇥ 10�8;

B
⇥
B+ ! K+⌧+⌧�

⇤
= (1.22 ± 0.10) ⇥ 10�7.

Assuming these SM branching fractions,
Belle II will be able to set limits of around 10�6

and 10�5 for B0 ! ⌧+⌧� and B+ ! K+⌧+⌧�

respectively. The sensitivity to Bs ! ⌧+⌧� de-
cays is highly dependent on SuperKEKB run-
ning at the ⌥(5S) resonance, which has not yet
been finalised.

Figure 10: The distribution of the missing energy
and missing momentum in the centre-
of-momentum frame for B ! K⇤⌫⌫̄
signal decays (red) and various back-
ground categories (solid colour stack
by cross-section). To appear in [29].

7. Conclusions

The Belle II experiment at SuperKEKB will
collect first collisions commissioning data in
2018. Full-detector physics data are expected
in 2019. At time of writing, the Belle II detec-
tor has been rolled into the collision point at
SuperKEKB and is taking cosmic ray commis-
sioning data.

Rare radiative and electroweak penguin pro-
cesses have recently shown deviations from SM
predictions, and form an integral part of the
Belle II physics program. Belle II will have ac-
cess to several decay modes that are challenging
at the LHCb experiment, such as B ! K⇤⌫⌫̄
and inclusive decays. Belle II will provide
independent verification of the deviations ob-
served by LHCb, such as lepton universality in
B ! K⇤(e+e�, µ+µ�) decays.
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Figure 4: The Belle II sensitivity projection for BF(B → Xs`
+`−) (left) and AFB (right) in three different

regions of squared invariant mass of the lepton pair [8].

In the inclusive mode, hadronic uncertainties can be significantly suppressed compared to the
exclusive mode, and hence higher experimental sensitivity is expected. The branching fraction
of B → Xs`

+`− decay can be measured in three regions of squared invariant mass of the lepton
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Radiative and electroweak penguin decay at Belle II

pair. Figure 4 shows the sensitivity projection for the branching fraction measurement as a function
of integrated luminosity. In addition to the BF measurements, the forward-backward asymmetry
(AFB) and a difference of AFB (∆CP (AFB) ≡ A B̄

FB − A
B
FB) can be also measured as a function

of the dilepton invariant mass at Belle II. The sensitivity projection for the AFB measurement is
also shown in Figure 4. TheAFB measurement is expected to provide the most stringent constraint
on C9 and C10 as theoretical and experimental systematic uncertainties are largely canceled. The
uncertainty on the BF measurements will be dominated by theoretical uncertainties at 15 ab−1

while theAFB measurement will be statistically limited even at 50 ab−1. Furthermore,ACP can be
measured at Belle II. TheACP of the B → Xs`

+`− decay can be a sensitive probe for new sources of
CP violation. The test of lepton flavor universality is also an important observable. The R(K ) and
R(K∗) anomalies can be cross checked in the low- and high-q2 regime with higher sensitivity than
in previous measurements by taking an advantage of the high reconstruction efficiency and purity
for both electrons and muons. In addition, Belle II will perform an inclusive RXs measurement,
which is expected to help largely cancel systematic uncertainties. Moreover, angular observables
such as P5′ can be measured in low- and high-q2 regime and another lepton universality test can be
performed with Q5 (≡ P′e5 − P′µ5 ) observable. The expected sensitivity in RXs and P5′ (and Q5) as
a function of the integrated luminosity is shown in Figure 5.

Q5 = P5’μ - P5’e
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Q5 = P5’P –P5’e

• Q5 = P5’P –P5’e

– 5.3% with 50/ab
– Can disentangle the NP effect

• We can also measure AFB difference between 
electron and muon modes with inclusive decays.
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• Further lepton universality test can be 

performed by looking at other observables 

such as Q5 (or ΔAFB) in B → K* ℓ+ℓ- channel
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new physics modifies the di-muon channels only and that the relevant corrections are real,

one obtains numerically

RK [1, 6] ' 1 + 0.24
⇣
CNPµ

LL + Cµ
RL

⌘
,

RK⇤ [1, 6] ' 1 + 0.24
⇣
CNPµ

LL � Cµ
RL

⌘
+ 0.07 Cµ

RL ,

(272)

where we have introduced the chiral Wilson coe�cients

CNP`
LL = CNP`

9 � CNP`
10 , C`

RL = C 0`9 � C 0`10 . (273)

From (272) one observes that RK only probes the combination CNP`
LL + C`

RL of Wilson coef-

ficients, while RK⇤ is mostly sensitive to CNP`
LL � C`

RL. The observables RK and RK⇤ thus

provide complementary information as they constrain di↵erent chirality structures of possible

lepton flavour universality violating new physics in rare B decays. Notice furthermore that

measurements of lepton flavour universality double ratios such as RK/RK⇤ ' 1 + 0.41 Cµ
RL

directly probe right-handed currents in a theoretically clean way [598].

Belle II will also be able to perform lepton flavour universality tests using angular observ-

ables. Suitable variables include di↵erences of angular observables in B ! K⇤µ+µ� and

B ! K⇤e+e� [599, 600], for instance �AFB
= AFB(B ! K⇤µ+µ�)�AFB(B ! K⇤e+e�) or

Qi = Pµ
i � P e

i . The di↵erences in angular observables are predicted to be zero in the SM

with high accuracy. Non-zero values would therefore again be an indication of new physics.

The recent LHCb measurements of RK [1, 6] = 0.745+0.090
�0.074 ± 0.036 [391] and RK⇤ [1.1, 6] =

0.69+0.11
�0.07 ± 0.05 [392] deviate by 2.6� and 2.4� from their SM values. Previous measurements

from BaBar [601] and Belle [602] have considerably larger uncertainties and are compatible

with both the SM prediction and the LHCb results. New physics that only modifies the

b! sµ+µ� transition but leaves b! se+e� una↵ected can explain the deviations seen in

the lepton flavour universality ratios RK and RK⇤ and simultaneously address other B-

physics anomalies, like the discrepancy in P 05 [389] and the too low Bs ! �µ+µ� branching

ratio [499]. Independent validations of the deviations observed in P 05, RK and RK⇤ are needed

to build a solid case for new physics. In the near future, Belle II is the only experiment that

can perform such cross-checks.

9.4.4. Measurements of B ! K(⇤)`+`�. (Contributing authors: A. Ishikawa and

S. Wehle)

The b! s`+`� transition has first been observed in 2001 by Belle in the B ! K`+`�

channel [603]. Two years later in 2003, Belle then observed the B ! K⇤`+`� mode [604].

These observations opened the door for new-physics searches via EW penguin B decays.

The branching ratio and forward-backward asymmetry as a function of q2 in B ! K(⇤)`+`�

are important observables. A first measurement of the forward-backward asymmetry was

also done by Belle in 2006 [605]. By now, several experiments have measured them [393,

394, 602, 606–609]. Due to the spin structure of the K⇤ meson, a full angular analysis of

B ! K⇤`+`� with optimised observables is a very powerful way to search for new physics.

These optimised angular observables are less sensitive to form factor uncertainties that

plague the theory calculations.
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• First measurement of Q5 at Belle (2017)  

— Belle II will be able to measure it with 

much higher accuracy 
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Table 67: The Belle II sensitivities to B ! K(⇤)`+`� observables that allow to test lepton

flavour universality. Some numbers at Belle are extrapolated to 0.71 ab�1.

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

RK ([1.0, 6.0] GeV2) 28% 11% 3.6%

RK (> 14.4 GeV2) 30% 12% 3.6%

RK⇤ ([1.0, 6.0] GeV2) 26% 10% 3.2%

RK⇤ (> 14.4 GeV2) 24% 9.2% 2.8%

RXs
([1.0, 6.0] GeV2) 32% 12% 4.0%

RXs
(> 14.4 GeV2) 28% 11% 3.4%

QFL
([1.0, 2.5] GeV2) 0.19 0.063 0.025

QFL
([2.5, 4.0] GeV2) 0.17 0.057 0.022

QFL
([4.0, 6.0] GeV2) 0.14 0.046 0.018

QFL
(> 14.2 GeV2) 0.088 0.027 0.009

Q1 ([1.0, 2.5] GeV2) 0.59 0.24 0.078

Q1 ([2.5, 4.0] GeV2) 0.53 0.21 0.071

Q1 ([4.0, 6.0] GeV2) 0.43 0.17 0.057

Q1 (> 14.2 GeV2) 0.33 0.12 0.040

Q2 ([1.0, 2.5] GeV2) 0.32 0.12 0.040

Q2 ([2.5, 4.0] GeV2) 0.30 0.11 0.036

Q2 ([4.0, 6.0] GeV2) 0.24 0.090 0.029

Q2 (> 14.2 GeV2) 0.086 0.034 0.011

Q3 ([1.0, 2.5] GeV2) 0.32 0.12 0.040

Q3 ([2.5, 4.0] GeV2) 0.30 0.11 0.036

Q3 ([4.0, 6.0] GeV2) 0.24 0.090 0.029

Q3 (> 14.2 GeV2) 0.18 0.068 0.022

Q4 ([1.0, 2.5] GeV2) 0.50 0.18 0.056

Q4 ([2.5, 4.0] GeV2) 0.45 0.15 0.049

Q4 ([4.0, 6.0] GeV2) 0.34 0.12 0.040

Q4 (> 14.2 GeV2) 0.26 0.099 0.032

Q5 ([1.0, 2.5] GeV2) 0.47 0.17 0.054

Q5 ([2.5, 4.0] GeV2) 0.42 0.15 0.049

Q5 ([4.0, 6.0] GeV2) 0.34 0.12 0.040

Q5 (> 14.2 GeV2) 0.23 0.088 0.027

Q6 ([1.0, 2.5] GeV2) 0.50 0.17 0.054

Q6 ([2.5, 4.0] GeV2) 0.45 0.15 0.049

Q6 ([4.0, 6.0] GeV2) 0.36 0.12 0.040

Q6 (> 14.2 GeV2) 0.27 0.10 0.032

Q8 ([1.0, 2.5] GeV2) 0.51 0.19 0.061

Q8 ([2.5, 4.0] GeV2) 0.47 0.17 0.056

Q8 ([4.0, 6.0] GeV2) 0.38 0.14 0.045

Q8 (> 14.2 GeV2) 0.27 0.10 0.032

245/688

9 Radiative and Electroweak Penguin B Decays

Table 67: The Belle II sensitivities to B ! K(⇤)`+`� observables that allow to test lepton

flavour universality. Some numbers at Belle are extrapolated to 0.71 ab�1.

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

RK ([1.0, 6.0] GeV2) 28% 11% 3.6%

RK (> 14.4 GeV2) 30% 12% 3.6%

RK⇤ ([1.0, 6.0] GeV2) 26% 10% 3.2%

RK⇤ (> 14.4 GeV2) 24% 9.2% 2.8%

RXs
([1.0, 6.0] GeV2) 32% 12% 4.0%

RXs
(> 14.4 GeV2) 28% 11% 3.4%

QFL
([1.0, 2.5] GeV2) 0.19 0.063 0.025

QFL
([2.5, 4.0] GeV2) 0.17 0.057 0.022

QFL
([4.0, 6.0] GeV2) 0.14 0.046 0.018

QFL
(> 14.2 GeV2) 0.088 0.027 0.009

Q1 ([1.0, 2.5] GeV2) 0.59 0.24 0.078

Q1 ([2.5, 4.0] GeV2) 0.53 0.21 0.071

Q1 ([4.0, 6.0] GeV2) 0.43 0.17 0.057

Q1 (> 14.2 GeV2) 0.33 0.12 0.040

Q2 ([1.0, 2.5] GeV2) 0.32 0.12 0.040

Q2 ([2.5, 4.0] GeV2) 0.30 0.11 0.036

Q2 ([4.0, 6.0] GeV2) 0.24 0.090 0.029

Q2 (> 14.2 GeV2) 0.086 0.034 0.011

Q3 ([1.0, 2.5] GeV2) 0.32 0.12 0.040

Q3 ([2.5, 4.0] GeV2) 0.30 0.11 0.036

Q3 ([4.0, 6.0] GeV2) 0.24 0.090 0.029

Q3 (> 14.2 GeV2) 0.18 0.068 0.022

Q4 ([1.0, 2.5] GeV2) 0.50 0.18 0.056

Q4 ([2.5, 4.0] GeV2) 0.45 0.15 0.049

Q4 ([4.0, 6.0] GeV2) 0.34 0.12 0.040

Q4 (> 14.2 GeV2) 0.26 0.099 0.032

Q5 ([1.0, 2.5] GeV2) 0.47 0.17 0.054

Q5 ([2.5, 4.0] GeV2) 0.42 0.15 0.049

Q5 ([4.0, 6.0] GeV2) 0.34 0.12 0.040

Q5 (> 14.2 GeV2) 0.23 0.088 0.027

Q6 ([1.0, 2.5] GeV2) 0.50 0.17 0.054

Q6 ([2.5, 4.0] GeV2) 0.45 0.15 0.049

Q6 ([4.0, 6.0] GeV2) 0.36 0.12 0.040

Q6 (> 14.2 GeV2) 0.27 0.10 0.032

Q8 ([1.0, 2.5] GeV2) 0.51 0.19 0.061

Q8 ([2.5, 4.0] GeV2) 0.47 0.17 0.056

Q8 ([4.0, 6.0] GeV2) 0.38 0.14 0.045

Q8 (> 14.2 GeV2) 0.27 0.10 0.032

245/688

Lepton Flavor Universality

 September 22nd 2020,  Keisuke Yoshihara 14

S. Cunli↵e · Prospects for rare B decays at Belle II

Figure 7: Sensitivity to an inclusive lepton uni-
versality ratio defined in Equation 1, for
two regions of squared invariant mass of
the lepton pair. To appear in [29].

squared invariant mass of the lepton pair,
1 < q2 < 6 GeV2/c4 [35]. Belle II will not over-
take the precision of these measurements but
will perform an independent verification. With
approximately 10 ab�1 (3 ab�1) Belle II will
reach the current precision of RK (RK⇤). How-
ever an analogous definition in terms of the in-
clusive decays,

RXs
⌘ B [B ! Xsµ

+µ�]

B [B ! Xse+e�]
, (1)

can be made. Such an observable would be chal-
lenging for LHCb, but could be measured with
percent-level precision at Belle II as shown in
Figure 7.

It is also possible to measure the di↵eren-
tial branching fraction (dB/dq2), ACP, and per-
form an angular analysis for these inclusive
B ! Xe+e� and B ! Xµ+µ� decays. In con-
trast to the angular analysis of the exclusive
B ! K⇤µ+µ� decay with many observables, in
an inclusive angular analysis it is only possible
to measure the forward-backward asymmetry of
the leptons (AFB). Current precision [36–38] is
around 30% for dB/dq2, and 20% for AFB and
ACP. Belle II will reach a precision of around
7% for dB/dq2 and 2 � 3% for AFB and ACP.
Figures 8 and 9 show the sensitivity for the for-

Figure 8: Sensitivity to the di↵erential branching
fraction (dB/dq2) in B ! Xs`

+`� de-
cays, for three regions of squared invari-
ant mass of the lepton (` = e, µ) pair.
To appear in [29].

mer two of these observables.

6.3. b ! s⌫⌫̄

Assuming that the B ! K⇤⌫⌫̄ decay occurs at
the rates predicted by the SM [39,40],

B
⇥
B+ ! K+⌫⌫̄

⇤
= (4.7 ± 0.6) ⇥ 106;

B
⇥
B0 ! K⇤0⌫⌫̄

⇤
= (9.5 ± 1.1) ⇥ 106,

Belle II will observe the process and measure
the branching fraction with 10 � 11% uncer-
tainty in 50 ab�1. This decay mode is of similar
interest to B0 ! K⇤0µ+µ� in terms of sensi-
tivity to CNP

9,10, however probing B ! K⇤⌫⌫̄ de-
cays also provides orthogonal information. For
B ! K⇤⌫⌫̄, the factorisation of hadronic e↵ects
is exact (since neutrinos are electrically neutral)
and could be used to extract B ! K hadronic
form-factors to high accuracy [29]. It is also
possible that B ! K⇤⌫⌫̄ can provide model-
dependent information to disentangle possible
NP e↵ects behind the current anomalies [39].

Experimentally, it is possible to use full event
reconstruction and construct the sum of the
missing energy and missing momentum in the
e+e� centre-of-momentum frame. The distri-
bution of this variable is shown in Figure 10.
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approximately 10 ab�1 (3 ab�1) Belle II will
reach the current precision of RK (RK⇤). How-
ever an analogous definition in terms of the in-
clusive decays,

RXs
⌘ B [B ! Xsµ

+µ�]

B [B ! Xse+e�]
, (1)

can be made. Such an observable would be chal-
lenging for LHCb, but could be measured with
percent-level precision at Belle II as shown in
Figure 7.

It is also possible to measure the di↵eren-
tial branching fraction (dB/dq2), ACP, and per-
form an angular analysis for these inclusive
B ! Xe+e� and B ! Xµ+µ� decays. In con-
trast to the angular analysis of the exclusive
B ! K⇤µ+µ� decay with many observables, in
an inclusive angular analysis it is only possible
to measure the forward-backward asymmetry of
the leptons (AFB). Current precision [36–38] is
around 30% for dB/dq2, and 20% for AFB and
ACP. Belle II will reach a precision of around
7% for dB/dq2 and 2 � 3% for AFB and ACP.
Figures 8 and 9 show the sensitivity for the for-

Figure 8: Sensitivity to the di↵erential branching
fraction (dB/dq2) in B ! Xs`

+`� de-
cays, for three regions of squared invari-
ant mass of the lepton (` = e, µ) pair.
To appear in [29].

mer two of these observables.

6.3. b ! s⌫⌫̄

Assuming that the B ! K⇤⌫⌫̄ decay occurs at
the rates predicted by the SM [39,40],

B
⇥
B+ ! K+⌫⌫̄

⇤
= (4.7 ± 0.6) ⇥ 106;

B
⇥
B0 ! K⇤0⌫⌫̄

⇤
= (9.5 ± 1.1) ⇥ 106,

Belle II will observe the process and measure
the branching fraction with 10 � 11% uncer-
tainty in 50 ab�1. This decay mode is of similar
interest to B0 ! K⇤0µ+µ� in terms of sensi-
tivity to CNP

9,10, however probing B ! K⇤⌫⌫̄ de-
cays also provides orthogonal information. For
B ! K⇤⌫⌫̄, the factorisation of hadronic e↵ects
is exact (since neutrinos are electrically neutral)
and could be used to extract B ! K hadronic
form-factors to high accuracy [29]. It is also
possible that B ! K⇤⌫⌫̄ can provide model-
dependent information to disentangle possible
NP e↵ects behind the current anomalies [39].

Experimentally, it is possible to use full event
reconstruction and construct the sum of the
missing energy and missing momentum in the
e+e� centre-of-momentum frame. The distri-
bution of this variable is shown in Figure 10.
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• RK(*)  anomalies will be cross-checked at Belle II 

‣ Similar reco efficiency/purity for electron and muon 

‣ Sensitive to both low- and high-q2  

‣ In addition to RK(*), Rxs can also be measured

RK ú®zùčĭĶĿŅĊ�¬�

RK =
Br(B+ → K +µ+µ− )
Br(B+ → K +e+e− )

! 1 GeV2 < q2 < 6 GeV2 úÐ2õSMáĄú	¯áĄĞŁ�

~2.6 σ level�

LHCb, PRL 113 (2014) 151601�
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Table 67: The Belle II sensitivities to B ! K(⇤)`+`� observables that allow to test lepton

flavour universality. Some numbers at Belle are extrapolated to 0.71 ab�1.

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

RK ([1.0, 6.0] GeV2) 28% 11% 3.6%

RK (> 14.4 GeV2) 30% 12% 3.6%

RK⇤ ([1.0, 6.0] GeV2) 26% 10% 3.2%

RK⇤ (> 14.4 GeV2) 24% 9.2% 2.8%

RXs
([1.0, 6.0] GeV2) 32% 12% 4.0%

RXs
(> 14.4 GeV2) 28% 11% 3.4%

QFL
([1.0, 2.5] GeV2) 0.19 0.063 0.025

QFL
([2.5, 4.0] GeV2) 0.17 0.057 0.022

QFL
([4.0, 6.0] GeV2) 0.14 0.046 0.018

QFL
(> 14.2 GeV2) 0.088 0.027 0.009

Q1 ([1.0, 2.5] GeV2) 0.59 0.24 0.078

Q1 ([2.5, 4.0] GeV2) 0.53 0.21 0.071

Q1 ([4.0, 6.0] GeV2) 0.43 0.17 0.057

Q1 (> 14.2 GeV2) 0.33 0.12 0.040

Q2 ([1.0, 2.5] GeV2) 0.32 0.12 0.040

Q2 ([2.5, 4.0] GeV2) 0.30 0.11 0.036

Q2 ([4.0, 6.0] GeV2) 0.24 0.090 0.029

Q2 (> 14.2 GeV2) 0.086 0.034 0.011

Q3 ([1.0, 2.5] GeV2) 0.32 0.12 0.040

Q3 ([2.5, 4.0] GeV2) 0.30 0.11 0.036

Q3 ([4.0, 6.0] GeV2) 0.24 0.090 0.029

Q3 (> 14.2 GeV2) 0.18 0.068 0.022

Q4 ([1.0, 2.5] GeV2) 0.50 0.18 0.056

Q4 ([2.5, 4.0] GeV2) 0.45 0.15 0.049

Q4 ([4.0, 6.0] GeV2) 0.34 0.12 0.040

Q4 (> 14.2 GeV2) 0.26 0.099 0.032

Q5 ([1.0, 2.5] GeV2) 0.47 0.17 0.054

Q5 ([2.5, 4.0] GeV2) 0.42 0.15 0.049

Q5 ([4.0, 6.0] GeV2) 0.34 0.12 0.040

Q5 (> 14.2 GeV2) 0.23 0.088 0.027

Q6 ([1.0, 2.5] GeV2) 0.50 0.17 0.054

Q6 ([2.5, 4.0] GeV2) 0.45 0.15 0.049

Q6 ([4.0, 6.0] GeV2) 0.36 0.12 0.040

Q6 (> 14.2 GeV2) 0.27 0.10 0.032

Q8 ([1.0, 2.5] GeV2) 0.51 0.19 0.061

Q8 ([2.5, 4.0] GeV2) 0.47 0.17 0.056

Q8 ([4.0, 6.0] GeV2) 0.38 0.14 0.045

Q8 (> 14.2 GeV2) 0.27 0.10 0.032
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Figure 9. Distributions of the RK∗0 delta log-likelihood for the three trigger categories separately
and combined.

low-q2 central-q2

RK∗0 0.66 + 0.11
− 0.07 ± 0.03 0.69 + 0.11

− 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]

Table 5. Measured RK∗0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical and
systematic uncertainties.

Figure 10. (Left) Comparison of the LHCb RK∗0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30–32], flav.io [33–35] and JC [36]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK∗0 measurements with
previous experimental results from the B factories [4, 5]. In the case of the B factories the specific
vetoes for charmonium resonances are not represented.

– 20 –

Figure 5: The Belle II sensitivity projection for RXs (left) and P
′

5 (and Q5) (right) as a function of integrated
luminosity [8].

6. B → K (∗)νν̄ decay

B → K (∗)νν̄ is another probe that is sensitive to C9 and C10. It is theoretically and experimentally
cleaner than B → Xs`

+`− because of the absence of a photon mediated contribution. The B →
K (∗)νν̄ decay has never been observed experimentally. Belle II is expected to be the first experiment
to observe the decay mode with 5 ab−1 assuming the SM rate. With the full dataset, the branching
fraction can be measured to about 10% accuracy. Since two neutrinos are present in the final state,
the other B-meson needs to be fully reconstructed. The FEI algorithm described above is expected
to play an essential role in this measurement. The fraction of longitudinal polarization (FL) is also
known to be sensitive to the BSM signature and the detailed study can follow with the full dataset.
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Radiative and electroweak penguin decay at Belle II

7. Conclusion

Rare radiative and electroweak processes have drawn a lot of attention from the high energy physics
community because of several anomalies observed in previous measurements (mainly performed by
LHCb) in the b → s transition. The SuperKEKB / Belle II experiment started physics data-taking
in 2019 and 74 fb−1 has been collected to date (September 2020). Belle II will have access to decay
modes and measurements that are likely challenging at LHCb, such as the B → K (∗)νν̄ decay and
various inclusive measurements, and will be able to provide an independent determination of these
anomalies, possibly finding a hint for BSM in the near future.
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