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1. Radiative and Electroweak Penguin B Decays

Editors: T. Feldmann, U. Haisch, A. Ishikawa and J. Yamaoka

Additional section writers: W. Altmannshofer, G. Bell, C. Bobeth, S. Cunliffe, T. Huber,
J. Kamenik, A. Kokulu, E. Kou, E. Manoni, M. Misiak, G. Paz, D. Straub, S. Wehle, R.
Zwicky

1.1.  Introduction

Flavor-changing neutral current (FCNC) b — s and b — d processes continue to be of great
importance to precision flavor physics. The Belle II physics program in this area will focus
on processes and measurements, such as fully-inclusive measurements of B — X 4y and
B — X g0 0", as well as decays such as Bqs — vy, B — K®vyp and Bags — 17"

Secondly, Belle II will provide an independent test of anomalies recently uncovered
by the LHCb and Belle experiments in the angular analysis of B — K*utp~ [1-3],
in the determination of Rx = Br (BT — Ktutu~)/Br(BT — Ktete™) [4], and R} =
Br (BO — K*O,Lﬁ,u_) /Br (BO — K*Oe+e_) [5]. Some of these measurements have also been
performed by the CMS and ATLAS experiments, although with less sensitvity [6-8]. Com-
plementary to the LHCD results, Belle II has access to processes such as B — K ) 7+7~ and
B — KMy,

1.1.1. Theoretical Basics.

Effective Hamiltonian. After decoupling the top quark, the Higgs boson and the elec-
troweak (EW) gauge bosons, flavor-changing weak interactions relevant for the b — gy
transitions with ¢ = d, s can be described in the Standard Model (SM) by the following
effective Hamiltonian (see e.g. [9, 10])

Hsyf_‘*ﬁx [Zc szch } (1)

Here G is the Fermi constant and we have defined k, = AW / )\Eq) = (VyyVun)/ (VigVip). The
crucial difference between the transitions with d-quarks and s-quarks in the final state stems
from the distinct Cabibbo-Kobayashi-Maskawa (CKM) hierarchy

N N VP EPLED TN
(2)
DA — o3 A3 A3

with the Wolfenstein parameter \ ~ 0.23 governing the size of branching ratios and the
respective hierarchies of different decay topologies.

Expressions for the current-current (Qq,2), four-quark (Q3—s), photonic dipole (@Q7) and
gluonic dipole (Qg) operators can be found for instance in [10]. Let us quote here the most
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1 Radiative and Electroweak Penguin B Decays

important ones:
Q1 = (qyuTcr) (" Tr),

Q2 = (qryucr)(€n*or)

e o (3)
Q7 = 1672 mp(Gr.o"br) Fpu
Qs = 1(‘;];2 my(qLot T r)GY,

where e and gs are the electromagnetic and strong coupling, F),, and Gj,, the U (em
and SU(3). field-strength tensors, T'* are colour matrices and the indices L, R denote the
chirality of the quark fields. The operators )Y 5 appearing in (1) are obtained from Qi 2 by
replacing c-quark by u-quark fields.

The Wilson coefficients C; in (1) contain the short-distance (SD) dynamics, i.e. physics
from high energies, and can thus be calculated in perturbation theory. In the SM, they
are first evaluated at the scale p,, = O(myw ) and then evolved down to u, = O(m;) using
the renormalisation group equations (RGEs) in the effective theory. At present, all the
low-energy Wilson coefficients C;(up) relevant for b — ¢y are known to next-to-next-to-
leading order (NNLO) in QCD, and include a resummation of logarithmically-enhanced
effects of O(a?) contributions [11].

In the case of the radiative decays into two charged leptons b — gf™¢~ with £ =e, pu,T,
the SM operator basis in (1) has to be extended by two additional operators

Qo = (qryubr)(I4*0)

_ (4)

Q10 = (qryubr) (U y50)

while for the b — quv transitions only the single operator
Qr = (qryubr) Y (T ver) (5)

l
is relevant. Also in the case of the b — ¢/™/~ modes the relevant low-energy Wilson coef-
ficients Cj(up) are known to NNLO accuracy within the SM [12-14], while in the case
of b — qui only the next-to-leading order (NLO) corrections are fully known [15, 16].!
The effect of physics beyond the SM (BSM) to radiative and rare b — ¢ transitions can
enter (1) in essentially two ways: (i) through modified values for the high-scale Wilson
coefficients C; not necessarily aligned with the flavor coefficients )\Eq) and/or (i7) through

additional operators with different chirality and/or flavor structures compared to the SM.

Hadronic Effects. As it stands, the effective Hamiltonian (1) only describes the weak
decays at the parton level. The physics associated to long-distance (LD) dynamics requires
to evaluate hadronic matrix elements

(Xasy (€7€7)|Qi|B) (6)
of the operators @); which contain non-perturbative QCD effects. A particular subtlety arises
from the fact that in case of purely hadronic operators, the final state can also be generated

! The smallness of NNLO effects in Bs — putu~ [17] suggests that also in the case of b — quvi such
contributions should have a very limited phenomenological impact. NLO EW effects similar to those
studied in [18, 19] are instead more relevant.

3/57

30

31

32

33

34

35

36

37

38

39

40

M

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56



57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

by (real or virtual) photon radiation from internal lines during the hadronic transition. The
theoretical description of hadronic corrections to the partonic decay crucially depends on the
way these transitions are probed in terms of one or the other hadronic observable. In all cases
one exploits the fact that the mass my, of the decaying b-quark is significantly larger than the
typical hadronic scale set by (multiples of) the fundamental QCD scale Aqcp = O(200 MeV).

For fully-inclusive observables, the heavy-quark expansion (HQE) is equivalent to a local
operator product expansion (OPE) [20, 21], by which total decay rates can be expressed
in terms of forward B-meson matrix elements of local operators. Here the partonic decay
represents the leading term in a simultaneous expansion in powers of Aqcp/my, and as(my)
and only two non-trivial matrix elements appear up to O(AéCD /m?) in the expansion,
one of which can be extracted from spectroscopy. The OPE breaks down when one tries
to calculate differential inclusive decay distributions near phase-space boundaries. A twist
expansion involving forward matrix elements of non-local light-cone operators (so-called
shape functions) is then required to properly account for non-perturbative effects [22-24]. It
was generally believed that all non-local operators reduce to local ones when the differential
decay distributions are integrated over the entire phase-space, but then shown in [25, 26]
for B — X,y that this is not always the case. These non-local power corrections can be
expressed in terms of subleading shape functions, which makes them in principle calculable.
In practice however the precise impact of non-local power corrections is difficult to estimate
given the limited knowledge about the functional forms of the subleading shape functions.

In case of exclusive decay observables, B-meson decays into low-energetic hadrons can be
described in Heavy Quark Effective Theory (HQET). At first approximation, the relevant
hadronic quantities are given by B — X transition form factors which can be obtained with
reasonable accuracy from lattice-QCD simulations, see [27] and references therein. In recent
years, various lattice results became available e.g. B — 7 form factors [28, 29|, B — K
form factors [30, 31], B — K* and B; — ¢ form factors [32, 33]. The lattice simulations are
performed for high-momentum transfer, ¢> > 14 GeV?, i.e. small hadronic recoil. Predictions
for smaller values of ¢ are then obtained by employing well-motivated extrapolations.

In many cases (notably for B — Vv decays), however, we are interested in situations
where the energy transfer Fyecoi to light hadrons in the final state is large of the order
of my/2. In these cases, the systematic heavy-mass expansion leads to the concept of QCD-
(improved) factorisation (QCDF) (cf. [34, 35]). The predictive power of QCDF is limited by
hadronic uncertainties related to the transition form factors and the light-cone distribution
amplitudes for the leading Fock states in the involved hadrons, as well as by power corrections
in Aqcp/mp. Form factors at large hadronic recoil can, for instance, be calculated with QCD
light-cone sum rules (LCSRs), for a review see e.g. [36, 37]. Recent LCSR estimates include
twist-three radiative and twist-four tree-level contributions, but have an accuracy of not
better than 10%, which implies an uncertainty of at least 20% on the level of branching
ratios (see for instance [38] for a recent discussion). More troublesome is the issue of power
corrections. A naive dimensional estimate indicates that such contributions should be of the
order of Agcp/Erecoil, but the exact number is hard to quantify.
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1 Radiative and Electroweak Penguin B Decays

1.2.  Radiative penguin decays
1.2.1.  Incluswe B — Xy decays. (Contributing authors: M. Misiak and G. Paz)

Ezperimental Status. The inclusive B — X v decays provide important constraints on
masses and interactions of many possible BSM scenarios such as models with extended
Higgs sectors or supersymmetric (SUSY) theories. Measurements of their CP-averaged and
isospin-averaged branching ratios by BaBar [39-42] and Belle [43, 44] lead to the following
combined results

Bro® = (3.27+0.14) - 107*, (7)

BrgP = (1.4140.57) - 107°. (8)
They are in perfect agreement with the corresponding SM predictions [45, 46]

BriM = (3.36 +:0.23) - 107, (9)

BriM = (1.7310:43) - 1075 (10)

The results in (7) to (10) correspond to the photon energy cut E, > Ey = 1.6 GeV in the
decaying meson rest frame. The measurements have been performed at Ey € [1.7,2.0] GeV
for Bry,, and at Ey ~ 2.24 GeV for Brg,. Next, extrapolations down to E, > Ep = 1.6 GeV
were applied. Such extrapolations are unavoidable because the experimental background
subtraction errors rapidly grow with decreasing Ey, while the theoretical non-perturbative

uncertainties grow with increasing Fjy.

exp
sy

chosen as an input, and the extrapolation factors from [47] have been used. The ques-

In the average for BrXP given in (7), only the measurements at Ey = 1.9 GeV have been
tion whether uncertainties in these factors have been properly estimated awaits a devoted
study [48-50], especially in view of the upcoming more precise measurements at Belle II. The
necessary extrapolation for BrZ’;p (8) was performed in [51], following the method of [47]. In
this case, the precision is much less of an issue given the large uncertainties in the original

experimental result [40].

Basic Formulas. Theoretical calculations of Bry, within and beyond the SM are based
on the equality

F(B — Xq’)/) = F(b — Xg’}/) + 5Fn0n—per7 (11)

where I'(b — X%v) stands for the perturbative b-quark decay rate with only charmless
partons in the final state X¥ (strangeness = —1) or X} (strangeness = 0). As long as Fy
is large (Ep ~ mp/2) but not too close to the endpoint (mp —2Ey > Aqgcp), the non-
perturbative effects accounted for by 6I'non-per Temain under control, and constitute a
correction at the few percent level [26, 52]. However, to discuss their size in a meaningful man-
ner, one needs to get rid of ml?,pole from the leading perturbative contribution I'(b — X}),
as on-shell masses of quarks are ill-defined. For this purpose, a normalization to the semi-
leptonic decay rate can be used. The SM results quoted in (9) to (10) have been derived
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from the formula [53]
6c
Bry, = Bres, &~ | Pa(Eo) + Ny(Ev)| (12)

where & = [V Vip/Ves|? is the relevant CKM factor, a = a(0) is the electromagnetic coupling
constant renormalized at ¢?> = 0, Brey, stands for the CP-averaged and isospin-averaged
branching ratio of the semi-leptonic B — X.¢v decay, and C represents the so-called semi-
leptonic phase-space factor

¢ |Vu| DB Xelr) .
V| T(B — Xutv)
The function P,(Ey) is defined by the ratio
T'(b— XFv) +T(b— XPy) 6o
=& —F,(Ep) . 14
Ve / V> T'(b — X¥ew) Sa . q(E0) (14)

In the g = s case, the non-perturbative effects accounted for by Ng(1.6 GeV) in (12) enhance
the central value of Brf#vI by around 3% [54], while the corresponding uncertainty amounts to
about £5% [26]. In the ¢ = d case, one encounters additional sources of uncertain hadronic
effects that originate from the CKM-unsuppressed b — duty transitions [52]. We shall come
back to the issue of non-perturbative corrections after discussing the dominant perturbative
term P,(Ep).

Theoretical Calculations of Ps(Ep). For b — sv, the CKM element ratio 5 in (1) is small,
changing Brg,ly\/[ by less than 0.3%. Barring this effect and the higher-order EW ones, Ps(Ep)
is given within the SM by

8
Py(Eo) = Y Cf™ (1) C5™ (1) Kij (15)

3,j=1

where C¢% are certain linear combinations of the Wilson coefficients C; (cf. [45]). They differ
from C; only for ¢ = 7, 8, and are fixed by the requirement that the leading-order (LO) b — s
and b — sg amplitudes are proportional to C?ff and C’§ff.

To match the experimental precision, the symmetric matrix Kj;; needs to be determined
up to O(a?) in its perturbative expansion

K@::fi(aiﬁﬂ)nkg”_ (16)

n=0

The quantities K l.(]Q) and K i(jl) are already known in a practically complete manner, with the

latest contributions coming from [55, 56]. As far as Kz(f ) are concerned, it is sufficient to
restrict to the operators listed in (3) because the remaining ones are negligible at the NNLO
level due to their small Wilson coefficients and other suppression factors. Currently complete
NNLO expressions are available for Kﬁ) [67-59] and K%) [60, 61] only. For KZ(]2 ) with
i,7 € {1,2,8}, the two-body final-state contributions are known in a complete manner, while
the three-body and four-body contributions have been evaluated [62-64] in the Brodsky-
Lepage-Mackenzie (BLM) [65] approximation.

It remains to discuss K13 and Kﬁ . The BLM approximations for these quantities are
known since a long time [62, 66]. The same is true for effects due to non-vanishing quark
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1 Radiative and Electroweak Penguin B Decays

(2)

masses in loops on the gluon lines [67]. However, the generic non-BLM parts of Kli
and Kéi) have been found so far only in two limiting cases for the c-quark mass, namely
me > mp/2 68, 69] and m. = 0 [45]. An interpolation between these two limits was per-
formed in [45], leading to the conclusion that the considered non-BLM corrections are sizable,
enhancing Brg/[ by about 5%.

An uncertainty of +3% due to the interpolation in m,. was included in the error
budget of (9). It was added in quadrature to the other three uncertainties of Br%\/{: non-
perturbative (£5%), higher-order (£3%) and parametric (£2%). Future improvements in the
accuracy of the perturbative calculations of Ps(Ep) will require determining K- ﬁ) and Kég)
for the physical value of m. without any interpolation.

The Case of Brgy. Extending the NNLO calculation to the case of Brcsli\//[, one needs to
take into account that, contrary to kg, the ratio x4 is not numerically small. The global

CKM fit in [70] implies that
ca = (0007 + 4 (~0.4047033). )

Due to the small value of Re kg, terms proportional to |#4|? turn out to give the dominant x4

effects in the CP-averaged Brgfy[

. In such terms, perturbative two-body and three-body final-
state contributions arise only at O(a?) and O(ay), respectively. They vanish for m, = my,
which implies that they are suppressed by m? /mg ~ (0.1. As a result, the main kg4 effect
comes from four-body final states, namely from the b — duuy mode that appears already at
tree level.

One way to calculate these contributions consist in evaluating the b — duuy diagrams
including a common light-quark mass m, inside the collinear logarithms [64], and then to
vary mp/mg between 10 ~ mp/mg and 50 ~ mp/m, to estimate the uncertainty. Such an
approach leads to an effect of 2% to 11% on Brg,. A more involved analysis with the help of
fragmentation functions gives an almost identical range [52]. As a result, the SM prediction
for Brg, in (10) is essentially insensitive to which of the two methods is used. The central
value in that equation corresponds to the first method with my,/mg = 50.

Non-Perturbative Effects in B — Xg7. In discussing the non-perturbative effects in
B — X4, one has to distinguish contributions from the interference of ()7 with itself, and
contributions from other operators. It is convenient to express the quantity Ng(Ey) that was
defined in (12) in terms of the Wilson coefficients, by analogy to (15)

8

No(Eo) = > C8™ (1) C5™ (1) Sij - (18)
ij—=1

For Ey far from the endpoint region, Sy7 is parameterized by matrix elements of higher-
dimensional local operators. These matrix elements are universal in the sense that they
contribute also to semi-leptonic B decays. In consequence, one finds

00
1
S77: E 7mg E Ck,n<0k,n>' (19)
n=2 k

The (Oy,,) matrix elements scale as A%CD, which implies that the power corrections start at
power AéCD/mg. The coefficients ¢y o were calculated up to O(a) in [71, 72]. Their O(a?)
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parts [73, 74] turn out to vanish due to accidental cancellation of corrections of this order to
the radiative and semi-leptonic B — X, U decays. The quantity S77 affects the SM prediction
for Brg (9) by around —0.3% only, which includes the effect of the O(a?) coefficients ¢y 3 [75].
The coefficients ¢ 4 and ¢ 5 have also been calculated at O(al) [76], but the corresponding
matrix elements are poorly constrained, and the resulting small correction has been neglected
in (9).

In the endpoint region, the (Q7,Q7) interference part of the photon energy spectrum is
described by the following symbolic factorization formula:

dl77 1 1 . "1?QCD
ST H. + S H-Josi+—Y H j;®5+ .
iE, J®S my 2 J®s my 2 Ji®S O< 2 (20)

The hard functions H and jet functions J, j; are calculable in perturbation theory. The shape
functions S and s; are non-perturbative and given in terms of non-local matrix elements. At
the leading power, there is only a single shape function S. It is universal in the sense that
it also appears for the endpoint region of semi-leptonic B decays [22-24]. The subleading
shape functions s; contribute also to the endpoint region of semi-leptonic B decays, but in
a different linear combination. For the first term in (20), H [58] and J [77] are known up
to O(a?). For the second term, H and J are known explicitly at O(a?) only [78-80] (see
also [81]). For the third term, H is known at O(a?) and j; at O(a;) [82]. As one integrates
over the photon energy in (20), the shape functions reduce to local operators, and one
obtains (19). Measurements of the B — X photon spectrum are being used in calculations
that are necessary to extract |V,p| from B — X, fv [23, 49, 83-85]. These computations
currently do not include uncertainties stemming from the resolved photon contributions (see
below).

Non-perturbative effects from other pairs of operators are more complicated. Apart from
“direct” photon contribution arising from diagrams in which the photon couples directly to
the weak vertex, there are also “resolved” photon contribution in which the photon couples
to light partons. For example, (Jg gives rise to the process b — sg — sqqvy, and ()2 leads to
the process b — scc — sg7y. Such effects were discussed in the literature [25, 54, 86-91] but
were only studied systematically in [26]. Taking them into account, the photon spectrum in
the endpoint region can be factorized symbolically as [26]

dr - _

gﬁ;~H3J®S+H-J®S®J+HWJ®3®J®J. (21)
The first term in (21) is the direct photon contribution, similar to (20), while the terms in the
second line correspond to the resolved photon contributions that start at order Aqcp/my.
The jet functions J are perturbative. The soft functions s are non-perturbative and, unlike
the shape functions, they contain non-localities in two light-cone directions.

In the integrated rate, the resolved photon contributions leads to I' ~ J ® h, where h
are non-local matrix elements. At power Aqcp/ms, the only non-vanishing contributions
to the integrated rate arise from So7, S7g, and Sgg. Conservative modelling gives a total of
around 5% non-perturbative uncertainty in Brﬂw from the resolved photon contributions at
Ey = 1.6 GeV. Direct photon contributions to S;; are smaller, and can be included in the 5%

uncertainty estimate.
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1 Radiative and Electroweak Penguin B Decays

reco. method tagging effi. S/B q pe  Acp Ao+ AAcp
sum-of-exclusive ~ none high moderate sord yes yes  yes yes
fully-inclusive had. B | very low very good sandd yes yes yes yes
SL B very low very good sandd no yes  yes yes
L moderate good sandd no yes no no
none | very high verybad sandd no no no no

Table 1: Observables accessible in B — X v and the corresponding reconstruction methods.
The table uses abbreviations for reconstruction (reco.), hadronic (had.), semi-leptonic and
leptonic (SL and L), efficiency (effi.), signal to background ratio (S/B), if the spectator
quark may be specified (¢q), and if the momentum of the signal B meson is measured (pg).

The resolved photon contributions are more important in the case of the CP asymmetry

I'(B— Xsy) —T'(B — Xs7)
I'(B— Xy)+T(B— Xs7)

Acp = (22)
As shown in [92], they dominate over perturbative effects [93-96]. One finds a CP asymme-
try in the range [—0.6%,2.8%)] compared to around 0.5% from perturbative effects alone.
Resolved photon contributions also imply that the difference between the CP asymmetries
for charged and neutral B mesons are sensitive to new-physics effects [92].

Currently, the main source of uncertainty in Brgy is the resolved photon contribution. The
extraction of HQET parameters from B — X /v, as done in [97], can help to better control
the Sa7 contribution. By better measuring the isospin asymmetry (IA)

I'(BY = Xgy) —T(BT = X)
I'(B® = X¢y) + (BT — Xsv)’

Aoy = (23)
one can furthermore hope to pin down the S7g contributions since these quantities are directly
related [26, 98]. New Belle IT measurements can therefore help to suppress non-perturbative
uncertainties in the SM predictions for B — Xv.

1.2.2. Measurements of B — Xg. (Contributing author: A. Ishikawa)

There are two methods to reconstruct B — X,v decays. They will be referred to as the
sum-of-exclusive method and the fully-inclusive method. In the sum-of-exclusive method,
the hadronic system is reconstructed from many exclusive decays containing a kaon, such
as Knm, Knmm or 3Kmm, where n > 1 and m > 0. Hadronic candidates are then combined
with a hard photon to reconstruct B-meson candidates. In the fully-inclusive method, the
other B meson is fully reconstructed either in a hadronic final state (hadronic tag), or with
an energetic lepton (semi-leptonic tag) from the B-meson decay.

The two reconstruction methods have their own pros and cons, and provide access to dif-
ferent observables, as summarised in Table 1. Only the sum-of-exclusive method can specify
that the transition was b — s (or b — d), whereas the fully-inclusive method can only ever
measure sum of b — s and b — d transitions. Reconstructing the other B-meson decay deter-
mines the charges of b quark and/or spectator quark (d or u) in the signal B meson, which
is required to measure direct CP violation and/or isospin violation.
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The branching ratio of B — X,y was measured by BaBar [39, 41, 42, 99], Belle [43, 100]
and CLEO [101]. The uncertainties of the measured branching ratios are systematically
dominated. Given the expected large Belle II data sample a reduction of systematic uncer-
tainties is of the utmost importance. For instance, at Belle the dominant source of systematic
uncertainties in the inclusive analysis with lepton tagging is from hadrons faking photons.
At Belle II it should be possible to reduce this uncertainty by dedicated studies of the
cluster shape in the calorimeter. A conservative estimation gives that the total systematic
uncertainty with a photon energy threshold of 1.8 GeV can be reduced from 6% to 4%.

So far all measurements required a photon energy greater than 1.6 GeV, extrapolating to
the full range of photon energy with the threshold of 1.6 GeV assuming a theoretical model.
At Belle II, the branching ratio with the photon energy threshold of 1.6 GeV is directly
measurable, removing the need to perform the extrapolation and in turn the corresponding
source of systematic uncertainty. Lowering the photon energy threshold will however increase
the size of the systematic uncertainty due to hadronic backgrounds.

The photon spectrum in the B-meson rest frame can be directly measured with a fully-
inclusive analysis with hadronic tagging, since the momentum of the B meson is known.
Note that unfolding of the Doppler effect due to a finite B-meson momentum in the 7°(45)
rest frame is needed in case a fully-inclusive analysis with lepton tagging is performed. The
hadronic tagging provides a straightforward approach to measure the moments of the photon
energy spectrum. The uncertainty on the branching ratio measured with hadronic tagging
is dominated by statistics at Belle due to the limited number of tagged B mesons. In view
of the large data set at Belle II instead systematic uncertainties will dominate. In fact, like
in the case of lepton tagging, the dominant source of systematic uncertainty arises from
misreconstruction of hadrons as photons. As a result the uncertainties of the branching ratio
measurements with hadronic tagging will be comparable and strongly correlated with the
uncertainty in the lepton tagging analysis.

The branching ratio measurement with the sum-of-exclusive method has compared to
the fully-inclusive analysis different systematics. The dominant sources of systematic uncer-
tainties will be due to fragmentation and missing decay modes. Given the large data set
it should however possible to reduce the latter source of uncertainty by including addi-
tional decay modes, but even then the accuracy of the branching ratio measurement via the
sum-of-exclusive method is expected to be slightly lower than the uncertainty provided by
fully-inclusive analyses.

As already mentioned around (23), measurements of the IAs, possible both with
the sum-of-exclusive method and the fully-inclusive method with hadronic tagging,
can be used to reduce the theoretical uncertainties in B — X v related to non-local
power corrections. BaBar measured A4 (B — Xgv) = (—0.6 £5.8 0.9 +£2.4)% [102] and
Ao+ (B — Xgraqy) = (=6 154+ 7)% [39] with partial data sets of 81.9 fb~! and 210 fb=1,
respectively. In these measurements, the first error is statistical, the second is systematic
and the third is due to a production ratio of B¥ B~ and BB from 1'(4S) decay (f1_/foo)-

The dominant uncertainty of Ag; (B — Xg7v) at Belle II will be of systematic origin and
related to to the ratio fi_/foo. The most promising method to measure fi_/foo without
assuming isospin invariance in hadronic B decays is the use of double semi-leptonic decays,
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B — D*(~ 1, as has been done by BaBar. Belle IT measurements of Agy (B — Xyg7y) will
instead be statistically limited.

Direct CP violation in B — X147 has also been measured in an inclusive analysis with
lepton tagging. Belle has measured this quantity with the full data set and the result is
dominated by statistics, Acp(B — Xs1a7) = (1.6 £3.9+0.9)% for E, > 2.1 GeV [103]. At
Belle II with 50 ab~! the statistical uncertainty will amount to 0.5%. The dominant source
of systematic uncertainty from the asymmetry of the background can be assessed using
increased data in background regions (so-called sidebands). A conservative estimation shows
that a systematic uncertainty of 0.4% is reachable.

Both the sum-of-exclusive reconstruction and the fully-inclusive reconstruction with
hadronic tagging can determine the flavor and isospin of the parent in B — X, decays. Such
a separation is needed in order to study the direct CP violation and the difference of direct
CP violation between the charged and neutral B mesons AAcp(B — Xyv) = Acp(BtT —
X5v) — Acp (B — X).

As stated earlier the theoretical uncertainty of the CP asymmetry (22) is dominated
by the contribution from resolved photons [92]. Precise measurement of Acp hence allow
to constrain the size of non-local power corrections. The existing measurements of Agp
by BaBar and Belle with 429fb~! and 140fb~! use the sum-of-exclusive method and
find (1.7+£1.9+1.0)% [104] and (0.2 £ 5.0 £ 3.0)% [105], respectively. In [104] BaBar also
measured AAcp obtaining (5.0 +3.9 £ 1.5)% for E, > 2.1 GeV.

Belle II can measure both Acp and AAcp using the same technique as BaBar yet with
a much larger data set. A reduction of the systematic uncertainties is therefore crucial at
Belle II. The systematic uncertainty due to the detector asymmetry can be reduced, in part
by taking the difference of Acp and in part due to the statistics of the larger data sample,
since it is in practice determined from sideband events. The bias from the asymmetry due
to peaking background can be expressed as a product of the number of peaking background
events and the difference of Acp between signal and peaking background. BaBar conser-
vatively took all of the BB background events as contributing to the uncertainty due to
peaking backgrounds. At Belle II it should be possible to obtain a more realistic estimate,
since the CP asymmetries of both charged and neutral B — X¢v decays and the dominant
peaking backgrounds can be measured precisely. As a result the achievable accuracy of the
measurement of AAcp is determined by the statistical uncertainty for which a precision
of 0.4% is expected. BaBar and Belle usually assumed that the direct CP violation does not
depend on the specific Xg decay mode while Belle II can also test this assumption with its
large data set.

Belle II will also perform a measurement of AAcp(B — Xsy47) using the fully-inclusive
reconstruction with hadronic tagging. With 711fb~! about 300 + 27 signal events are
expected at Belle with the neutral B fraction of 52% which corresponds to a 16% preci-
sion on AAcp. At Belle II, the statistical uncertainty is still dominant even after including
a factor of two improvement in the hadronic tagging efficiency.

1.2.3.  Measurement of B — Xg. (Contributing author: A. Ishikawa)
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In constrast to B — Xy the inclusive B — X4v decay is experimentally largely unex-
plored. In consequence, Belle II is in the near-term future the only place to study the various
B — X4y observables.

Since a fully-inclusive analysis is impossible in the presence of the large B — Xsv back-
ground, a measurement of B — Xyvy has to rely on the sum-of-exclusive method. BaBar
has managed to reconstructed 7X; decay modes, 2w, 37 and 47 modes with at most one
neutral pion and 757 (= 77) mode and applied a hadronic mass cut of 2.0 GeV. At Belle II
the statistical uncertainties will at some point be smaller than the systematic ones, and the
increase in luminosity can be exploited to achieve a better understanding of the hadronic
spectrum as well as the fragmentation of the X system, including missing modes to reduce
the systematic uncertainties as done by B-factories in the sum-of-exclusive measurement of
B — Xv. In fact, the dominant systematic uncertainty from missing modes can be reduced
to 10% by adding reconstructed decay modes, such as final states having five pions, two 7,
two kaons and an 7 plus multiple pions or an 7’ plus multiple pions, as well as by applying
a looser hadronic mass cut. The second and third largest uncertainties are of statistical ori-
gin (6%) and the systematic uncertainty due to fragmentation (5%). The total uncertainty
on Brg, is expected to be around 14% with 50 ab™! of integrated luminosity.

The observables Ao (B — Xgv), Acp(B — Xgv) and AAcp(B — Xg4v) have up to now
not been measured. In the asymmetries large parts of the systematic uncertainties cancel
out and therefore the corresponding measurements will be statistically limited at Belle II.
With 50ab™! of data the precision on Ag (B — Xg7v) can be estimated to be about 14%.
The accuracy of Acp is expected to be slightly worse than that of Agy since flavor tagging
of the other BY meson is needed for flavor non-eigenstate B? — ng’y decays. By taking
into account a effective flavor tagging efficiency of 30% and using the product of the mixing
probability in the B°BY system, x4 = 0.1875, the anticipated precision of Acp(B — Xq7)
is 5%. The quoted uncertainty is dominated by the statistical uncertainty on Acp(B* —
Xijfy), while the accuracy of a future AAcp measurement is dominated by the statistical

uncertainty on Agp(B° — ng—fy) and amounts to roughly 11%.

1.2.4. FEzxclusive b — qv decays. (Contributing authors: E. Kou and R. Zwicky)

Preliminaries. Radiative decays into light vector mesons B, — Vv with V =
K*, p,w, ¢, represent prototypes of FCNC transitions. Promising candidates are B, —
(K*, ¢)y for the b — s and B, ) — (p/w, K*)v for the b — d transitions.

To first approximation only the matrix elements of the photonic dipole operator Q7 in (3)
enter, which are described by hadronic transition form factors for the b — ¢ tensor currents.
The remaining operators describe LD physics contributions, from internal emission of the
photon during the hadronic transition, and thus generically involve strong-interaction phases.
There are three basic LD topologies. One originating from the gluonic dipole operator Qg
and two from four-quark operators (Q1_g, referred to as weak annihilation (WA) and quark
loop (QL) topologies in the following. The WA topology is only relevant if the valence quarks
in the initial B and light vector meson matches the flavor structure of the respective four-
quark operator in (1). In the QL topology two quarks from the four-quark operators with the
same flavor are contracted to a closed loop from which the external photon and/or additional
gluons can be radiated.
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In QCDF the LD processes have been shown to factorize at LO in Aqcp/mw
and O(as) [106-108]. A LCSR computation for the contribution of Qg at leading twist
has been performed in [109], where also a discussion of the relation to QCDF can be found.
WA has been computed in the LCSR approach in [110-112]. The computation of QL in
LCSR is involved, and a hybrid treatment of QCDF and LCSR has been presented in [112].
LD c-quark loop contributions are a topic in their own right and will be discussed in more
detail later on.

Unlike their semi-leptonic counterparts, Bg s — V{0~ to be discussed in Section 1.3.3,
B(g,s) = Vv decays do not lend themselves to a rich angular analysis. Instead, they are
described by two helicity amplitudes corresponding to the two possible photon polarizations.
Schematically, one has

H oc)\gd’s){ e }07(1+6fac)T1(0)+ S A L0, (24)

M(d,s) U=u,c

where T7(0) is the relevant B — V' transition form factor, g, denotes factorisable QCD
corrections and Lg stands for the previously discussed LD contributions (including the
Wilson coefficients of the hadronic operators).

While in the SM the polarization of the photon is predominantly left-handed, leading to
the hierarchy H_ > H,,in BSM models with right-handed currents this does not necessarily
have to be the case. In fact, LHCDb reported recently the first direct observation (with 5.20
significance) of the photon polarization in b — sy through a measurement of angular cor-
relations in B* — K*7Txty [113]. This raises the question by how much Belle II can
improve on this and future LHCb measurements. Concerning the sensitivity of the photon
polarization to new physics, one should compare the prospects that exclusive b — sy mea-
surements have to those that arise from B — K*¢*/~. Relevant articles in this context are
for instance [114-117].

The branching ratios for B — V7 decays are proportional to |Hy|?> + |H_|?,

where the
form factor 77(0) in (24) provide a major part of the theoretical uncertainties. Numerically,
they are estimated to be of O(4 - 107%) for the b — s transitions, while those for the b — d
transitions are further suppressed by a factor of A2 ~ 0.05. In contrast, WA turns out to be

sizable for the b — dy modes [118] as a result of the CKM hierarchies (2).

Observables. Because of the rather large hadronic uncertainties of more than 20%,
the branching ratios B — V'~ are not considered to be the most promising candidates
for discovering BSM physics. On the other hand, since the uncertainties of individual
modes are strongly correlated, considering ratios of branching ratios such as Ry /4y =
Br (B — K*v) /Br(Bs — ¢7y) is advantageous both from a theoretical and experimental
point of view. The SM prediction for this ratio reads [112]?

SM _
RP . =0.78£0.18, (25)

2The quoted theory uncertainty is improvable as correlations have only partially been taken into
account in [112].
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while the LHCb collaboration measured Ry:7 /gy = 1.23£0.12 [119, 120]. The observed
deviation of 20 cannot be regarded as statistically significant, but it would be interest-
ing to understand if there can be a correlation to the discrepancies observed by LHCb
in B— K*utp~ and Bs — ¢up~ (see e.g. [1, 2, 121-123]). Another ratio of interest is
R, /i+~, Which has been used for the first determinations of [Viq/Vis| [106, 108, 124]. After
the precision measurements of Bs—B; mixing, the extractions of [Viq/Vis| via R, k-, are
however no longer competitive.

Other observables which are sensitive to BSM contributions to (1) are the IAs, and the
direct and indirect CP-asymmetries. The TAs can be defined as

& T(BY— V%) -T(B™ = V)

0— _ _ _ 26
U T RTB S V) +T(B- =V )’ (26)

where c o = V2 and ¢+ = 1 are isospin-symmetry factors. The IAs are essentially driven by
two effects, both of them involving LD physics: (i) photon emission from the spectator quark
which probes the different charge factors for u-quarks and d-quarks and (i7) matrix elements
of isotriplet combinations of hadronic operators in the effective Hamiltonian (1). In order
to accumulate more statistics one can define CP-averaged IAs through ar = (a?_ + a9+) /2.
Subtleties concerning the CP-averaging of the IAs are discussed in Section 6.3 of [112].

Early analyses of the IAs in the framework of QCDF can be found in [106, 108, 125]. It turns
out that the dominant SM contribution to (26) for B — K*~ arises as a subleading effect
in the HQE and involves the Wilson coefficients of (J1_g. Compared to this, the effect of Qg
is numerically suppressed, but in QCDF suffers from endpoint divergences of convolution
integrals, which leads to rather large uncertainties. The problem of endpoint divergences
can be avoided by determining the relevant matrix elements directly in the LCSR approach
which has been performed for the contributions of Qg in [109] and for the QL topologies
in [112].

For exclusive b — d~ transitions, the situation is somewhat different because the current-
current operators Q”iQ enter with unsuppressed CKM factors )\q(fl) . Their relatively large
annihilation contribution thus interferes with the naively factorizing contribution from the
electromagnetic operator Q7 proportional to Agd). The resulting strong dependence of the IA
of B — py on cos ¢ was noted in [106, 108] where approximate formulas can be found.

The most up-to-date theoretical predictions for the IAs are [112]

a™M(K*y) = (4.9 +26)%,
(27)

a™M(py) = (5.24+2.8)%.
Notice that the former prediction is consistent with the HFAG average aj ' (K*y) =
(5.242.6)% [126], whereas the latter is in slight tension a7 (py) = (303 3)%, albeit with
considerable uncertainty. The closeness of the two values in (27) is a consequence of the
CKM angle ¢2 being roughly 90° which suppresses the above-mentioned interference term.

This can be exploited to define the observable [112]

ar(py) | D(B—py) |Vis

1—6q _ _ts
! (B — K*vy) | Via

; (28)
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where §,, is close to zero, and the quantity (1 — d,,)™ = 0.9040.11 shows a reduced
uncertainty with respect to the individual CP-averaged IAs (27). The experimental aver-
age 0q,0 = —4.0 3.5 [112] can be improved at Belle II through more statistics as well as
taking into account experimental correlations. The sensitivity of (28) to BSM physics has
been studied in [112] in a model-independent fashion.

At Belle II, one can study the time-dependent CP asymmetries [127]
(B — fv) —I(B — fv) _ Spysin(Amgt) — Cpy cos(Amyt)

I(B—f9)+T(B=f7)  cosh (qut) — Hy. sinh (qut) ’ (29)

Acp (t) =

where f ought to be a CP eigenstate as otherwise the effect washes out. Note that the width
difference AI'; can be safely neglected for By but that is not the case for Bs. This feature
leads to the new observables Hy, [128]. The mixing-induced asymmetries Sy, arise from the
interference between B(B) — fv and B(B) — B(B) — fv amplitudes and read

| 20m [§ (L H] o+ HoH))
|Hy|? + [H_]> + |H | + [H_|>’

Sy (30)
where p, ¢ relate the physical and flavor eigenstates, H. have been defined in (24), and H
are the corresponding amplitudes of the conjugate decay. At Belle 11, one can expect a signif-
icant improvement in the determination of Acp(t) in the channels such as f = Kgn¥, 777~
mediated by K* and p resonances, which will be discussed in some more detail.

Before embarking on the discussion of LD contributions, we first give predictions for (30)

including SD effects only. Using ¢/p ~ e~ 2%, one obtains

SM,SD _ o Ms .
SK*(KMO)7 = -2 - sin 2¢1 ,
(31)
SM,SD
SPO(W*W’)W =0.
The quantity Sigfﬁ?r,)v vanishes because the CP-odd oscillation phase ¢ cancels exactly

against the phase from the helicity amplitude. Examples of BSM models which can induce
sizable right-handed currents consistent with the constraint from Br(B — X,v) include left-
right symmetric models [127, 129, 130] and a supersymmetric (SUSY) SU(5) grand unified
theory with right-handed neutrinos [130]. A model-independent study can be found in [114].

LD QCD contributions denoted by Ly in (24) modify the predictions (31) and arise first
at O(Aqcp/mep). The dominant corrections are expected to stem from c-quark loops [131],
because such effects are due to the current-current operators )12 in (1) that have large
Wilson coefficients. By using the corresponding contribution of the inclusive decays it has
been concluded in the latter work that the LD contamination in (31) could be as large
as 10%. By performing a kinematic decomposition it can however be shown that H_ > H
holds at leading twist for any local transition operator [109, 132]. The hierarchy of helicity
amplitudes can therefore only be broken by higher-twist effects, and one such contributions
comes from gluon exchange between the c-quark loop and the vector meson. An explicit
evaluation of the LD corrections due to c-quark loops [118, 128, 133] yields a correction
of O(1%), which is considerably smaller than the inclusive calculation would suggest (see
also [134]). Further evidence for the smallness of LD c-quark effects arises from the fact that
the corrections to the helicity hierarchy are of O(m?2,/m?). This indicates that the hierarchy
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is more badly broken by excited (i.e. heavier) vector meson states. Vertex corrections are
treated in QCDF [106, 107] and automatically obey H_ > H.. The evaluation of the vertex
corrections beyond factorisation is challenging and remains a future task. Including both SD
and LD contributions, the quantities in (31) turn into [118, 135]
Sl i amoyy = (—2.3£1.6)%,
SM (32)
S0(mtr-)y = (02+£1.6)%.

The photon polarization is one of the most challenging measurements in B physics today
and various modes have been proposed to further improve the precision — see [114] for more
details. LHCb has already applied many of the poposed methods and Belle II should be
able to further extend these studies. For instance at Belle 1I it should be possible to expand
the recent LHCb analysis [113] of angular correlations in B* — K*aFr%y [136, 137] by
including the neutral modes as well as performing a Dalitz analysis [138]. The angular
analysis of B — K*eTe™ has been performed by LHCb [139] at very low ¢? where the
photonic dipole operator Q7 and its chirality-flipped partner Q% dominate. A similar analysis
should be possible at Belle II and furthermore, the use the angular distribution of the
converted photon from B — K*+v is under discussion [140].

The direct CP asymmetries C'y., require weak CP-odd and strong CP-even phase differences
of two amplitudes and are therefore by default sensitive to CP-odd phases beyond the SM.
CP-even phases instead originate from LD QCD effects. In the SM the direct CP asymmetry
for b — s+ is small, since there is no CP-odd phase at O(A3). These observables can thus serve
as null-tests. As an example we quote C’z%w_}KK),Y = (0.5+0.5) % from [128]. For the b — d~y
modes on the other hand the ¢-quark loop diagram induces a sizable CP-odd phase. For
example, in [141] a direct CP asymmetry of 15% is predicted for By — 77~ within the SM.

1.2.5. Measurement of B — V~. (Contributing author: A. Ishikawa)

The b — s7 transition has been first observed by CLEO via B — K*v in 1993 [142]. Even
two decades later this decay is still an important tool to search for new physics. The three
most important observables in this channel are the photon polarization, the isospin and the
CP asymmetries.

The K* mesons are reconstructed from either of the K79 K%~ K—7t and K27
decays. The B-meson candidate is reconstructed by combining the K* candidate and a hard
photon reconstructed from an electromagnetic cluster in the electromagnetic calorimeter
(ECL) which is not associated with any charged tracks in the tracking system. Exclusive
modes are much cleaner than the fully-inclusive mode thanks to requirements imposed on
the difference in enegy, AE, and the beam-constrained mass, Mp.. The K~ 7% K%~ and
K~7" modes are flavor eigenstates which can be used for measurements of Acp while K27"
with flavor tagging of the other B meson can be used to measure the time-dependent CP
asymmetry (29) which is sensitive to the polarization of the final-state photon.

At Belle IT with 5ab™! [Uli: 5/ab or 50/ab?] of data the measurement of aj(K*~)
will be systematically limited. The dominant uncertainty is due to fi_/fyo and amounts to
0.5%. Notice that this uncertainty is smaller by a factor of five than that of the most up-to-
date SM prediction (27). Measurements of the direct CP asymmetries will instead still be
statistically limited. The corresponding uncertainties are estimated to be 0.2% and 0.3% for
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Acp(B? — K*99) and Acp(BY — K*tv), respectively, which constitutes a factor of eight
improvement compared to Belle. Notice that the theoretical uncertainty of the corresponding
SM prediction AP (BY — K*94) = (0.3 4+ 0.1)% [117] is smaller than the statistical uncer-
tainty reachable at Belle II. A precision measurement of A%l\lél(Bo — K*99) is nevertheless
an important goal since it will allow to set stringent constraints on the imaginary part of the
Wilson coefficient of Q7 [117, 143], which otherwise is difficult to bound. Like Acp also the
measurement of AAcp will be statistically limited at Belle II and the projected uncertainty
amounts to 0.4% with 50ab™! of luminosity.

The b — dry process was first observed in 2006 [144] by Belle through the exclusive B — pry
and B? — w%y decays. All the branching ratios, isospin asymmetries, direct and time-
dependent CP asymmetries have been measured subsequently [145-147], but the achieved
precision is not high enough to set stringent limits on new physics. This lack in precision
is unfortunate since the measured value of as(py) shows a slight tension with the SM pre-
diction, a fact that has already mention in the context of (27). Thanks to the good particle
identification (PID) system and the large integrated luminosity to be recorded at Belle II,
precise measurement of B — (p,w)~y will be possible for the first time, which is crucial in
view of the aforementioned tension.

The p and w mesons are reconstructed from two-pion and three-pion final states. Hard
photon candidates are combined with the light mesons to form B-meson candidates. A dom-
inant continuum background can be suppressed by a multivariate analysis with event shape
variables. The large b — sv background which peaks in AFE and M. can be significantly
suppressed by the new PID system, using the iTOP for the barrel region and the ARICH
for the forward endcap region.

Assuming that that the current central experimental value of as(p7y) is confirmed, Belle II
can observe a 5o deviation from the SM prediction already with 6ab™!. With 50ab~! of data
the statistical uncertainty (1.7%) will dominate the measurement with the largest systematic
uncertainties are from fi_/ foo (0.5%) and background modelling (0.5%). In total a precision
of 1.9% on ay(py) will be achievable at Belle II, which compares favourably with the current
theoretical SM uncertainty of 2.8% as quoted in (27).

The CP asymmetries in the case of charged and neutral B mesons are measured in dif-
ferent ways. The mode BT — p*+ is self-flavor tagging thus allowing for a straightforward
measurement of the direct CP asymmetry. In contrast, BY — p’y is not a flavor eigenstate,
but a time-dependent measurement with flavor tagging allows to extract both Acp and the S
parameter. With 50 ab™! of data one can expect to reach a precision of 3.0%, 3.8% and 6.4%
for Acp(Bt — p™v), Acp(B® — p%y) and S0, respectively.

1.2.6.  Importance of PID for b — d. (Contributing author: S. Cunliffe)

In both the inclusive analysis of B — X4v (described in Section 1.2.3) and exclusive
analyses (Section ?7), particle identification (PID) information plays an important role.
Specifically PID is necessary to reduce the problematic background originating from misiden-
tified kaons from B — X,y processes. For example, in the case of the dominant process
B% — K*94 where the excited kaon decays to the charged final state: K*0 — K+7~. This
process is roughly a factor 100 larger than the dominant b — dy process, namely B — pOy
with p0 — 77—,
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Fig. 1: Distributions of M. and AE for correctly identified B® — p%y signal events (blue)
overlaid with misidentified B — K*v where the kaon from the K*° decay is misreconstructed
as a pion (red). With no PID selection cut the background swamps the signal.
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Fig. 2: Same as Figure 1 but employing PID information. After a simple optimization the
background is reduced significantly.

A study based on full Belle II simulation is performed to quantify the performance of PID.
Samples of 1 million events of both B® — p%y and BY — K*°y are generated. After perform-
ing a full detector reconstruction a simple pre-selection criteria is applied to both samples. An
optimization for a cut on the pion probability (defined in Section ??) is performed to max-
imise the figure of merit, S/v/S + B. Here S is the number of correctly identified B® — p°y
events, and B is the number of B® — K*0y where the kaon track was misreconstructed as
a pion. Both S and B are scaled to the expected number of events in 5ab™! of data. The
value of the optimal selection cut is found to give a figure of merit well above 10.

Figures 1 and 2 show overlaid distributions of the beam constrained-mass, M., and energy
difference, AFE, for both samples before, and after the selection cut at the optimal point.
The importance of PID is evident from the two figures.

The above study is repeated using a simulation of the Belle detector, in order to compare to
the associated Belle PID performance. The Belle optimisation is performed for the analogous
PID likelihood variables described in Section 5.2.1 of [148]. The Belle II PID system is found
to provide an improvement in the figure of merit by approximately 30%.
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1.3.  EW penguin decays
1.3.1. Inclusive B — X 070~ decay. (Contributing authors: G. Bell and T. Huber)

Inclusive B — X 014~ decays provide information on the quark flavor sector that is com-
plementary to inclusive b — ¢y and exclusive b — ¢¢* ¢~ transitions. In contrast to B — X7,
an angular analysis of the decay products entails a richer dependence on the SD Wilson
coefficients. Compared to exclusive b — ¢¢/T¢~ decays, on the other hand, hadronic uncer-
tainties are under better theoretical control for the inclusive modes. Measurements of the
B — X, T4~ decay distributions at Belle IT will thus complement the LHCb studies of the
exclusive b — ¢¢/*¢~ transitions, thereby providing important cross-checks of the deviations
found by LHCb and Belle in B — K*utp~ and related modes [2-4, 149).

The two main kinematic variables in inclusive B — X /¢~ decays are the di-lepton invari-
ant mass squared m%z = ¢% and z = cosf, where @ is the angle between the three-momenta
of the positively charged lepton ¢ and the initial B meson in the di-lepton center-of-mass
frame. In terms of these variables, the double differential decay width takes the form of a
second-order polynomial in z [150],

r 3
dg?dz 8

The functions Hp, H4, and Hj represent three independent observables. H4 is up to a

[(1+ 2*)Hr(¢*) + 22Ha(q?) + 2(1 — 2*)H (%)) - (33)

rational factor equivalent to the forward-backward asymmetry [151], while the ¢* spectrum
is given by the sum of Hy and Hy:

dArg /“ d’T
dg?2 )1 T dq?dz

(34)

dr o dr
2= [ g = M)+ 1)
The observables mainly depend on the Wilson coefficients C7, Cy and C1g. Taking only these
three coefficients into account and suppressing a common prefactor Gxm? [V;iVip|? /(4873),

one has (with § = ¢*/m7)
. . 2 2
Hr(q?) = 25(1 = §)2||Co + < Cr[* + |Cuol?].

Hi (@) = (1= 8)%|[Cy + 2Ce[* + | Col?] (35)

Hu(q%) = —45(1 — 3)? Re {010(09 + 207)] :

The di-lepton invariant mass spectrum is dominated by charmonium resonances (J/v,
¥ (2S), etc.), which are usually removed by kinematic cuts. This leads to the so-called per-
turbative di-lepton invariant mass regions: the low-¢? region for 1 GeV? < ¢% < 6 GeV? and
the high-¢® region for ¢> > 14.4 GeV2. Within these regions, one expects that the theoretical
uncertainties can be controlled to around 10%.

In the low-¢? region, the observables can be computed within a local OPE in the heavy-
quark limit. The perturbative calculation is well advanced and higher-order QCD [12, 152—
160] and EW [160-163] corrections are available to NNLO and NLO, respectively. The leading
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power corrections of order AQQCD/mg [74, 164-166], A%CD/mZ’ [167, 168] and AéCD/mg [54]
are also known.

In the high-¢? region, on the other hand, the heavy-mass expansion breaks down at the
endpoint of the ¢ spectrum. For the integrated high-¢? spectrum, however, there exists an
effective expansion in inverse powers of mgﬁ =my (1 — \/%) instead of my. This expansion
converges less rapidly, and the convergence behaviour depends on the value of the ¢ cut,
Smin = qunin/mg [158].

The differential decay width is furthermore affected by QED corrections, which lead to
two major modifications. First, the electron and muon channels get different contributions
of the form ln(mg / m%), which stem from collinear photon emissions. Second, the simple z-
dependence of the double differential decay distribution in (33) gets modified and becomes
a complicated function of z [163]. In the presence of QED radiation, the observables (35)
are therefore defined by taking appropriate projections of the double differential rate [163].
In order to compare theoretical predictions with experimental data, it is important that the
experimental analyses use the same prescriptions.

The theoretical uncertainties can be further reduced by normalizing the observables to
the inclusive semi-leptonic B — X ./ decay rate. The SM predictions for the B — X utpu~
observables then become

Hr[1,6],, = (4.03£0.28) - 1077,
H[1,6],, = (1.21£0.07) - 1079,
Hall,6],, = (—0.42 £ 0.16) - 107, (36)
Br[1, 6], = (1.62 £ 0.09) - 1075,

Br[> 14.4],,, = (2.53 £0.70) - 107" .

Here the notation O[qo, q1] with O = Hp, Hy, Ha,Br means that the relevant observable
has been integrated over ¢* € [qg , qf] The complete list of theory predictions can be found
in [163]. To tame the large uncertainty in the high-¢? branching ratio, which mainly stems
from poorly known parameters in the power corrections, a normalization to the semi-leptonic
B — X, (v rate with the same cut in ¢> was proposed [168],

/1 ds dU'p_x, e+0-
5

ds
R(so) = =7 . (37)
/ gz TB=X.t0
§ ————
3o ds
Employing this normalization results in
R(14.4),,, = (2.62 £0.30) - 1072 . (38)

Unfortunately, the achieved precision cannot yet be exploited, because the BaBar [169,
170] and Belle [171-173] measurements suffer from sizable experimental uncertainties in the
ballpark of 30%. Furthermore, all measurements performed at the B-factories are based on a
sum over exclusive final states, which makes a direct comparison to the theoretical predictions
non-trivial. The latest published measurement of the branching ratio by Belle [172] is based
on a sample of 152-10% BB events only, which corresponds to less than 30% of its total
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Fig. 3: 95% confidence level (CL) constraints on the Wilson coefficient ratios Rg 10 =
Coy.10/ C’g’%. Shown are the branching ratio constraints at low-¢? (red) and high-¢? (green),
together with their overlap (black). The region outside the dashed parabola shaped regions
is allowed by the Belle measurement of the forward-backward asymmetry. The yellow dot is
the SM point and the yellow contour is the future Belle IT reach. See [163] for further details.

dataset. BaBar has more recently presented an analysis using its entire dataset (471 - 105 BB
events) [170]. The weighted averages of the experimental results read [163]

Br[1,6];," = (1.58 £0.37) - 107,
(39)
Br[> 14.4]5° = (4.8 £1.0)- 1077,

for the low-¢?> and high-¢? region, respectively. In addition, Belle presented a measure-
ment of the forward-backward asymmetry [173] and BaBar a measurement of the CP
asymmetry [170].

Belle II can significantly improve upon this situation and with its two orders of magnitude
larger data sample, it might for the first time be possible to perform a complete angular
analysis of B — X /*¢~ decays. In the beginning, Belle II will still have to rely on the sum-
over-exclusive method, but a fully-inclusive analysis based on the recoil technique may be
feasible in the long term.

The prospects for future improvements on the experimental side calls for refinements of
the SM predictions. Some of the important questions to be addressed are:

(1) In the absence of a fully-inclusive analysis, one has to revisit the theoretical issues that
arise from semi-inclusive analyses. In particular, a cut on the hadronic invariant mass
My, < 1.8GeV affects the low-¢? region and induces additional theoretical uncertainties.
The theoretical description in this “shape-function region” is similar to B — X, /v and
B — Xy decays [174, 175]. An analysis of the effects from sub-leading shape functions
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was presented in [176], and a prediction for the position of the zero of the forward-
backward asymmetry in the presence of the My, cut was given in [177]. Similar studies
for other observables as well as a detailed analysis of the impact of the Mx_ cut on the
extraction of the Wilson coefficients are yet to be performed.

(74) Similar to inclusive B — X,y decays (see Section 1.2.1), a systematic analysis of
hadronic non-local power corrections includes resolved contributions in which the vir-
tual photon couples to light partons instead of connecting directly to the effective weak
interaction vertex. These contributions stay non-local even when the hadronic mass cut
is released and therefore represent an irreducible uncertainty independent of the cut. A
detailed analysis that quantifies this uncertainty is currently in progress [178].

(iii) To estimate the impact of the charmonium resonances on the low-¢> and high-¢?
regions, one may attempt to model the resonance structure explicitly. The current
implementation via the Kriiger-Sehgal approach [179] uses dispersion relations for the
electromagnetic vacuum polarization. The model is based on the assumption that the cc
loop and the b — s transition factorize, which is not justified on theoretical grounds.
Since LHCb measurements of BT — K™ u™ ™~ indeed suggest that non-factorizable cor-
rections substantially modify the interference, theoretical investigations that go beyond
the Kriiger-Sehgal approach seem to be required.

(iv) The ratio Rx, = Bry,/Bre., in analogy to the quantity Ry in the exclusive modes, is
among the “golden modes” proposed for the early Belle II run. A measurement of Rx,
will shed light on possible hints for lepton flavor non-universality recently observed
by LHCD [4, 5]. Given the expected Belle II precision, a careful reanalysis of photon
radiation will become important since collinear QED corrections represent the leading
source of lepton flavor universality breaking in the SM. As the size of these contributions
is sensitive to the imposed experimental cuts, a close interaction between experiment
and theory is needed.

(v) The latest analyses of B — X4¢*T¢~ decays date back more than ten years [180, 181].
An update with a decomposition into angular observables, including higher-order QCD
and QED bremsstrahlung corrections, appears to be timely. Due to the different hier-
archy of CKM elements, one expects larger CP-violating effects in b — d¢*T¢~ than in
b — s{T4~ transitions.

The experimental data can be used to constrain new-physics effects in a model-independent
fashion, i.e. by constraining the Wilson coefficients. For the case of Cy and (¢ the current
situation as well as the potential impact of future Belle II measurements is illustrated in
Figure 3 [150, 163]. From the figure it is evident that the new-physics potential of B —
X 70~ decays has not yet been fully exploited. Furthermore, right-handed currents —
which have been extensively studied in exclusive transitions — were not included in the latest
theory studies, and the synergy and complementarity of inclusive and exclusive b — sf™¢~
analyses is yet to be explored. To this purpose, detailed Monte Carlo studies could be used
in conjunction with realistic theory predictions to estimate how much statistics is needed
at Belle II to reach or exceed the sensitivity of the LHCb measurements on the exclusive
modes. Such analyses could build on the studies [150, 163].

1.8.2.  Measurement of B — X {10, (Contributing author: A. Ishikawa)
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All existing measurements of the inclusive B — X ¢T¢~ mode have employed the sum-of-
exclusive method [169-173]. In this method the hadronic system X is reconstructed from
Knm final states with n < 4, allowing for at most one neutral pion. The X, system is com-
bined with the di-electron or di-muon pair to reconstruct the B meson. The B meson is
identified by its AF and Mj, distributions. Since the decay does not contain hard photons,
the AF resolution is much better than that in B — Xv. This allows one to adopt a tight AE
selection which compared to the B — X7 analysis suppresses the likelihood of multiple can-
didates in a single event and the self-cross-feed. A hadronic mass selection is applied to reduce
combinatorial backgrounds, i.e. My, < 1.8 GeV at BaBar [170] and Mx, < 2.1GeV [171] or
Mx, < 2.0GeV [172, 173] at Belle. Our study of the prospects of the B — X ¢T¢~ mea-
surements at Belle II are based on a cut of My, < 2.0GeV, but we emphasize that this
selection can be loosened in order to better understand the X, spectrum and to reduce
theoretical uncertainties. There are three dominant backgrounds. The first one is associated
to cc continuum events in which both charm quarks decay semi-leptonically, the second
one arises from BB events with two leptons either from semi-leptonic B or D decays, and
the third one is due to B — J/v (@D(ZS))X s backgrounds. The semi-leptonic backgrounds
can be suppressed by missing energy information and vertex quality requirement, while the
B — J/Y (1/1(25)))( s backgrounds can be eliminated by applying appropriate cuts on the
invariant mass of the di-lepton system.

The partial branching ratios in the low-¢?> and high-¢® regions are under good theoret-
ical control (see (36) and (38)) and thus precise measurements of the di-lepton spectra
will allow to put stringent constraints on the Wilson coefficients Cy and Cig. We define
the following ¢2 regions 1 GeV? < ¢? < 3.5GeV? (lowl), 3.5 GeV? < ¢% < 6 GeV? (low2) and
q® > 14.4GeV? (high). Given the large data sample expected at Belle II the reduction of sys-
tematic uncertainties is crucial. Thanks to the large branching fractions of the B — K®*)¢t¢—
modes and the good AF resolution compared to B — X7, missing-mode and fragmentation
uncertainties can be reduced by adding additional reconstructed decays, such as three-kaon
modes, to the data sample. [Uli: Changed sentence. Check that this is what was/is
meant.] In the high (low) ¢ region, these uncertainties are expected to be as small as 1%
(as large as 4%) due to the lower (higher) multiplicity of X decays while K*-X, transition
uncertainty could be as large as 2% (as small as 1%) due to the larger (smaller) fraction
of K*. [Uli: Maybe simplify sentence a bit?] With 50ab™! of data we expect total
uncertainties of 6.6%, 6.4% and 4.7% for the partial branching ratios in the lowl, low2 and
high region as defined above.

Belle II measurements of the forward-backward asymmetry Apg in B — X (T¢~ are
expected to provide the most stringent limits on the Wilson coefficients Cy and C7g. Since
large parts of the theoretical and experimental systematic uncertainties cancel out in App
the corresponding measurements will be statistically limited. The expected uncertainties on
App in the lowl, low2 and high region are 3.1%, 2.6% and 2.4%, respectively, assuming
the SM.

A helicity decomposition of B — X/ ¢~ provides the three observables H; defined in (33).
While H4 and the combination Hp + Hj, have been measured (cf. (34)) independent mea-
surements of Hp and Hj, have not been performed by BaBar and Belle, but will be possible
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at Belle II. As for the measurements of the branching ratios, the experimental determina-
tions of the coefficients H; will be systematically limited until 10ab~! have been collected.
Considering normalized observables might help to reduce the systematic uncertainties.
Measurement of the CP asymmetries in B — X¢¢T¢~ can be used to search for new source
of CP violation. Not only the rate asymmetry, but also the CP asymmetry of angular
distributions, such as forward-backward CP asymmetry (A$E) are useful [182]. Since the
denominator of the Agg can be zero if App for B and B are zero or have opposite sign, we con-
sider the difference of the Arg between B and B mesons defined as Acp (Arg) = AI{?B — AI]?B.

[Uli: To be continued?]

1.8.8.  Ezclusive b — q¢* ¢~ Decays. (Contributing author: W. Altmannshofer, U. Haisch
and D. Straub)

The B — K* (— Kn) {7/~ transition is completely described in terms of twelve angu-
lar coefficient functions I; [1837 |. These quantities encode the angular distribution of the
exclusive decay. They can be expressed in terms of helicity (or transversity) amplitudes that
depend on the di-lepton invariant mass squared, the Wilson coefficients C7, Cyo, C1g, Cg, Cp
and their chirality-flipped counterparts as well as the B — K™ form factors that arise from
the matrix elements (K*|Q;|B). The situation is much simpler for the B — K¢/~ decay
which gives rise to only three observables, namely the branching ratio, the forward-backward
asymmetry App and the flat term Fp [184].

The self-tagging nature of the B — K*(— K7)¢*/~ decay means that it is possi-
ble to determine both CP-averaged and CP-asymmetric quantities that depend on the
coefficients [183]

Si=(L+1) /3 A= 0-1) [ 5, (40
respectively. Here I; denote the angular coefficient functions of the CP-conjugated B —
K*(— Kn) ¢4~ decay. The two most measured angular observables are the forward-
backward asymmetry and the K* longitudinal polarization fraction:

3 3
ArB = 1563 + gsﬁca Fr, = —5. (41)

By exploiting symmetry relations it is also possible to construct CP-averaged observables
that are largely insensitive to form-factor uncertainties [1857 , 186]. These are

53 SGS 59
1 2S25 ) 2 8525 ’ 3 4525 ) ( )
as well as
P/ _ 54 Pl _ 55
4 — 5 —a a 5 &5 & o
2\/ —SQSSQC 2\/ _SQSSQC ( )
43
/ S? / SS

Ph=—— Ph=—>—.
6 2\/ _523520 ' 8 2\/ _SZSSQC

The above definitions of the coefficients S; and the observables P; and P/ correspond to

those used by LHCb [2]. Analog CP-violating observables P“F and P/“F can be defined

(2

by simply replacing the coefficient S in the numerator of P; and P/ by the corresponding
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coeflicient A;. Notice that the observables P; and P are commonly also called Ag? ) — P ?
] and AR = 2P, [187].

In order to illustrate the importance of Belle II measurements of the observables defined
in (41) to (43), we consider the two cases P; and PZ. At small di-lepton masses the angular
variable P is sensitive to the photon polarization. In fact, in the heavy-quark and large-
energy limit and ignoring s and mg/my, suppressed effects, one finds

2Re (C7C§)

P~ ——
ENToRENNTeAE

(44)
To maximize the sensitivity to the virtual photon, it is necessary to go to very small ¢> which
is only possible in the case of the decay B — K*ete™. Precision measurement of P; (as well
as of PST o Im (C’7C’§)) in the di-electron channel are thus essential for probing possible
BSM effects related to the right-handed magnetic penguin operator @5 [115, 132, 188].
Consequently, decays like B — K*eTe™ emerge as highly relevant for the Belle II programme.

The angular observable P} is instead a sensitive probe of the semi-leptonic operators Qg
and @10 and their interference with (7. In the same approximation that led to (44), one
obtains the expression

Re (C1yCo,1 +Cy Cro)

P~ , (45)
VUUCo, 112 +1C10l2) (ICa 2 +C1ol?)
if only contributions from SM operators are included. Here
2mym 2m
Co,1 = C§(g?) + % cst, Co, = Cs(q®) + miBb cef (46)

Importantly the above results for P; and P} are correct only in the infinite heavy-quark limit.
While in the case of (44) the leading power-corrections are formally of (’)(/%CD /m?), in the
case of (45) a rather complex structure of Aqcp/my, terms arises (see [115] for details). Since
at present the relevant power corrections can only be modeled, assumption-free extractions
of Cy and Cg as well as their chirality-flipped partners from measurements of P, and other
angular observables are not possible.

Additional information on Cy, Cig, C§ and C}, can fortunately be gleaned from the lepton
flavor universality ratios

/@ii2dFU3—>Hﬂ+u‘)
q

q
Rplqo,q1) = o dq” (47)
7 q%d , d['(B — Hete™) '
q
% dq?

with H = K, K*. The SM predictions for these ratios are 1 with high precision. Phase space
effects are small and can be taken into account. Theoretical uncertainties from CKM factors
as well as from form factors and other hadronic effects cancel in the ratio. Corrections due
to collinear photon emissions have been studied recently and appear to be well described by
existing Monte Carlo tools [189]. Any deviation in Ry from the SM prediction exceeding
the few percent level would thus be a sign of new physics.
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Including only the dominant linear BSM contributions from interference with the SM, the
ratios Rk and Rg- can be approximated by [190]

RK[176]21+A+7 RK*[1>6]21+A+_p(A+_A—)7 (48)

with
A Re |[CSM (CXPF 4 O | = (u — , 49
= T T {Z o[o (e )]~ e)} o

and p ~ 0.86 is the so-called polarization fraction of the K* meson [184, 190]. The labels
“SM” and “NP” denote the SM and new-physics contributions, respectively, and the index p
or e indicates the flavor content of the corresponding operator. Under the assumption that
new physics modifies the di-muon channels only and that the relevant corrections are real,
one obtains numerically

RKUWQ::1+024<CNP“+(7 ),

(50)
Ric-[1,6] = 1+0.24 ()} = Oy ) +0.07Ch
where we have introduced the chiral Wilson coefficients
CNPE CNPK C%PK’ Cf%L _ Cé( o C/Z ) (51)

From (50) one observes that Ry only probes the combination CYY¢ + C%, of Wilson coef-
ficients, while Ry~ is mostly sensitive to C’LNEE C}Z;L.L. The observables Rx and Ry~ thus
provide complementary information as they constrain different chirality structures of possible
lepton flavor universality violating new physics in rare B decays. Notice furthermore that
measurements of lepton flavor universality double ratios such as Rx /Ry~ ~ 1+ 0.41 C]%L
directly probe right-handed currents in a theoretically clean way [190].

Belle II will also be able to perform lepton flavor universality tests using angular observ-
ables. Suitable variables include differences of angular observables in B — K*u™p~ and
B — K*ete™ [191, 192], for instance Aa,, = App(B — K*utp~) — App(B — K*ete™) or
Q; = P!" — P¢. The differences 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 Ry[1,6] = 0.745700%) +£0.036 [4] and Rp-[1.1,6] =
0.69704% £ 0.05 [5] deviate by 2.60 and 2.40 from their SM values. Previous measurements
from BaBar [193] and Belle [194] have considerably larger uncertainties and are compatible
with both the SM prediction and the LHCb results. New physics that only modifies the
b — sy~ transition but leaves b — seTe™ unaffected can explain the deviations seen in
the lepton flavor universality ratios Rx and Rx~ and simultaneously address other B-physics
anomalies, like the discrepancy in P [2] and the too low By — ¢utp™ branching ratio [123].
Independent validations of the deviations observed in P!, Rx and Rg- 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.

1.3.4. Measurement of B — K")¢*+¢=. (Contributing author: A. Ishikawa and S. Wehle)

The b — s¢T¢~ transition has first been observed in 2001 by Belle in the B — K/¢T(~
channel [195]. Two years later in 2003, Belle then observed the B — K*(*T¢~ mode [196].
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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 ¢? in B — K®)¢+¢~ are
important observables and several experiments have by now measured them [6-8, 194, 197—
199]. Due to the spin structure of the K* meson, a full angular analysis of B — K*¢*¢~ with
optimized observables is a very powerful way to search for new physics. These optimized
angular observables are less sensitive to form factor uncertainties that plague the theory
calculations.

B — K*utu~ channel. In 2013, the LHCb collaboration announced the observation of
a tension in the optimized observable P, with 1fb~! of data [200]. This tension has been
confirmed two years later when LHCb presented their B — K*u™ ™~ angular analysis based
on the full LHC Run I data set of 3fb™! [2]. Belle has recently also reported results of a
angular analysis with its full data set using both charged and neutral B mesons decaying
to K*eTe™ and K*u*u~ [3]. The Belle results are consistent with the angular analyses by
LHCb, which considered alone show a 3.3¢ discrepancy from the SM [201].

The observed deviations make further independent measurements of the angular distribu-
tions in B — K*u '~ mandatory. Our extrapolations for Belle IT are based on the systematic
uncertainties obtained at Belle. For example, the difference between simulation and data was
estimated directly from B — J/¢K* decays as measured by Belle. Since at Belle IT the mis-
modelling in the simulation will be improved such a approach should lead to conservative
projections. The uncertainty due to peaking backgrounds can be reduced by including the
individual components in the fitted model. The individual components, which may be small,
are more reliably modelled in a larger data set. The uncertainty that is associated to the
efficiency modelling can be reduced by adding correlation between ¢? and the helicity angle
cos 0; in the efficiency function. The helicity angle 6; is defined as the angle between the posi-
tively (negatively) charged lepton in the rest frame of the di-lepton system and the direction
of the B (B) meson. We find that with 2.8fb™! of Belle II data, the uncertainty on P
in the 4GeV? < ¢® < 8 GeV? bin [Uli: Personally I would give the numbers for the
4GeV? < ¢*> < 6GeV? bin since it is theoretically cleaner.] using both muon and elec-
tron modes will be comparable to the 3.0 fb~! LHCb result [2] that uses the muon mode only.
A naive extrapolation then leads to the conclusion that the accuracy that can be achieved
on the optimized observables at Belle IT with 50 ab™! is just by 20% lower than the precision
that LHCb is expected to reach with 50 fb~! of data. We add that at Belle II the iTOP and
ARICH might be able to identify low momentum muons, which may increase the available
data in the low-g? region. Our projections do not included such possible improvements.

B — K*eTe™ channel. As mentioned before, a angular analysis of B — K*eTe™ at very
low ¢? is a sensitive probe of the photon polarization [115, 132, 187, 188]. In fact, angular
observables such as Py and PSP or Ag?) and A® [Uli: Should mention at least some
of these observables in the theory part.] are functions of different combinations of real
and imaginary parts of C7 and C% and hence together with Sk-, and Br(B — Xv) form a
basis of clean observables that allow to completely determine the contributions to Q7 and
Q% from experiment.

LHCb has measured the angular observables using 3 fb™! of data [139]. They reconstructed
124 signal events for the ¢? range from 0.002 GeV? to 1.12 GeV? where the lower bound is

27/57

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884



885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

limited by angular resolution on <;~5, <;~5, where (5 = ¢+ ¢ if ¢ < 0. At Belle II, the resolution
in ¢ is better than that at a forward spectrometer, such as LHCb [AI: need check], and
the reconstruction efficiency of the electron mode is higher than that of the muon mode at
low ¢2. These features will allow for precise Belle II measurement of B — K*ete™ in the low
¢?*-region. The number of reconstructed signal events in the ¢? range [Uli: Which range?]
will be 202 + 21 (2020 + 66) events with 5fb~1 (50fb~!). [Uli: Add a sentence or two
to describe prospects better.]

1.8.5. b— qrt1~ and Lepton Flavor Non-Universality. (Contributing authors:
W. Altmannshofer and J. Kamenik)

B-meson decays to 777~ final states are experimentally largely uncharted territory.
While a few bounds like Br(By — 7777) < 1.3-107% [202] and Br(B* — K*rt77) <
2.25-1073 [203] do exist, they are all orders of magnitudes away from the corresponding
SM predictions. In view of the fact that measurements of 777~ final states remain a big
challenge at LHCb, and that it is unclear whether a sensitivity beyond O(107%) can be
reached [204], Belle IT might be the only next-generation machine that allows to explore
these modes in some depths.

Purely Leptonic Modes. The most recent SM predictions for the branching ratios of the
purely leptonic By — 777~ and By — 777~ decays include NNLO QCD corrections and
NLO EW corrections [17, 19, 205]. They are given by

BriMl .- = (7.73£0.49) - 1077,

(52)

Bri . - =(2.22£0.19)- 1075,
These SM predictions refer to the average time-integrated branching ratios. The uncertainties
are dominated by CKM elements and the B-meson decay constants fg . The used input
parameters are collected in [205].

Semi-Leptonic Modes. Predictions for exclusive semi-leptonic decays depend on form
factors. In the semi-tauonic decays the di-lepton invariant mass, ¢?, is restricted to the
range from 4m? ~ 12.6GeV? to (mp — mp)?, where H = 7, K, K*,.... To avoid contri-
butions from the resonant decay through the narrow (2S) charmonium resonance, B —
H+(2S) with ¢(25) — 7777, SM predictions are typically restricted to a di-tau invariant
mass g2 > 15 GeV?2. In this kinematic regime, lattice computations are expected to provide
reliable results for the form factors (see the discussion in Section 1.1.1).

Combining the uncertainties from the relevant CKM elements and form factors leads to
SM predictions for the branching ratios of the semi-tauonic decays with an accuracy of
around 10% to 15%. The presence of broad charmonium resonances above the open charm
threshold is a source of additional uncertainty. Possible effects of the broad resonances are
typically taken into account by assigning an additional error of a few percent following [206],
which is subdominant compared to the CKM and form factor uncertainties.

SM predictions for the decay B — w777~ have very recently been presented in [29, 207]
using form factors from the Fermilab/MILC collaboration [28, 29]. Results are given for
the branching ratios and the “flat term” in the angular distributions (cf. [184, 207] for the
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definition of the latter observable)

BriM . = (4.294+0.39)- 1077,
BrM, = (1.9940.18)- 1077, (53)

Fpt - =0.8040.02,

where the prediction for FEI’\;IFT+ - holds for both B* and BY and all errors quoted in [29, 207]
have been added in quadrature to obtain the final uncertainties. The above predictions
correspond to a di-tau invariant mass 15 GeV? < ¢? < 22 GeV2. Predictions for additional ¢2
bins are available in [29, 207]. The dominant uncertainties in the branching ratios come from
the B — 7 form factors and the CKM input. Those uncertainties cancel to a large extent in
the flat term.

Also for the B — K717~ decays, SM predictions have been given in [207], using recent
lattice determination of the B — K form factors from the Fermilab/MILC collaboration [31].
The SM predictions for the branching ratios and the flat terms read

BriM . =(1.22+0.10)-1077,
BriM . = (1.1340.09) - 1077, (54)
Fpierir = 0.8740.02,

where we added all uncertainties quoted in [207] in quadrature. As in the case of the B —
777~ decays, the value of Ff}ﬁhﬁ, applies to the charged and neutral channel and the
above predictions refer to a ¢? range 15 GeV? < ¢? < 22 GeV?. Predictions for additional ¢2
bins can be found in [207]. Again, the dominant source of uncertainty in the branching ratio
arises from the B — K form factors and from the CKM elements, while in the flat terms
these errors largely cancel.

The SM predictions for the B — K*7+7~ branching ratios read [? |

BriM, - =(0.99+0.12) - 1077,
BriM =(0.91+0.11)- 1077 %)
K*Ortr— — . . )

where the di-tau invariant mass ranges from 15 GeV? to the kinematic endpoint around
19.2GeV?2. The used B — K* form factors are based on a combined fit of lattice and LCSR
results [38].

The SM prediction for the By — ¢77 7~ branching ratio is given by [? ]

BriM = (0.734+0.09) 1077, (56)

where the di-tau invariant mass ranges from 15 GeV? to the kinematic endpoint at roughly
18.9GeV?2. The used By, — ¢ form factors are based on a combined fit of lattice and LCSR
results [38].

Lepton  Flavor Universality Ratios. We define the lepton flavor universality
ratios R% [qo, ¢1] in analogy to (47). In these ratios uncertainties from CKM elements drop
out. Also form factor uncertainties cancel almost exactly in ratios involving electrons and

muons, while in ratios with taus, these uncertainties get reduced.
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The SM predictions from [207] read
(RFT)gy = 1.18 £0.06,

(RMT)sn = 0.87 +0.02,
for 15GeV? < ¢ < 22 GeV?. For the B — K* decays we find [? ]
(R )sm = 2.44 4 0.09 (58)

where 15 GeV? < ¢ < 19.2 GeV2. Within the quoted uncertainties the results (57) and (58)
apply to both charged and neutral decays.

Probing BSM Physics. Since the b — q777~ decays involve third-generation fermions in
the final state, one can envisage new-physics scenarios — such as models with extended
Higgs or gauge sectors or scenarios with leptoquarks — that give rise to effects in the 777~
modes, while leaving the eTe™ and/or pu*u~ channels unaltered. In a model-independent
approach, tau-specific new physics in rare B-meson decays can be described by an effective
Hamiltonian that contains besides the operators Q7, Qg, Q10 introduced in (3) and (4) their
chirality-flipped partners Q7%, Qg, @ as well as

Qs = (qLbr)(TRTL)

(59)

Qs = (qrbr)(TLTR) -
To constrain all possible 777~ operators, one should try to measure/bound both purely
leptonic and semi-leptonic modes, since they have different blind directions in parameter
space [208, 209]. In this respect it is also interesting to note that b — svi decays can constrain
the operator combinations containing a left-handed tau current Qg9 — Q1o and Q4 — Q’,,
due to SU(2), invariance. On the other hand, b — svv is blind to the orthogonal directions
Q9 + Q10 and Qf + @, that contain right-handed tau currents.

Many BSM models can lead to modifications in the b — ¢7 "7~ channels. Interestingly,
several models that address the LHCb anomalies in the b — spu™ ™ sector [2, 4, 121-123, 200,
210] or the evidence of lepton flavor universality violation in B — D)y decays [211-214],
predict characteristic deviations in b — s7t7~ transitions from the SM predictions.

The model proposed in [215] contains a Z’ boson, associated to the gauge symmetry of
muon-number minus tau-number, L, — L,. Given the current anomalies in the b — spu™p™
sector, the model predicts a suppression of all semi-leptonic b — su™u~ decays by about
20% [191]. The L, — L, symmetry implies that all semi-leptonic b — s777~ decays are
instead enhanced. Translating the predictions for b — su™pu~ transitions found in the

minimal flavor violation (MFV) scenario of [191] to the tau sector using [? |, we find
Bri lT = (1.46 +£0.13) - 1077,

Bri tr = (1.3540.12) - 1077,
Brie b = (1534+0.23)-1077,
Brieolr = (1.40+0.21) 1077,
where the K9 branching ratios refer to the ¢ region 15 GeV? < ¢ < 22 GeV?, while the K*

rates correspond to 15GeV? < ¢% < 19.2GeV?. The By, — 777~ decay remains SM-like in
the L, — L; framework.
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In the scenarios discussed in [216-218], the current B physics anomalies are addressed
by BSM physics in the form of left-handed currents involving mainly the third genera-
tion. In these scenarios the b — s777~ decays can in principle be enhanced by an order
of magnitude compared to the SM predictions. Left-handed currents imply a strong cor-
relation between b — s7T7~ and b — svi decays, see also the discussion in Section 1.4.3
below. Using the current upper bound on Br(B* — Ktvi) < 1.6 - 1077 [219], one finds the
following maximal values for the tauonic branching ratios [? |

Bl . <245.1077,

Bl . <225.1077,
Bril, . <228.1077, (61)
Britto, - <20.1-1077,

Bryl .. <15-107°.

The ¢? regions are chosen as in (60). Enhancements beyond the above bounds are possible
in the presence of right-handed currents [220]. Measurement of b — s, d7 7~ modes are thus
likely to play an important role in the search for lepton non-universality and indirectly may

also provide useful information on lepton flavor violation.

1.3.6.  Tests of Lepton Flavor Universality in b — s¢*¢~ and By — 777~. (Contributing
authors: A. Ishikawa and S. Wehle)

The LHCb measurement of the ratio Rx[1,6] as defined in (47) deviates by 2.60 from
its SM value [4]. This anomaly can be explained by new physics that only modifies the
b — syt p~ transition but leaves b — seTe” unaffected, which implies a violation of lepton
flavor universality.

At Belle I1, all the ratios Ry, Ry- and Ry, can be measured precisely in both the low-¢?
and high-¢? region. This is possible since, in contrast to LHCb where the radiative photon
recovery is difficult, the reconstruction efficiency for electrons is comparable to that for muons
thanks to the better electromagnetic calorimeter. By taking the ratio between the muon
and electron mode, almost all systematic uncertainties cancel out. The dominant source of
uncertainty is hence due to the imperfect lepton identification which is expected to lead to a
relative error of 0.4%. Given the smallness of this uncertainty, Belle II measurements of Ry,
Ry~ and Ry, will all be statistically dominated. It thus follows that with 20 ab~! of data,
Belle II should be able to confirm the Rx anomaly observed by LHCb with a significance
of 5o, if it is indeed due to new physics. We add that measurements of the observables
Qup = Pzifg — P;% [192], which have been recently performed by Belle for the first time [3],
are also statistically dominated at Belle II.

Studies of the Bt — K*t777~ and By — 777~ decay modes are interesting because they
allow to search for new physics which affects EW penguin B decays involving third-generation
leptons. Since the final states contains multiple neutrinos, a tagging of the other B meson is
needed to search for these decays. Recently, Belle demonstrated that hadronic B, tagging is
possible, showing that the tagging efficiency is about two times better than that in the case
of By mesons [? |. [Uli: Spires does not know this reference.| A further improvement
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Fig. 4: Exclusion contours in the Cj'¥—CNF plane resulting from future inclusive b — s¢*¢+
measurements at Belle IT. For comparison the constraints on CJ'Y and O} following from
the global fit presented in [221] is also shown.

of the hadronic tagging efficiency by a factor of two can be achieved with the full event
interpretation. [Uli: Explain or link to technical section.] After tagging the other B
meson, the tau leptons are reconstructed from single prong decays. Even with the improved
reconstruction techniques, observations of the SM branching ratios of BT — K77~ and
Bgs — 777~ are unlikely. The expected upper limits on the branching ratios that Belle II
should be able to place are of order 107° and 10™* for B; and B, decays, respectively.

1.8.7.  Future Interplay of Inclusive and Exclusive b — s¢™¢~ Measurements. (Con-
tributing authors: T. Huber, A. Ishikawa and J. Virto)

In the following, we will study the phenomenological impact that future Belle II
measurements of the branching fraction and forward-backward asymmetry in B —
X, 00~ with 50ab™! of integrated luminosity may have. We consider three ¢*> bins,
namely [1,3.5]GeV?, [3.5,6] GeV? and > 14.4GeV?, and derive model-independent con-
straints on the Wilson coefficients of the operators Q9 and @ip introduced in (4). In
particular, we will ask the following question: if the true values of the new-physics con-
tributions are CJF and C}F, respectively, with which significance will Belle II be able to
exclude the SM?

This question is answered by the contours shown in Figure 4, which have been obtained
from a x? fit based on the theory predictions of [163], but including an extra 5% uncertainty
to account for non-perturbative effects [178]. Consider for example a point in the C’é\lpf C%P
plane which resides on the contour labeled “5”. If this point represent the true values of the
new-physics contributions then a fit including only the measurements Br(B — X /T¢~) and
App(B — X0T¢7) will result in a pull of the SM with respect to the best fit point by 50.
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The figure thus allows to determine the significance with which future Belle IT measurements
of B — X 0T/~ can exclude the SM, depending on which are the true values of the Wilson
coefficients Cy and C1y.

For comparison, the 1o, 20 and 3o regions in the C}fpf C%P plane that are obtained from
the global analysis [221] are also shown in Figure 4 as red contours. One can see that Belle IT
would exclude the SM by more than 5¢ if the central value Cé\IP = —1 preferred by the global
fit turns out to be correct. This nicely illustrates the interplay and complementarity between
inclusive and exclusive measurements, and shows that Belle II can play a decisive role in the
search for new physics via b — s¢T¢~ transitions.

[Uli: This contribution could go to new-physics section?]

1.4. Double-radiative decays
(Contributing authors: C. Bobeth and A. Kokulu)

By — v Decays. In the SM, the branching ratios of the B, — vy decays scale as the
involved CKM elements |Vi4|? and |Vis|?, predicting an enhancement of the By — vy decay
over the By — 77y decay by a factor of |Vis/V;4|? =~ 20. Using the full data set at 7(5S) [222],
Belle obtained the following 90% CL upper limit

Br(Bs — YY)exp < 3.1-107% (62)

on the branching ratio of Bs — 7. The searches for By — v at 17(4S5) resulted instead in
the 90% CL upper limits

3.2-1077,

63
6.2-1077, (63)

Br(Bg = 77)exp < {
from the full data set of BaBar [223], and a partial data set of 104 fb~! of Belle [224] out of
the available 711fb~!. The corresponding SM predictions are given by [225]

Br(B, — 77)sm € [0.5,3.7] - 107¢,
(64)
Br(Bg — v7)sm € [1.0,9.8] - 1078,
and are either close to or only by an order of magnitude below the bounds (62) and (63).
The above comparison shows that Belle IT will be able to discover By — vy with the antic-
ipated 50 times larger data set at 7°(4S). Furthermore, an appropriately large 7°(55) data
set could provide an observation of By — 7.

From a theoretical point of view, double radiative B, — vy decays are complementary
to the corresponding radiative inclusive B — X,y decay. They depend on the same Wilson
coefficient C7 of the photonic dipole operator (3), but the contribution of four-quark opera-
tors in B, — v is different compared to B — X,v. This feature provides a complementary
test of the Wilson coefficient C'; which plays an important role in many BSM models.

As will be explained in more detail below, the main source of theoretical uncertainty in
the QCDF approach arises due to the first negative moment, Ag, of the B-meson distribu-
tion amplitude. This hadronic parameter can be determined from the radiative leptonic
decay B — fpyy [226, 227]. For the definition and a detailed discussion of the
phenomenological impact on two-body hadronic decays, see Section 77.
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The amplitude of the B — ~(k1, €1) (ka, €2) decays — hereafter B stands for both B, —
has the general structure

A = A+ [2(](51 . 62) (k‘Q . 61) - mQB(el . 62)] —A_2i Sumgk/fkrge‘feg . (65)

The CP properties of the corresponding two-photon final states are indicated by the sub-
scripts + on the amplitudes Ay. The parallel spin polarization of the photons is described
by A, whereas the perpendicular one is encoded in A_.

The decay rate is obtained after summation over photon polarizations

3
_ m
P(B —77) = S8 (|4, +[A_?). (66)

In the absence of methods to tag the flavor of the initial B meson, the CP-averaged branching
ratio must be considered instead

Br,, = 2 [D(B = 77) + T(B = 7)) (67)

where I'(B — vv) is determined from (66) using the amplitudes A+ of the CP-conjugated
decay B — ~~. Further, for the case of untagged Bs decays the sizable decay width leads
to rapid mixing and requires to perform a time-integration [228] in order to obtain the
experimentally measured CP-averaged and time-integrated branching ratio

<§w> = H1378A2AF§W~ (68)
Ys
It depends on y; = AT's/(2I'5) = 0.075 £ 0.012, where I's = 1 /75, the inverse of the lifetime,
the CP-averaged branching ratio (67) at time ¢ = 0 and the mass-eigenstate rate asymmetry
AAr(B — 7). The latter can be determined in an untagged but time-dependent analysis
via a measurement of the effective lifetime [228].

Direct CP violation can be tested by a tagged measurement of

rop = |AJ]? — \4\2
|A]Z 4 A2 (69)
s AP AP

TP T AP+ | AP
where extractions of réEP also require the determination of the photon polarizations.
A systematic analysis of these decays in the heavy quark limit m;, > Aqcp has been first
given in [225]. In this limit, the hadronic matrix elements of operators @; of the effective
Hamiltonian (1) factorize

1
(1QilB) = f5 /0 Ao TP () &5 (w) e1yucan (70)

The TZ-“ Y are perturbatively calculable SD functions, whereas the non-perturbative effects
are contained in the B-meson decay constant fp and the leading light-cone distribution
amplitude (LCDA) of the B meson in HQET, denoted as qug. The latter depend on the light-
cone momentum w of the spectator quark inside the B meson. Within the QCD factorization
setup [225], only the first negative moment,
1 / L 9B (71)
AB 0 w
of the LCDA of the B meson appears.

34/57



1 Radiative and Electroweak Penguin B Decays

The leading-power contribution arises from the emission of a hard photon from the B-
meson spectator quark for the matrix element of the photonic dipole operator )7,

GF (6]
Ax = ﬁ%ff’ 2 AL
p=e (72)
of MB
Ab = —cdt =

AB
where CS is the effective coupling of this operator at the low-energy scale . At this
order in the power expansion, one has (T%P)SM = 0. Furthermore, since Br, o« (fg/Ap)?
and given the accuracy of lattice predictions for fp, in the case of the branching ratios the
main theoretical uncertainty comes from Ap.

At the subleading order in the power expansion, there are two types of contributions to the
matrix element of Q7: (7) higher-twist contributions and (7i) the one-particle reducible (1PR)
diagram where the photon is emitted from the b-quark line. Both corrections naively repre-
sent a correction of O(Aqcp/mpy) = O(10%) and have so far been neglected in the theoretical
predictions.

One-particle-irreducible (1PI) contributions of the four-quark operators in the effective
Hamiltonian (1) also arise at O(Aqcp/my). The corresponding matrix elements were shown
to factorize in the heavy-quark limit to NLO in QCD, leading to (y|Q;|B) = fT!" €1, €20,
independent of w. Numerically the largest contributions stem from the current-current oper-
ators QY ,. They give an additional contribution to the coefficient A” appearing in (72). One
obtains

A =~ 2 2O+ N.Ch) g(2), (73)
where C7, are the Wilson coefficients of QF, at the scale y, and N, = 3. The function
9(zp) with z, = mg / mg developes an imaginary part only for p = ¢ when setting m,, to zero,
which provides the leading contribution to 7-p. The quantity rgp on the other hand still
remains zero. The QCD penguin operators (J3_g contribute equally to the u-quark and c-
quark sectors and their overall effect is very small [229]. Including all relevant effects, the CP
asymmetries in the SM have been estimated as [208, 225, 230]

(rep)dm =~ 0.5%, (rap)dm =~ 0.4%, )
(rep)dm =~ —5% (rop)am =~ —10%,

while (rgp)g’lfl/l ~ 0%. Notice that the predictions for By are larger than those for Bs as a

result of the CKM hierarchies (2).
The dependence of the branching ratios on Ap cancels almost completely in their ratio,
leading to

Vis

2 2 3
7B, f B.MpB,
Vid

2 3
TBdeded

Br(Bs = vY)sm N
Br(Bg — vvY)sum

(75)

Compared to Ap, other parametric uncertainties due to the CKM elements and fp are
currently subdominant. Higher-order radiative QCD effects are estimated via factorisation-
scale variation to be of O(30%), and subleading power corrections are expected to be
of O(10%) [225].
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In BSM models, the B, — v decays can receive two types of non-standard contributions:

(1) Modifications of the Wilson coefficient C7, which will also leave an imprint in B — X7.
(i) Modifications of the 1PI contributions due to four-fermion operators b — qf f, where f
stands for the five possible light quarks or the three charged leptons.

The first type has been studied in various models such as the two-Higgs-doublet-model
of type I (2HDM-II) [231, 232], the minimal supersymmetric SM (MSSM) [233] and universal
extra dimensions [234]. However, due to strong constraints on C7 from B — X,v, large
modifications of Br(B; — ) are by now already excluded.

The complementarity of B, — 7y comes therefore mainly from the second type of modifi-
cations due to non-standard four-fermion operators b — ¢f f with vectorial and scalar Dirac
structures, which contribute differently to B, — vy and B — X,y [208], turning it into an
interesting probe of such effects. Experimentally least constrained are the b — s777~ oper-
ators, which have been studied model-independently in [208]. Currently large deviations
from (rcp)gy, are still allowed. Concerning the rate it might be enhanced up to a factor of
order two, depending also on the exact value of Ap, which determines the relative size of
four-fermion operators versus the contribution of (J7. Such effects arise for example in SUSY
with broken R-parity [235] or leptoquark scenarios [208].

1.4.1.  Searches for By — 7. (Contributing authors: A. Ishikawa)

Since the final states do not have charged particles, the By — vy and By — vy decays have
so far only been searched for at ete™ colliders [222-224]. The obtained upper limits (62)
and (63) are several times larger than the corresponding SM predictions (64). Given its
large data set, Belle II will be able to observe the B, — yv decays and perform new-physics
searches through precise measurements of these unique transitions.

The reconstruction of B, — 7y decays is straightforward. Two isolated clusters in the
calorimeter, whose shower shapes are consistent with an electromagnetic shower, are com-
bined to reconstruct the B-meson candidates. The B meson is identified through the AE and
M, distributions. Since the calorimeter is about 16 radiation lengths, the AE distribution
has a longer tail to lower AFE values due to shower leakage. The dominant backgrounds are
off-timing Bhabha events on top of hadronic events and continuum events with initial state
radiation. The former can be reduced by requiring the hit timing differences of the clusters
and trigger [Uli: What is the requirement?], while the latter can be suppressed by the
use of event shape variables.

Assuming that Br(Bg — 77) = 3.1 - 1078, the decay should be observed with an integrated
luminosity of 12ab~! and the relative uncertainty on the branching ratio is expected to be
9.6% [Uli: Maybe just say 10%] with 50 ab™! of data. The given uncertainty is statistically
dominated. After an observation, the direct CP violation can be measured using flavor
tagging. With 50ab~! it should be possible to measure Acp(By — vy) with a precision
of 25%.

The data taking strategy at 7(5S) is not determined yet. If we assume that 15ab~!
data will be accumulated, the data sample will contain about 8.8 - 108 Bﬁ*)oéﬁ*)o pairs. To
observe the By, — vy decay, 6ab™! of integrated luminosity are needed and the precision
on the branching ratio will be around 13% with the full data set. The achievable precision
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is again statistics limited. Since flavor tagging of By mesons is difficult due to fast B, B,
oscillations and the worse proper-time resolution compared to the B, case, a measurement
of the direct CP asymmetry of By — 77 seems very difficult. An exception could be provided
by CP tagging of the other By meson in the 7(55) — BYBY or 1'(5S5) — B:°BY%* processes.
Further studies of the CP tagging efficiency using full event interpretation are needed to
clarify this issue.

1.4.2. B — X¢vyvy decay. Compared to B — X7, the double-radiative process B — Xy
is suppressed by an additional factor of a/(47), which leads to the naive expectation Br(B —
Xsvy)sm = O(1077). Given its small branching ratio it is unsurprising that the mode B —
Xy has not been observed so far.

Even though it is very rare compared to the single radiative B — X7 decay, the double-
radiative process has some features that make it worthwhile to study it at Belle II. These
features are:

(7) In contrast to B — X7, the current-current operators (12 contribute to B — Xyyy
via 1PI diagrams already at LO. As a result, measurements of the double-radiative
decay mode would allow to put bounds on these 1PI corrections.

(ii) For B — X,y one can study more complicated distributions such as d?I'/(dE1dE>),
where FE 5 are the final state photon energies, or a forward-backward asymmetry (Arg)
that can provide additional sensitivity to BSM physics.

In order to exploit these features in a clean way, SM predictions beyond the LO are needed.
A first step towards achieving NLO accuracy has been made in [236, 237] by the calculation
of the (Q7, Q7) interference contribution to the differential distributions at O(as). In the lat-
ter works it has been shown that the NLO corrections associated to (Q7,Q7) are large and
can amount to a relative change of around +50% compared to the corresponding LO pre-
dictions [238-241]. Further progress towards B — Xy at NLO was made recently in [242]
by providing the (Qs, Qs) self-interference contribution. Although these corrections should
be suppressed relative to those from (Q7,Q7) by ’CgHQd/ C?ﬂf ~ 3% the appearance of
collinear logarithms In(ms/my) could upset this naive expectation. One important outcome
of the work [242] is that the logarithmically-enhanced contributions stay small in the full
phase-space, and as a result the (Qg, Qg) interference represents only a subleading NLO cor-
rection. The NLO calculation of the numerically important (Q7, Q7) interference contribution
has very recently been extended to the case of a non-zero s-quark mass [243].

Including all known perturbative corrections the state-of-the-art SM prediction reads [243]

Br(B = Xa)éw 2 = (0.9+0.3)- 1077, (76)

where ¢ represents a cut on the phase-space (for details see [243]) which guarantees that
the two photons are not soft and also not parallel to each other. The quoted uncertainty
is dominated by the error due to scale variations u, € [mp/2,2my]. Since scale ambiguities
represent the largest theoretical uncertainty at present, a more reliable SM prediction can
only be achieved by calculating further NLO corrections such as for instance the (Q1 2, @Q7)
interference term. We add that LD resonant [240] and spectator quark [244] effects are small
and have therefore not been included in (76).

The inclusive B — Xsv~ decay has also been examined in extensions of the SM. Predictions
for Br (B — Xsv7) and App have been obtained in 2HDMs [239, 241] and in the framework of
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R-parity violating SUSY [235]. In all cases it has been found that O(1) effects in B — Xgyy
can arise in the models under consideration.
[Uli: Drop?]

1.4.8. B — K®up Transitions and Missing Energy Signals. (Contributing authors:
C. Smith and D. Straub)

The B — K™ v decays provide clean testing grounds for new dynamics modifying the
b — s transition [220, 245, 246]. Unlike in other B-meson decays, factorization of hadronic
and leptonic currents is exact in the case of B — K *)v because the neutrinos are electrically
neutral. Given the small perturbative and parametric uncertainties, measurements of the
B — K™y decay rates would hence in principle allow to extract the B — K®) form factors
to high accuracy.

Closely related to the B — K®) v modes are the B decays that lead to an exotic final
state X, since the missing energy signature is the same. Studies of such signals are very
interesting in the dark matter context and may allow to illuminate the structure of the
couplings between the dark and SM sectors [247].

B — K™ v in the SM. Due to the exact factorization, the precision of the SM prediction
for the branching ratios of B — K® o is mainly limited by the B — K®) form factors
and by the knowledge of the relevant CKM elements. The relevant Wilson coefficient is
known in the SM, including NLO QCD and NLO EW correction to a precision of better
than 2% [15, 16, 18]. Concerning the form factors, combined fits using results from LCSRs
at low ¢? and lattice QCD at high ¢? can improve the theoretical predictions.

Using ‘)\Es)’ = (4.06 4 0.16) - 1072 for the relevant CKM elements, obtained using unitar-
ity and an average of inclusive and exclusive tree-level determinations of V,, as well as a
combined fit to LCSR [38] and lattice QCD [248] results for the B — K* form factors, one
obtains the following SM prediction for the B — K*vv branching ratio [? |

Br(B — K*vi)sy = (9.6 +£0.9)-107°. (77)

An angular analysis of the angle spanned by the B meson and the Kt meson resulting
from the K* — KT~ decay gives access to an additional observable, the K* longitudinal
polarization fraction Fp,, which is sensitive to right-handed currents [245]. For the low number
of events expected at Belle II, such an analysis can still be feasible using a principal moment
analysis [249].

The B — K form factors are known to an even better precision from lattice QCD.
Extrapolating the lattice result to the full ¢> range, one arrives at [? |

Br(BT — KTvi)gy = (4.6 £0.5)-107C. (78)
Since the isospin asymmetry vanishes for both decays (except for a presumably negligible
difference in the charged and neutral form factors), the B vs. B* branching ratios can be

trivially obtained by rescaling with the appropriate lifetimes — once the tree-level BT —
v, (17 — KT;) contribution is properly taken into account [246].

BSM Physics in B — K®up. Within the SM, the B — K®*) v decays are mediated by
the effective operator (5) which involves a sum over the three neutrino flavors ¢ = e, u, 7.
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In BSM scenarios, there can be a left-handed operator for each neutrino flavor as well as
right-handed one of the form

Q% = (SrRYubR) (Tery ' vier) - (79)

In total there can hence be six different operators.
The two branching ratios give access to two combinations of the six Wilson coefficients,
namely

Br(B — Kvv) 1 9
=2y (-2
Br(B = Kvi)sy 34 (1=2me) e,

Br(B — K*vi) (80)
r(B — K*'vu 1 2

-y«
Br(B— Kvi)sy 34 (14 e €

where £, is a ratio of binned form factors [220] and

VICLI? +|CRP?

(o I

€p =

—Re (C1CF)
" ICEE+ICEP
While in principle, no general constraint on the size of BSM effects in B — K® v decays
can be derived from other processes, in practice in many models there is a relation between
semi-leptonic decays with neutrinos and the ones with charged leptons in the final state. This
is because SU(2)1 gauge symmetry relates left-handed neutrinos and charged leptons. This
relation can be most conveniently studied in the SM effective field theory (SMEFT) [250,
251], based on an OPE in powers of the inverse new-physics scale. The relevant dimension-six
operators read

1 _ .
Q) = (qruar) H'iD"H
Qf}; = (qLyumqu)H'iD* " H |

= (dpyudr)HViD'H |
Quad = (drVudR) (82)

Qfﬁ) = (qryuar)(2y"1L)
ij’) = (qryumqn) Uy relL)
Qar = (dryudr) (1),
where H denotes the Higgs doublet field, while ¢, and [; are the quark and lepton dou-

blets, respectively, and we have suppressed flavor indices. The generators of SU(2); are
denoted by 7¢. The SMEFT Wilson coefficients can be matched onto the low-energy Wilson

39/57

1243

1244

1245

1246

1247

1248

1249

1250

1251

1252

1253

1254

1255

1256

1257

1258



1250 coeflicients Cﬁj r and the ones relevant for b — s¢*¢~ transitions as follows [220, 2527 |
CLx O~y oy,
Crox Cy+Cy,
Co ox Coe + C) +C —¢Cy,
Cy x Cge + Cqp — ¢CY,
Cro o Cpe = CY) = C¥ 1 Oz,

C{O x Cge — Cy + C/Z,
1260 where

1 1 3 1
Cz =5 (Cl+Ci) . Ch=5Cua,

(83)

(84)

ver and ¢ =1 —4s2 ~ 0.08 is the accidentally small vector coupling of the Z boson to charged

1262 leptons with s, the sine of the weak mixing angle. While in full generality, these relations are

1263 not very useful due to the larger number of operators in the SMEFT, they become useful in

1es  models where only a subset of the SMEFT operators are generated. For instance, in models

(

126 with an additional SU(2)p-singlet neutral heavy gauge boson (Z’), one has C q?) =0. If in

1266 addition Z—Z' mixing is small, one obtains the prediction
_ G —Cio c :Cé—cio.

C ,
L 2 R 2

167 In the opposite limit of a new-physics model where only the coefficients C; and C7,

16s generated, one obtains
Cr=Cw, Cy=—(C,
1260 and

Cr=Cly, Cy=—(Clp.

(85)

(86)

(87)

1270 In both cases, the existing data on b — s/~ transitions limit the size of possible BSM effects

e in B — K™y, However, in models where new physics enters in the pattern C(gll)

®3)
ql °

122 large modifications are possible without any constraint from b — s/~ processes. Indeed

1273 such a pattern is realized in a particular leptoquark model [220] up to loop effects [253].

1274 Finally, we stress that the constraints from b — s¢™¢~ processes can be weakend by the con-

1275 tributions of additional operators not relevant in b — svv, like dipole operators or operators

1276 involving right-handed leptons.
1277 In the discussion after (82), we have neglected lepton flavor so far. In fact, in

the

s B — K™y decays all three neutrino flavors contribute and cannot be distinguished exper-

1279 imentally. In b — s¢T ¢~ transitions, on the other hand, the most precise measurements have

1230 been done with muons, and the modes with electrons in the final state are less strongly con-

12e1 strained. Finally, b — s777~ decays have not been observed at all to date due to the difficulty

g2 posed by the identification of tau leptons. This highlights another important feature of the

sz B — KMy decays: if new physics couples mostly to the third generation of leptons (and

1284 lepton neutrinos), it could cause large enhancements of the B — K *)yp branching ratios

s without strongly affecting b — se™e™ or b — syt~ decays. Such a dominant coupling to

186 third-generation lepton flavor has been put forward to explain various anomalies in B physics

1e7  recently [216, 218], cf. the related discussion in Section 1.3.5.
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B — KMy experimental prospects:. (Contributing authors: A. Ishikawa, E. Manoni)

From the experimental point of view, searches of the B — K® v charged and neutral
channels have been performed by both Belle and Babar using hadronic tagging [219, 254]
and semileptonic tagging [255, 256]. The resulting upper limits at 90% of confidence level are
a factor of 2-5 above the Standard Model predictions [220] for K+, K**, and K*° channels.
If new physics does not contribute to b — svv transitions and the Standard Model prediction
holds, the B — K® v decays will be able to be observed at Belle I1.

Assuming the same performance as Belle for semileptonic tagging analysis, we have esti-
mated the sensitivities of B — K+vv and B — K*%vv by combining the hadronic tagging
and semileptonic tagging analysis. The two decay modes will be observed with about 18 ab™!
and the sensitivities of the BF will be 12% and 11% for B — K*vv and B — K*%vv with
50 ab~!. Once the K* modes are observed, measurements of differential BF and K* polar-
ization are important subjects. We performed the toy MC studies and we can measure the
F1, with uncertainty of 0.11 when the input Fy, value is 0.47 [220].

In order to evaluate the impact of machine background on B — K ®)v searches, we studied
signal and generic MC samples (from the MC5 central campaign, described in the “Belle
IT Simulation” section), in two configuration: physics events superimposed to the nominal
machine background (“BGx1” configuration), physics events without machine background
(“BGx0” configuration). To investigate this, we considered the B¥ — K**vi channel with
K** reconstructed in the K*70 final state.

The used generic MC samples consist on a mixture of BTB~, BB, ua, dd, cé, and s3
corresponding to 1 ab~!. About 1 million signal MC events, with K** decaying to both K*7°
and ngﬂ':t, have also been generated. The signal signature in the recoil of a B reconstructed
in hadronic final states are searched. To do that the official FEI algorithm 7?7 with ad-hoc
refinements on particle identification and cluster cleaning, as done for the B — 7v analysis
documented in 7?7, are used.

We select 7'(4S) candidates in which the Byqq probability given by FEI is higer than 0.5%.
Moreover, no extra-tracks (tracks not associated to the signal B meson nor to the tag side B
meson) should be reconstructed. We select the best 7°(4S) candidate in the event according
to the highest By, signal probablity and the smallest difference between the reconstructed
K* mass and the PDG value.

Once the best BB pair is selected, we exploit variables related to the Biag kinematics
(Mp. and AFE variables) in order to remove mis-reconstructed candidates. Both requirements
suppress events in which Byq,’s originate from wrong combination of charged and neutral
particles, both in BB and g events.

The continuum events can be further reduced by considering event shape variables such
as R, the normalized second Fox-Wolfram moment. The goodness of the strange mesons
reconstructed in the signal side is checked through a selection requirement on the difference
between the reconstructed mass and the PDG value. Properties of the missing energy in the
signal side are also exploited. We define the missing 4-momentum in the CM frame as the
difference of the 7°(4S) 4-momentum and the sum of the By, and K* 4-momenta. Since
no extra-tracks are allowed, the missing momentum is related to actual neutrinos, extra-
neutrals, and particles escaping the detector acceptance. One of the most powerfull selection
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variables of the analysis is the sum of the missing energy and of the module of the missing

*
miss

3-momentum in the CM frame ( + cpl.iss) Which is require to be greater than 4.5 GeV'.

5 . .6
Episs*cP, ., (GeV)

Fig. 5: Distribution of E,. . + cpZ. ... for the signal (red) and for the generic MC samples (see
legenda), for the K** — KT7" channel in the “BGx1” configuration after all the selection

*

criteria applied but the ones on E . -+ cp}.; . and Frcr. The number of generic MC events

corresponds to an integrated luminosity of 1 ab~! while the signal normalization is arbitrary.

2 2
£ £
g —BGx1 g
] i

—BGx1

0061 * BGx0

005 01 015 02 025 03 035 04 045 05 005 01 015 02 025 03 035 04 045 05
Ece, (GeV) Ece, (GEV)

Fig. 6: Distribution of the Egcy, normalized to unitary area, for the for the “BGx0” (dots)
and “BGx1” (line) configurations for the K*+ — K+ 7" channel after all the selection criteria.
Left: signal MC sample. Right: charged BT B~ sample.

Figure 5 shows the E* .+ cp¥ ... distribution,s for the K** — K +79 channel, for signal
and generic MC samples in the “BGx1” configuration. The quantity E*

miss

i8S
v
+ ¢p}iss 1S much

less correlated to the v invariant mass than E

a model-independent analysis. A signal region in the extra-neutral energy deposited in the

iss OF Py . alone, making it suitable for

calorimeter (Epcy) is also defined, requiring Epcr < 0.5 GeV. The distributions for signal
MC and the dominant source of background surviving the selection, namely charged BB
decays, are shown in Figure 6 in both “BGx1” and “BGx0” configurations. In Table 2 a
comparison of the selection performances considering the two machine background config-
urations are reported. As can be noticed, both efficiency and background contamination is
higher for the “BGx0” case. This is due to the fact that the optimisation of the selection
at reconstruction level has been optimised using the “BGx1” sample and also that for the
“BGx0” configuration we have used a FEI training performed on the sample with machine
background superimposed. The overall signal significance is higher in the background-free
sample as expected. From this study we can conclude that, with the machine background
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“BGx0” “BGx1”
Nikg 6415+ 80 | 3678 +61
e (1074 10.3+0.3 | 5.38 £0.23
Naig/+/Npkg 0.16 0.15
UL (107%) 2.6 3.8

Table 2: Number of generic events (Nyg), signal selection efficiency (¢), signal significance
(Nsig/\/Nokg With arbitrary normalization of the signal), and expected upper limit (UL) at
90% C.L. extracted with a bayesian approach, for “BGx0” and “BGx1” configurations. The
errors reported and the ones used in the UL estimation are statistical only.

campaign used in the MC5 production cycle, the detector performances and the reconstruc-
tion algorithms are robust against machine background. This has been tested on a K** final
state with both a neutral particle and a charged tracks. In this respect, the analysis of finals
states with K** — K2(7 "7~ )™ and K*¥ — K7, reconstructed with track only, should
give similar or better results.

Related B — Xvv Decays. The processes Bs — ¢vv or Bg — n(’)VD are based on the
same quark-level transition as B — K*) v and only differ in their form factors. In addition,
there are also exclusive decays based on the b — dvi transition, e.g. B — pvv, B — wvi
or B — mvv. In the SM, the SD contribution to these decay rates are parametrically sup-
pressed by [Viq/Vis|? ~ 0.05 with respect to the b — sv7 modes and thus challenging to
detect. Further, charged modes are polluted by the large Cabibbo-allowed tree-level contri-
bution Bt — 7t v, (17 — (m, p) T ;). Still, order-of-magnitude enhancements of these modes
relative to the SM expectations are not excluded in a model-independent fashion.

Non-Standard Invisible Final States. The successes of the SM do not rule out the presence
of new light particles. Indeed, if they are sufficiently weakly interacting with SM particles,
they could have evaded direct detection until now. One could think for example of the
extreme situation in which a unique new particle, fully neutral under the whole SM gauge
group, is added to the SM. Our only window to discover such a particle would be its gravita-
tional interactions, and there would be no hope of an earth-based discovery in the foreseeable
future. In a more realistic setting though, new neutral light particles would be accompanied
by new dynamics at some scale. Presumably, this new dynamics would also affect the SM,
and would thus indirectly couple the visible and hidden sectors.

There are many examples of such BSM models. The most well-known example is the
axion [257-260], introduced to cure the strong CP problem of the SM. More crucially, there
are now very strong indications that the universe is filled with dark matter, so there should
be at least one new electrically neutral colourless particle, possibly lighter than the EW scale.
Once opening that door, it is not such a drastic step to imagine a whole dark sector, i.e. a set
of darkly interacting dark particles only loosely connected to our own visible sector. For a
recent review, including further physical motivations from string theory or extra dimensional
settings, see for instance [261].
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Ezxperimental Searches. New light states would show up as missing energy in some process
A — BXgark, with A and B some SM particle states and Xg,, representing one or more
dark particles. Because of their very weak couplings, high luminosity is crucial to have any
hope of discovery, and except in some special circumstances colliders cannot compete with
low-energy experiments yet.

Several B decay modes offer unique windows for the search of new dark state with masses
up to a few GeV. Specifically, the most promising processes are

B — Xdark )
B — (71', p)Xdark 5 (88)

B — (Ka K*)Xdark ;

with Xgarx made of at least two dark particles for the first mode, but possibly only one
for the others. This also includes situations in which the dark particle is not stable but has
cascade decays in the hidden sector, e.g. Xgark — Ydark Ydark-

In this context, the SM decays with Xgy = v act as an irreducible background. The
relevant branching ratios are smaller than about 10~ for the fully invisible mode, and 10~°
for those with m, p, K, or K*. It is important to stress though that the kinematics may
be different. The differential rate dl“/dqg( with qg( the missing invariant mass, depends on
the nature of X4, and may strongly deviate from that with Xgqy. This is obvious if Xgark
is a single particle, in which case dI'/ dqg( would show a peak at q§( = m?x, or when Xgark
is made of two states Y with mg/ > 0 since dF/dq%Y would vanish below q%y = 4m%.
More generally, dI'/dq? strongly depend on the Dirac structure(s) involved in the effective
couplings of the dark states to the SM quark current b — ¢, and thereby on whether these
states are scalar, fermion or vector particles.

This caveat concerning the differential rate must be kept in mind when reinterpreting the
bounds on the branching ratios for B — (m, p, K, K*)vv as bounds on the production of new
light states. Not only are those limits obtained from measurements over a fraction of the
phase-space, but the SM differential rate is explicitly assumed in the extrapolation. To be
consistent, it is thus compulsory to use the same cuts on the produced meson momentum
as in the experimental analysis. In this respect, it should be remarked that some recent
experimental results [219] do perform differential analyses over the whole ¢* range. Those
are the data most suitable to look for new light states.

Finally, it should be mentioned that these modes also constrain indirectly other observ-
ables. For example, since the branching ratios Br(Bt — K*t.J/v¢) = (0.143 + 0.008)% or
Br(BT — p™D) = (1.34 £ 0.18)% [262] being significantly larger than those for the decays
with missing energy (88), the latter modes indirectly bound J/1) — Xgarx or D — Xgark
whenever m?] /i OF m2D falls within the missing invariant mass window of the experimental
search. This method has been used, and is the best available, for charmonium but remains
to be applied for charmed mesons. It is not so promising for K7, ¢ — Xgark because the B
decay branching ratios involving kaons are not much enhanced compared to those with a
neutrino pair, and because the reach on B(K — Xgak) would in any case be very far from
the 10710 achievable for the golden mode B(K — mXgark)-
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neutral
flavor-blind flavored
1 _
¢ : scalar AHTH¢ ZQWMQ(‘%QS
. = 1 - -
¥ :spin 1/2  HyL PDQ#}L
V#:vector  HID,HVH Qv QV*
1
VH . gauge B,V pHDUWQVW
, 1 _ 1 -
WH : spin 3/2 ZDMH\I””L FDDMQ\IJ“L
charged
flavor-blind flavored
1 _
¢ : scalar HiH¢ ¢ pQ’quﬁTa“gf)
. 1 — 1 - _
Yispin1/2 G HIDHPy  —507.Q07"Y
1 _
VH . vector H'H v, V# EQW#QVVV‘“’
1 1 =
V. gauge EHTHVWVW FQVMD”QVW’VPV
1 - 1 - -
WH : spin 3/2 ZHTH\IIM\I”‘ pryuQ\I/p’y“\I!P

Table 3: Example of leading operators under various assumptions on the nature of the dark
state. For more information and references see [247, 264].

Theoretical Classification and Expectations. To organise the search for new light states as
model-independently as possible, the strategy is to construct the equivalent of the SMEFT
operator basis [250, 251, 263] once the SM particle content is extended, and then constrain
all the operators involving the new state(s). This program is more involved than it seems.
Clearly, the leading operators one has to consider, the so-called portals, strongly depend on
generic assumptions on the nature of the new state. For example, its spin has to be specified,
as well as whether it carries a dark charge and needs to be produced in pairs.

Importantly, the dimension of the leading effective operators depend on these assumptions.
For instance, some of the leading interactions of the SM fields with a dark scalar, spin 1/2
or 3/2 fermion or vector boson are shown in Table 3, where A denotes the scale of the heavy
BSM dynamics linking the dark and visible sectors [247, 264]. For each type of new particle,
we separate the case in which it is neutral or charged under some dark symmetry, and
then further distinguish the overall leading operators to those involving the quark currents.
Indeed, from the point of view of flavor physics, whether the dark states couple dominantly
to Higgs or gauge bosons, hence are flavor-blind, or when they couple to quarks and leptons,
whether they are able to directly induce the flavor transition is crucial. Even if it is not
favourable from a dimensionality point of view to couple X4,k directly to quarks, failure to
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do so means that the flavor transition must still proceed through the SM weak interaction,
and ends up suppressed by Gr and CKM factors. From these considerations, three classes
of scenarios for a generic effective coupling of Xgak to quarks can be identified. We refer
to [247] for the full classification of the effective operators, and here only illustrate these
three classes for the case of the production of a dark fermion pair.

First, consider the SM contributions which constitutes the irreducible background for
BSM production of dark states. It can be embodied into the generic dimension-six effective
operators

b
Hesr = Z Z—: blqilw, (89)
q=s,d

where I' represents all possible Dirac structures and ¢*¢ denote the Wilson coefficients. We
recall that in the SM one has A ~ my, % ~ aw/(4m) A and ) ~ o, /(47) A* with ay, =

g%/(47) the SU(2),, coupling constant.
For the first scenario, imagine that the production of a dark fermion pair proceeds through
the flavor-changing operator Q! ')/HQJ Yy*1p shown in Table 3, where Q is a left-handed quark
doublet and I, J denote flavor indices. The BSM rate will be of the order of the SM b — qvv

rate when
bq
c @
k> Gp 2 A9 (90)
Provided the Wilson coefficient cg‘irk is O(1), the reach in A is rather high, i.e. about
40 TeV (20TeV) for b — d (b — s) transitions.

On the contrary, for the second scenario, imagine that the leading coupling is flavor-
blind, say HTDHHQZ*y“z/J D vzzzﬁy“sz“ with v ~ 246 GeV the Higgs vacuum expectation
value. Then, the production of new states is driven by the SM Z penguin. As a result,
the relation (90) takes the form

v? (@) _

HH Oy Oy
Cdark ﬁ GF E)‘t — GF A

(9)
p A (91)

In this case, the reach in A is around the EW scale at best, i.e. when céﬁlk = 0O(1), and

is in general not competitive with other searches using EW precision observables, invisible
Higgs boson decay or other flavor-blind searches. Note that even very low-energy probes are
sensitive to v21/37M1/JZ“ since the Z boson couples to all SM fermions. A similar conclusion
is valid for all the flavor blind operators, even when those arise at a much lower order and
appear superficially less suppressed by the new-physics scale A than those involving quark
fields.

In between these two extreme situations, there is a third scenario. If the dark state cou-
ples dominantly to top-quark pairs, then all the flavor-blind low-energy searches would be
inefficient, while high-energy collider searches relying for example on the associated produc-
tions of a top quark and a dark state would not be competitive yet. In this case, the FCNC
processes still represent our best window, even if the reach in the BSM scale A would not
be much higher than the EW scale.

[Uli: Section still too long!]

1.4.4. Search for By — vv or Invisible Final States. (Contributing authors: A. Ishikawa)
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The By — vv decay and Bg-meson decays to invisible final states were searched for
by BaBar with semi-leptonic tagging [265] and by Belle using hadronic tagging [266].
The resulting 90% CL upper limits on the branching ratios are 1.7-107° and 1.3-107%,
respectively. The B; — vv decay has instead not been searched for yet.

Since there are no charged tracks nor photons in the final states, only the tag-side B
mesons can be used for the searches. The Belle analysis used an old hadronic tagging without
hierarchical reconstruction method [267], which can increase the tagging efficiency by a factor
of two. And another factor of two improvement can be obtained by introducing the FEI.
Requirements on event shape variables using multivariate techniques to suppress continuum
and 777~ backgrounds are promising to improve the sensitivity further. In combination, an
improvement by a factor of five on the efficiency of the hadronic tagging analysis is expected
at Belle II. Such an improvement is still not sufficient to beat the semi-leptonic tagging
analysis, which is expected to provide upper limits on the branching ratios that are three
times better than those following from hadronic tagging. By combining hadronic and semi-
leptonic tagging, Belle II is expected to set an upper limit on Br(Bg — vv) of 1.5-1076
with 50 ab~! of integrated luminosity.

The hadronic By tagging efficiency using a hierarchical reconstruction method gives an
efficiency that is two times better than that for B;. The semi-leptonic tagging is not tried
yet, however it is expected that the tagging efficiency is smaller than that for By, since the
dominant semi-leptonic decay Bg — D* {Tv is clean due to the small mass splitting of D*~
and D°7~. We conservatively assume that the semileptonic B, tagging is three times worse
than that for By. By combining the hadronic and semi-leptonic tagging, it is expected that
an upper limit on Br(Bs — v7) of 8.4-1075 can be set with the full data set of 15ab™!
collected at 7°(55).

1.5. Conclusions

To conclude, the study of radiative and EW penguin B decays is an important area for

precision flavor physics. This has been established by an effort within the theory community

and experimental results from BaBar, Belle and most recently LHCb. The Belle II program

for these modes aims at processes complementary to the physics program at the upgraded

LHCD experiment as well as competitive measurements and updates to key observables. A

summary of sensitivities metioned throughout this chapter is presented in Tables 77 and 77.
[Uli: Links to tables do not work.] [Uli: Extend conclusions a bit?]
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Observables Belle 0.71 ab™! Belle II 5 ab™! Belle II 50 ab™!
B(B — Xyy)i2tes 7.3% 4.8% 3.9%
B(B — Xgy)hadtae 13% 7.0% 4.2%
B(B — Xs7)sum-of-ex 10.5% 7.3% 5.7%
Aot (B = Xo7y)sum-of-ex 2.4% 0.94% 0.69%
Agi (B = Xopgy)iadtos 9.0% 2.6% 0.85%
Acp(B = X¢)sum-of-ex 1.6% 0.56% 0.19%
Acp(B — Xqpaqy)otes 4.0% 1.5% 0.48%
Acp(B — Xgpqy)iodtes 8.0% 2.2% 0.70%
AAcp(B = X¢)sum-of-ex 3.1% 1.2% 0.37%
AAcp(B = Xy qy)iadtas 16% 4.3% 1.3%
B(B — X47)sum-of-ex 30% 20% 14%
A(p,.(B — Xd’y)sum_of_ex 30% 11% 3.6%
Acp(BT = X ') sum-of.ex 42% 16% 5.1%
Acp(B® = X07)sum-ofex 84% 32% 10%
Acp(B = Xg7)sum-of-ex 38% 14% 4.6%
AACP(B — Xd7)sum-of-ex 93% 36% 11%
Ao (B — K*v) 2.0% 0.70% 0.53%
Acp(BY — K*95) 1.7% 0.58% 0.21%
Acp(BT — K*ty) 2.4% 0.81% 0.29%
AAcp(B = K*) 2.9% 0.98% 0.36%
Scp(BY — K*0y) 29% 9.0% 3.0%
Ao (B — py) 18% 5.4% 1.9%
Acp(BY — p%v) 44% 12% 3.8%
Acp(BT — pty) 30% 9.6% 3.0%
AACP(B — p’}/) 53% 16% 4.8%
Scp(BY — pby) 63% 19% 6.4%
Via/Vis| 12% 8.2% 7.6%
B(B° = vv) <740% 30% 9.6%
Acp(BY — vv) - 78% 25%

Table 4: Sensitivities of observables for the radiative B decays. Some sensitivities at Belle

are extraplated to 0.71 ab™!.
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Observables Belle 0.71 ab™! Belle II 5 ab~! Belle II 50 ab™!
Ri (1< ¢* <6 GeV?) 28% 11% 3.6%
Ri (¢? > 14.4 GeV?) 30% 12% 3.6%
RK (1< q? <6 GeV?) 26% 10% 3.2%
- (¢® > 14.4 GeV?) 24% 9.2% 2.8%
RXS (1< q? <6 GeV?) 32% 12% 4.0%
RX (¢® > 14.4 GeV?) 28% 11% 3.4%
r (1< q < 6 GeV?) 0.20 0.068 0.026
QFL (4 < ¢® < 8 GeV?) 0.20 0.068 0.026
QFL (® > 14.2 GeV?) 0.19 0.059 0.020
Q1 (1< q < 6 GeV?) 0.64 0.26 0.086
Q1 (4 < ¢® <8 GeV?) 0.95 0.35 0.12
Q1 (¢® > 14.2 GeV?) 0.73 0.26 0.088
Q2 (1< q < 6 GeV?) 0.35 0.13 0.044
Q2 (4 < ¢® <8 GeV?) 0.21 0.081 0.026
Q2 (¢? > 14.2 GeV?) 0.19 0.075 0.024
Q3 (1< q < 6 GeV?) 0.64 0.24 0.079
Qs (4 < ¢* <8 GeV?) 0.46 0.18 0.059
Qs (¢* > 14.2 GeV?) 0.40 0.15 0.048
Q4 (1< q < 6 GeV?) 0.57 0.19 0.062
Q4 (4 < ¢® <8 GeV?) 0.42 0.15 0.051
Q4 (¢? > 14.2 GeV?) 0.57 0.22 0.070
Qs (1< q < 6 GeV?) 0.51 0.18 0.059
Q5 (4 < ¢? <8 GeV?) 0.46 0.16 0.053
Qs (¢* > 14.2 GeV?) 0.51 0.19 0.059
Qs (1< q < 6 GeV?) 0.55 0.18 0.059
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Qs (1< q < 6 GeV?) 0.55 0.21 0.066
Qs (4 < ¢ < 8 GeV?) 0.46 0.17 0.055
Qs (¢? > 14.2 GeV?) 0.59 0.22 0.070

Table 7: Sensitivities of LE'V observables for the electroweak penguin B decays.

Observables Belle 0.12 ab=!  Belle I1 0.5 ab=! Belle II 5 ab~!
B(Bs — v7) <250% 73% 23%
B(Bs — 7777) x 104 <170 <24 <81
B(Bs — vi) x 105 <9.7 < 4.5 <15

Table 8: Sensitivities of observables for the radiative and electroweak penguin B, decays.
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