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1 Preface

1. Preface

The Belle II-Theory interface Platform (B2TiP) was created as a physics prospects working
group of the Belle II collaboration in June 2014. It offered a platform where theorists and
experimentalists work together to elucidate the potential impacts of the Belle II program,
which includes a wide scope of physics topics: B physics, charm, 7, quarkonium physics,
electroweak precision measurements and dark sector searches. It is composed of nine working
groups (WGs), which are coordinated by teams of theorist and experimentalists conveners:
WG1) Semileptonic and leptonic B decays, WG2) Radiative and Electroweak penguins,
WG3) ¢1 and ¢o (time-dependent C'P violation) measurements, WG4) ¢3 measurement,
WGH5) Charmless hadronic B decay, WG6) Charm, WGT7) Quarkonium(like), WG8) 7 and
low-multiplicity processes, WG9) New Physics. We organised workshops twice a year from
2014 until 2016, which moved from KEK in Japan to Europe and the Americas, gathering
experts in the respective fields to discuss with Belle II members.

One of the goals for B2TiP was to propose so-called “golden- and silver-channels”: we
asked each working group to choose among numerous possible measurements, those that
would have the highest potential impact and to focus on them for the writeup. Theorists
scrutinised the role of those measurements in terms of understanding the theory behind
them, and estimated the theoretical uncertainties, now achievable as well as prospects for
the future. For flavour physics, having tight control of hadronic uncertainties is one of the
most crucial aspects in the field, and this is considered as an important criteria to determine
the golden or silver-channels. Experimentalists, on the other hand, investigated the expected
improvements with data from Belle II. For the channels where the errors are dominated by
statistical uncertainties, or where systematic errors are reducible, the errors can decrease
rapidly as more data becomes available. The impact of the upgraded performance from
Belle II is a crucial element for reducing the uncertainties: we therefore include the latest
available studies of the detector efficiency using Monte Carlo simulated events. We list the
golden(silver)-channel table in this first chapter, as a guide for the chapters that follow.

The book is not a collection of talks given at the workshops. The working conveners
attempted to construct a coherent document that can be used by Belle II collaborators, and
others in the field of flavour physics, as a reference. There were two books of a similar type
written in the past, “The BaBar book” [1] and “The Physics of the B factories” [2]. In order
to avoid too much repetition with respect to those references, we refer to them as possible
for introductory material.

We would like to thank the section editors and contributing authors for the many
stimulating discussions and their tremendous effort to bring the book together.

1.1.  Working Groups

The Belle II Theory Interface Platform working groups and convenors were assigned as
follows.

Leptonic and Semileptonic B decays

Experiment: G. De Nardo (Naples), A. Zupanc (1JS)

Theory: F. Tackmann (DESY), A. Kronfeld (FNAL, LQCD), R. Watanabe (Montreal)
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Radiative and Electroweak Penguin B decays
Experiment: A. Ishikawa (Tohoku), J. Yamaoka (PNNL)
Theory: U. Haisch (Oxford), T. Feldmann (Siegen)

Time Dependent C'P Violation of B mesons
Experiment: A. Gaz (Nagoya), L. Li Gioi (MPI Munich)
Theory: S. Mishima (Rome/KEK), J. Zupan (Cincinnati)

Determination of the Unitarity Triangle angle ¢3
Experiment: J. Libby (IIT Madras)
Theory: Y. Grossman (Cornell), M. Blanke (CERN)

Hadronic B decays and direct C'P Violation
Experiment: P. Goldenzweig (KIT)
Theory: M. Beneke (TUM), C-W. Chiang (NCU)

Charm flavour and spectroscopy
Experiment: G. Casarosa (Pisa), A. Schwartz (Cincinnati)
Theory: A. Petrov (Wayne), A. Kagan (Cincinnati)

Quarkonium(like) physics

Experiment: B. Fulsom (PNNL), R. Mizuk (ITEP), R. Mussa (Torino), C-P. Shen (Beihang)
Theory: N. Brambilla (TUM), C. Hanhart (Juelich), Y. Kiyo (Juntendo), A. Polosa (Rome),
S. Prelovsek (Ljubljana, LQCD)

Tau decays and low-multiplicity physics
Experiment: K. Hayasaka (Nagoya), T. Ferber (DESY)
Theory: E. Passemar (Indiana), J. Hisano (Nagoya)

New physics and global analyses
Experiment: F. Bernlochner (Bonn), R. Itoh (KEK)
Theory: J. Kamenik (Ljubljana), U. Nierste (KIT), L. Silvestrini (Rome)

Further direct contributors to the chapters are given in the chapter headers.

1.2.  Committees

The B2TiP workshop and book organising committee is comprised of

o Emi Kou (LAL)
o Phillip Urquijo (Melbourne)

An international advisory committee assisted in steering the coordination of the workshops
and report.

o Marco Ciuchini (Rome)
o Tim Gershon (Warwick)
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o Bostjan Golob (1JS)

Shoji Hashimoto (KEK)
Francois Le Diberder (LAL)
Zoltan Ligeti (LBNL)
Thomas Mannel (Siegen)
Hitoshi Murayama (IPMU)
o Matthias Neubert (Mainz)
o Junko Shigemitsu (Ohio)

(¢]

e}

o O O

The Belle II experiment ex-officio comprised of

o Francesco Forti (Pisa)
o Thomas Browder (Hawaii)
o Yoshihide Sakai (KEK)

1.3.  Workshops

This report is the culmination of a two-year workshop series held to develop the physics
program for Belle II. The schedule for the workshops was as follows.

KEK, Kickoff meeting 16th—17th June 2014
KEK, Joint KEK-FF / 1st B2TiP workshop 30th—31st October 2014
Krakow, 2nd B2TiP workshop 27th—28th April 2015
KEK, Joint KEK-FF / 3rd B2TiP workshop 28th-29th October 2015
Pittsburgh, 4th B2TiP workshop 23rd—25th May 2016

Munich, 5th B2TiP workshop and editorial meeting 15th—17th November 2016
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2. Introduction
Section author(s): P. Urquijo, E. Kou

2.1. Introduction

The primary physics goals of Belle II, as a next generation flavour factory, are to search
for new physics (NP) in the flavour sector at the intensity frontier, and to improve the
precision of measurements of Standard Model (SM) parameters. The SuperKEKB facility is
designed to collide electrons and positrons at centre-of-mass energies in the regions of the 1"
resonances. Most of the data will be collected at the 7°(4S) resonance, which is just above
threshold for B-meson pair production where no fragmentation particles are produced. The
accelerator is designed with asymmetric beam energies to provide a boost to the centre-of-
mass system and thereby allow for time-dependent charge-parity (C'P) symmetry violation
measurements. The boost is slightly less than that at KEKB, which is advantageous for
analyses with neutrinos in the final state that require good detector hermeticity, although
it requires better vertex reconstruction resolution. SuperKEKB has a design luminosity of
8 x 10%cm~2s7!, about 40 times larger that of KEKB. This luminosity will produce a total
of 5 x 10'% b, ¢ and 7 pairs over a period of 8 years. The first data taking runs for physics
analyses are anticipated to begin in 2018.

The SM is, at the current level of experimental precision and at the energies reached so
far, the best tested theory of nature at a fundamental level. Despite its tremendous success
in describing the fundamental particles and their interactions, excluding gravity, it does not
provide answers to many fundamental questions. The SM does not explain why there should
be only three generations of elementary fermions and why there is an observed hierarchy in
the fermion masses. The origin of mass of fundamental particles is explained within the SM by
spontaneous electroweak symmetry breaking, resulting in the Higgs boson. However, it is not
clear whether the Higgs boson can account for neutrino masses. It is also not yet clear whether
there is a only single SM Higgs boson or whether there may be a more elaborate Higgs sector
with other Higgs-like particle as in supersymmetry or other NP models. At the cosmological
scale, there is the unresolved problem with the matter-antimatter asymmetry in the universe.
While the violation of C'P symmetry is a necessary condition for the evolution of a matter-
dominated universe, the observed C'P violation within the quark sector that originates from
the complex phase of the Cabibbo-Kobayashi-Maskawa (CKM) matrix is many orders of
magnitude too small to explain the dominance of matter in the universe. Hence, there must
exist undiscovered sources of the C'P asymmetry. Furthermore, the elements of the CKM
matrix exhibit a roughly diagonal hierarchy, even though the SM does not require this. This
may indicate the presence of a new mechanism, such as a flavour symmetry, that exists
unbroken at a higher energy scale. Considering the open questions that in the SM remain
unanswered, it is fair to conclude that the present theory is an extremely successful but
phenomenological description of subatomic processes at the energy scales up to O(1 TeV).
Many New Physics (NP) scenarios have been proposed to explain these shortcoming of the
SM, where new particles and new processes arise.

Experiments in high energy physics are designed to address the above questions through
searches of NP using complementary approaches. At the energy frontier, the LHC exper-
iments are able to discover new particles produced in proton-proton collisions at a
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centre-of-mass energy of up to 14 TeV. Sensitivity to the direct production of a specific
new particle depends on the cross section and on the size of the data sample. At the inten-
sity frontier, signatures of new particles or processes can be observed through measurements
of suppressed flavour physics reactions or from deviations from SM predictions. An observed
discrepancy can be interpreted in terms of NP models. This is the approach of Belle II.

The sensitivity of Belle II to NP depends on the strength of the flavour violating couplings
of the NP. The mass reach for new particle/process effects can be as high as O(100 TeV) if
the couplings are not as suppressed as in the SM [3]. In the past, measurements of processes
quantum corrections have given access to high mass scale physics before accelerators were
available to directly probe these scales. Belle II and SuperKEKB will exploit our strengths
at the intensity frontier by moving beyond a simple observation of a NP effect to its detailed
characterisation through over-constraining measurements in several related flavour physics
reactions.

2.2.  New physics search strategy after the B-factories and LHC run I and run I
first data

The LHC experiments, ATLAS, CMS, LHCDb, have been operating extremely well since its
commencement in 2009 and are rapidly changing the scene of particle physics. Needless to
say, the discovery of the Higgs boson in 2012 was the most significant event in particle
physics in recent years. Its mass, 125 GeV, and its production and decay patterns being
SM-like not only provides a confirmation of the SM but also puts very strong constraints on
the Higgs sector of various new physics models (especially those that contain more than one
neutral Higgs). The 125 GeV Higgs has excluded a large parameter space of minimal SUSY
models, from which we expected some signals in Belle II observables. The mass constraints
on the direct searches of new particles are also advancing as well. For example, the lower
mass bounds of the new gauge bosons , myz w within the sequential model (i.e. SM-like)
has been pushed up to ~3 TeV and the vector like fermion masses now exceed ~ 800 GeV.
Since new physics effects in Belle II observables are roughly proportional to the inverse of
the mass of these particles (with powers of 2, 3, 4 etc. depending on the observable), the
chance to observe a signal from such generic models is diminishing. However, it is important
to note that, such minimal or generic models are often quite unnatural from the theoretical
point of view since we need to impose a very high degree of symmetry (i.e. to mimic SM)
to realise them. New physics models that we search for in Belle II are those that include
more specific flavour couplings, for which indirect searches can push the new physics scale
much higher than the direct search programs. Hints of new physics in previous and on-going
experiments may provide us with some indication of the kind of new flavour phenomena that
we should look for.

An important flavour coupling structure to examine for new physics are b — s transitions,
which been a focus of both theory and experiment in recent years. Since the outset of the
B-factory experiments precise C'P violation measurements in the By system have been done
using tree level b — cCs transitions (such as the golden mode B — J/1 K final state), and
as time went by, the B factories started observing CP violation through the loop induced
b — s transitions, such as B — ngKg or B—1 Kg processes (the first observation in 2003
had shown a small tension as well). The b — sgq transition is induced by gluon penguin
diagrams. In the SM, C'P violation in b — s transitions is expected to be very small. Thus,
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any significant observation of C'P violation can be interpreted a signal beyond the SM. This
is a new area of research in B physics as the precision is still very far from the measurements
using the tree level processes and there is a lot room for new physics contributions. It
is worth mentioning that a small tension has also been observed in another type of CP
violation, direct CP violation, in B — K decays, which also occurs in part due to penguin
b — sqq transitions. The LHCb experiment is in the right position to tackle this question
from a different direction, by measuring the parameters of By — B, mixing, which occurs
due to another type of loop diagram, the b — s box process. So far, the LHCb results
for this observable are consistent with the SM. However, since 2013, LHCDb has started
observing a few very interesting deviations from the SM in the other b — s transitions such
as in the B — K*utp~ angular distribution and the ratio of rates of B — K®ete™ to
B — K®putpu~ (so-called R(K())). Those excesses are said to be reaching the 4-5 o level.
The very specific appearances of these anomalies were not predicted and they are opening a
new trend in particle physics: the new particles with very distinct flavour couplings in b — s
transition as well as a possible lepton universality violation.

Another important hint of new physics was in the measurement of the branching ratio
of B — 7v, which in 2006 had shown a deviation from SM expectation (in particular |V,;|
measured from other channels). There is now some tension between measurements by Belle
and BaBar of this rate. This is a tree level annihilation b — u transition and the final state
includes at least two neutrinos so it is experimentally quite challenging: so far the B factories
reconstructed only a few hundred events. As B — 7v is particularly sensitive to the charged
Higgs that in general couples more strongly to a heavier particles, this result is somehow
natural from the new physics point of view. Even more intriguingly, other anomalies were
reported in similar channels, B — D*7v and B — D7v by the BaBar, Belle and LHCb
collaborations. The tension with the SM is now reaching to the ~ 40 level. These results may
be indicating that tau leptons have a very unique sensitivity to new physics. As mentioned
above, the identification of the decay modes involving tau leptons is challenging, but they
will become readily accessible at Belle II. Thus, the flavour structure with distinguished tau
lepton coupling will be tested at the Belle II at a higher precision.

2.3.  Flavour physics questions to be addressed by Belle I1

Further study of the quark sector is necessary to reveal NP at high mass scales, even beyond
the direct reach of the LHC, that may manifest in flavour observables. There are several
important questions that can only be addressed by further studies of flavour physics, as
described below. Belle II will access a large number of new observables to test for NP in
flavour transitions in the quark and lepton sectors.

o Are there new C'P wviolating phases in the quark sector? The amount of C'P violation in
the SM quark sector is orders of magnitude too small to explain the baryon-antibaryon
asymmetry. New insights will come from examining the difference between BY and
BY decay rates, namely via measurements of time-dependent C'P violation in penguin
transitions of b — s and b — d quarks, such as B — ¢K" and B — 1 K°. CP viola-
tion in charm mixing, which is negligible in the SM, will also provide information on
new phenomena in the up-type quark sector. Another key area will be to understand
the mechanisms that produced large amounts of C'P violation in the time integrated
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rates of charmless hadronic B decays, such as B — K7 and B — K7m, observed by the
B-factories and LHCb.

o Does nature have multiple Higgs bosons? Many extensions to the SM, such as two-Higgs-
doublet models, predict charged Higgs bosons in addition to a neutral SM-like Higgs.
The charged Higgs will be searched for in flavour transitions to 7 leptons, including
B — v and B — D®ru. Deviations from the SM have been observed in the latter
with significance greater than 3o. Extended Higgs mechanisms can also introduce extra
sources of C'P violation.

o Does nature have a left-right symmetry, and are there flavour-changing neutral currents
beyond the SM? Approaches include measurements of time-dependent C'P violation
in B — K*0(— K27%)~, triple-product CP violation asymmetries in B — V'V decays,
and semileptonic decays B — V/Av, V = D*, p. It is of great interest to measure b — svv
transitions such as B — K® v, part of a class of decays with large missing energy. It is
also important to improve FCNCs measurements of b — d, b — s and ¢ — u transitions.
It is crucial to measure forward-backward asymmetries as a function of the ¢ of the
dilepton, Apg(q¢?), in inclusive b — s¢/T¢~ decays and in charged weak interactions.

o Are there sources of lepton flavour violation (LFV) beyond the SM? Neutrino experi-
ments have found large mixing between the v, and v;, raising the question: are there
flavour changing processes such as 7 — uy visible at the 10~® level? LFV in charged
lepton decay at such rates are key predictions in many neutrino mass generation mecha-
nisms and other models of physics beyond the SM. The expected sensitivities to 7 decays
will be unrivalled due to correlated production with minimal collision background. Belle
IT will analyse 7 leptons in for LF, C'P violation, measurements of the electric dipole
moment, and (g — 2) of the 7.

It is also worth noting that Belle IT will measure the current array of CKM observables, the
matrix elements and their phases, with unprecedented precision.

2.4. Non-flavour program physics case

Belle II will be able to address fundamental questions not directly related to flavour physics,
leveraging from the clean environment of ete™ collisions, and the large data set. Two of the
driving questions are as follows.

o Is there a dark sector of particle physics at the same mass scale as ordinary matter? Belle
IT has unique sensitivity to dark matter via missing energy decays. While most searches
for new physics at Belle II are indirect, there are models that predict new particles at
the MeV to GeV scale - including weakly and non-weakly interacting massive particles
that couple to the SM via new gauge symmetries. These models often predict a rich
sector of hidden particles that include dark-matter candidates and gauge bosons. Belle
IT is implementing new trigger strategies, such as a single photon trigger, to capture
these elusive events.

o What is the nature of the strong force in binding hadrons? With B factories and hadron
colliders having discovered a large number of states that were not predicted by the
conventional meson interpretation, changing our understanding of QCD in the low-
energy regime, study of quarkonia is high on the agenda at Belle II. New particles can
be produced near resonance, achievable by adjusting the machine energy, or by initial
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state radiation, which effectively provides a continuum of centre of mass energies. Belle
IT has near hermetic coverage and good detection capabilities for all neutral and charged
particles, and can play a central role in these analyses.

2.5.  Advantages of SuperKEKB and Belle IT

There are many experimental reasons that maker SuperKEKB and Belle II perfectly suited

to address these puzzles in particles physics.

©)

Running on the 7(45) resonance produces a very clean sample of BB pairs in a quan-
tum correlated 17~ state. The low background environment allows for reconstruction of
final states containing photons from decays of 70, p*, 1, i’ etc.. Neutral Kg mesons are
also efficiently reconstructed.

Detection of the decay products of one B allows the flavour of the other B to be tagged.
Flavour production asymmetry is zero, while the detector hermeticity and azimuthal
asymmetry make charged asymmetries in reconstruction very small.

Due to low track multiplicities and detector occupancy, the B, D and 7 reconstruction
efficiency is high and the trigger bias is very low. This reduces correction and systematic
uncertainties in many types of measurements, e.g. Dalitz plot analyses.

With asymmetric beam energies the Lorentz boost of the eTe™ system is large enough
so that B or D mesons travel an appreciable distance before decaying, allowing precision
measurements of lifetimes, mixing parameters, and C'P violation.

Since the absolute delivered luminosity is measured with Bhabha scattering, the
experiment is able to measure absolute branching fractions.

Since the initial state is known, “missing mass” analyses can be performed to infer the
existence of new particles via energy /momentum conservation rather than reconstructing
their final states. By fully reconstructing a B or D decay in a hadronic or semileptonic
final state, rare decays with neutrinos can be observed or measured with minimal model
dependence.

In addition to producing large samples of B and D decays, an e*e™ machine produces
large samples of 7 leptons allowing for measurements of rare 7 decays and searches
for lepton flavour and lepton number violation 7 decays in a very low background
environment.

The high output rate and relatively low background environment allows for highly
efficient triggers of low multiplicity and dark sector signatures.

The precisely known interaction centre-of-mass energy and excellent detector hermeticity
are key for searches for bottomonium transitions using recoil techniques.

Production of resonances through initial state radiation processes allows for clean and
complete probes of the charmonium sector through a continuum of production energies.

The legacy of the B-factories laid the groundwork for many areas that will be further

exploited at SuperKEKB. Their results provided a theoretically clean measurement the

unitarity triangle (UT) angle ¢1. After the accumulation of ~1 ab™! of data, it proved to be

a precise calibration for NP. To check the consistency of the SM, Belle measured the other

two angles of the UT, ¢ and ¢3. The results for the sides and angles of the UT are consistent.

However, NP contributions of order 10% the size of the SM amplitude are still allowed. In

parallel to fixing the weak interaction parameters of the UT, Belle also completed a decade
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of studies and publications on rare decays and QCD. Belle II builds on this experience,
shifting focus to NP exploration beyond the SM.

2.6. Overview of SuperKEKB

The target luminosity of SuperKEKB is a factor 40 greater than that of KEKB, requiring
a substantial upgrade to the accelerator complex [4]. The essential elements in the increase
of the luminosity are a reduction in the the beam size at the collision point by a factor of
20, from about 1 pm to 50 nm, and an increase in the currents by a factor of 2 compared to
the KEKB values. (Table 1). This is known as a 'nano-beam’ scheme, and was invented by
P. Raimondi for the Italian super B factory [5]. Compared to KEKB, the two beams collide
at an even larger angle of 83 mrad (22 mrad in KEKB). A somewhat lower beam energy
asymmetry of 7 GeV (electrons) and 4 GeV (positrons), instead of 8 GeV and 3.5 GeV, was
chosen to reduce the beam losses due to Touschek scattering in the lower energy beam. This
is expected to reduce the spatial separation between B-mesons, studied in time dependent
CP violation measurements, but leads to slight improvements in solid angle acceptance for
missing energy decays.

Table 1: SuperKEKB: parameters of the low energy (LER) and high energy (HER)
accelerator rings [4].

LER (e") HER (e")

Energy 4.000 7.007 GeV
Half crossing angle 41.5 mrad
Horizontal emittance 3.2 4.6 nm
Emittance ratio 0.27 0.25 %
Beta functions at IP (x/y) 32 /0.27 25 /0.30 mm
Beam currents 3.6 2.6 A
Beam-beam parameter 0.0881 0.0807

Luminosity 8 x 103 em 257!

The modifications to the accelerator complex include: a new electron injection gun, a new
target for positron production, and a new additional damping ring for the positron beam.
The upgrade of the accelerator also includes a redesign of the lattices of the low energy
and high energy rings, replacing short dipoles with longer ones (in the low energy ring),
installing TiN-coated beam pipes with ante-chambers, modifications to the RF system, and
a completely redesigned interaction region.

Figure 1 shows the flexibility in the allowed beam energies of the LER and HER respec-
tively. The range of beam energies covers the 7°(15) and 7°(65) resonance states for physics
operation. The maximum centre of mass energy is 11.24 GeV in SuperKEKB due to the
maximum beam energy of the injector linac. With beam energies much lower than 7°(15),
for example near the 7 production threshold, the current lattice design is not sufficient.
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Fig. 1: Beam energies required to achieve centre of mass energies for 7°(4S5), 1'(6S), 11.24
GeV, and 12 GeV. The horizontal axis is the LER beam energy and the vertical axis is the
HER beam energy.

2.7.  Data taking overview

The SuperKEKB accelerator will have the capacity to delivery ee™ collisions in the centre
of mass energy range from just below the 7°(15) (9.46 GeV) to just above the 7(6S) (11.24
GeV). While the vast majority of the data will be taken at 7°(4S), a program of data taking at
other centre-of-mass energies will be undertaken as was done at Belle. The existing B-factory

data sets are given in Table 2.

Table 2: Existing eTe™ datasets collected near 7" resonances.

Exp. | Scans / T (59) T(45) T(39) T(29) T(15)
Off-res. | 10876 MeV | 10580 MeV | 10355 MeV | 10023 MeV | 9460 MeV
b=t |t 10 | bt 10 | b=t 105 | ' 108 | bt 106
CLEO | 171 |04 0.1 |16 171 |12 5 1.2 10 1.2 21
BaBar 54 Ry, scan 433 471 30 122 14 99 -
Belle 100 121 36 711 772 |3 12 25 158 | 6 102

There are a multitude of physics topics unique to the physics program of Belle II: with rare
decays and C'P asymmetries in B decays at the forefront. The program provides simultaneous
studies of a wide range of areas in b-quark, c-quark, 7-lepton, two-photon, quarkonium and
exotic physics. The latter two topics have come to the fore in recent times, particularly
concerning puzzles in our understanding of QCD in describing 4 (and 5)-quark states, and
the searches for a dark sector. Open questions will be addressed with extended run periods at
Y(15), 7(25), T(3S), T(5S5), near the T(6S5), and fine energy scans in intermediate regions.
Measurements at 1°(55) also offer useful insights into Bs decays.
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Data taking at SuperKEKB will be performed in two main phases.

o In the first collision data taking phase (called “phase 2” as “phase 1”7 denoted the
accelerator commissioning phase in 2016 without the final focus and Belle II detec-
tor), commencing February 2018 and running until July 2018, SuperKEKB and the
interaction region was commissioned before the installation of the sensitive silicon inner
detectors. The peak luminosity delivered by SuperKEKB reached 0.5 x 103* /cm? /s, and
a data set of order 0.5 fb~! was collected at the 7'(4S) resonance. This small data set
may be used for searches of dark sectors that were previously limited by a lack of efficient
triggers.

o The second collision phase will see the full detector and will allow for the full flavour
program to commence, expected to start in early 2019. The expected projected peak
instantaneous, and integrated luminosities at SuperKEKB through to 2025 are shown
in Fig. 2. The full data taking program for samples at the different centre of mass
energies is under development, and a subject of many working group chapters. It is
clear that well motivated studies with non 7°(4S) data taking could have substantial
statistical gains even in early data taking. The physics program at 1°(45) is covered in
most chapters. The program at 7'(5S5) is covered over several chapters: B, decays are
covered in the semileptonic B and hadronic B chapters, while bottomonium is covered
in the quarkonium chapter.
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Fig. 2: The projected peak instantaneous, and integrated luminosities at SuperKEKB
through to 2025 assuming nine months operation per year.

2.8.  Qverview of this book

Belle II Detector, Simulation, Reconstruction, Algorithms. In the first few chapters, we
cover the detector design, detector simulation, beam induced background, particle recon-
struction and analysis algorithms of Belle II. The performance of Belle II for particle
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reconstruction and robustness against higher beam background is shown, which are crit-
ical in assessing the reach of the experiment. New algorithms for flavour tagging, B full

reconstruction, and vertex reconstruction are also presented.

Theory. Fundamentals of flavour interactions and strong interaction dynamics are pre-
sented. A recap of the CKM picture and effective Hamiltonians for flavour interactions is
provided, followed by a detailed assessment of the prospects of lattice QCD calculations over
the coming decade. Finally we provide a primer on resonances, relevant for many hadronic
decay analyses at Belle II.

Semileptonic and leptonic B decays. This chapter presents prospects for leptonic and
semileptonic B decays to electron, muon and tau leptons, summarised in Tables 3 and 4.
There is significant interest in the sensitivity to lepton flavour universality violating (LFUV)
new phenomena, such as a charged Higgs-like coupling to tau leptons, where Belle II can make
substantial advances. The chapter also details the experimental and theoretical advances for
precision measurements of the CKM matrix elements, |V,| and |V|. Full simulation studies
of Belle II in B — wfv and B — 7v are presented. It is expected that 5 o discovery level
measurements of B — 7v and B — uv are possible with less than 5 ab~! at SM branching

fractions.

Table 3: Expected errors on several selected observables in leptonic and semileptonic B

decays.
Observables Belle Belle 11
(2017) 5 ab~! 50 ab~!
|Vep| incl. 42.2-1073 - (1 £ 1.8%) 1.2% -
|Vip| excl. 39.0-1073 - (1 4+ 3.0%ex. £ 1.4%.)  1.8% 1.4%
|Vap| incl. 4471073 - (1 £ 6.0%ex. + 2.5%1.)  3.4% 3.0%
|Vi| excl. (WA) 3.65- 1073+ (1 £ 2.5%ex. £ 3.0%n.)  2.4% 1.2%
B(B — Tv) [1079] 91 - (14 24%) 9% 4%
B(B — pv) [1079) < 1.7 20% %
R(B — Drv) (Had. tag)  0.374- (1 £ 16.5%) 6% 3%
R(B — D*rv) (Had. tag) 0.296 - (1 £ 7.4%) 3% 2%
Radiative and Electroweak Penguin B decays. The prospects for flavour changing neutral

current B decays to radiative and rare dilepton final states are presented, summarised in
Tables 5 and 6. There are several clear strengths of the Belle II program: the use of full B
reconstruction allows for precise studies of missing energy decays such as B — K ® v which
should be accessible with the Belle II data set, improved particle identification detectors
will be used for precision studies of b — dvy transitions, inclusive transitions will be studied
through various techniques, and lepton flavour universality violation will be studied thanks
to the low radiation length in the tracking volume allowing for precise reconstruction of
electrons, muons and tau leptons.
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Table 4: Belle IT Golden/Silver observables for the pure-leptonic and the semi-leptonic B
decays. Theory column indicates the robustness against the theory uncertainties. Discovery
column shows at which integrated luminosity a discovery of new physics is possible. Sys. limit
column indicates at which integrated luminosity the experimental or theoretical dominates.
The vs LHCb/BESIII, Belle columns show the originality and the competitiveness against
those experiments. Anomaly column indicates the existing hint of new physics at the time
of this report is completed and the NP column is to show whether the observable is sensitive
to a certain new physics models.
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B — DWry.  R(DW) * kX 5-10 *ok * k% * kX * K %
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B — D**{y, Br. * - Fok * * % ok -

Time dependent C'P wviolation in B decays. The prospects for time-dependent CP vio-
lation of B mesons and the determination of the CKM angles ¢; and ¢ are presented in
this chapter, summarised in Tables 7 and 8. Sensitivity studies based on Belle II simulation
for ¢1 measurement with the penguin dominated modes, B — <Z>Kg, n' ng,’]TOK 9, are per-
formed. The theoretical progress on the penguin pollution for high precision measurement of
¢1 with the tree level processes is discussed. A Belle II sensitivity study on the challenging
B — 7979 time-dependent CP asymmetry measurement for ¢ determination is performed.
The subsequent ¢s measurement will rely on isospin relations: theoretical estimates of the

isospin breaking effects on the ¢o determination are reviewed.

Measurement of the UT angle ¢3.
¢3 with tree-level measurements of B — D®K®) decays are presented in this chapter,

The prospects for measuring the CKM UT angle

summarised in Tables 9 and 10. It is expected that Belle IT will ultimately reach a precision
of 1 to 2 degrees on this angle through use of a variety of channels and extraction techniques.
Hadronic B decays. This chapter presents at the prospects for charmless hadronic B
decays and direct C'P violation, summarised in Tables 9 and 11. The theoretical computation
of the branching ratio and C'P asymmetry of the B — PP, PV, VV (P and V denote
pseudoscalar and vector mesons, respectively) processes using QCD and SU(3) symmetry
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Table 5: Expected errors on several selected observables in radiative and electroweak penguin
B decays. Note that 50 ab™! projections for B, decays are not provided as we do not expect
to collect such a large 7°(55) data set.

Observables Belle Belle 11
(2017) 5ab~! 50 ab~!
B(B — K*tuvv) <40 x 107 25% 9%
B(B — K*uvp) <19 x 1076 30% 1%
Acp(B — Xgpqy) [1072] 2.2+4.0+0.8 L5 0.5
S(B — K271%) —0.10 £0.31 +£0.07 0.11 0.035
S(B — py) —0.834+0.65 +0.18 0.23 0.07
App(B — X T07) (1 < ¢* < 3.5 GeV?/c?) 26% 10% 3%
Br(B— Ktutu™)/Br(B — Ktete) 28% 11% 4%
(1< q? <6 GeV?/ch)
Br(B — K**(892)utu~)/Br(B — 24% 9% 3%
K**(892)ete™) (1 < ¢? < 6 GeV?/c?)
B(Bs — vv) <87x 1076 23% —
B(Bs — 77) [1073] - <08 -

is reviewed. The theoretical prediction is partially data-driven and each decay mode plays
different role to reduce the theoretical uncertainties. The phenomenology of the angular
analysis of three body final state for new physics search is also reviewed. Experimental
measurement for these channels will be reduced significantly at Belle II, since those are
currently dominated by statistical or reducible systematical errors

Charm physics. This chapter presents the prospects for charm meson physics, sum-
marised in Tables 12 and 13. Charm is a large area of opportunity for Belle II, covering
CP violation, FCNC, tree level and missing energy decay transition measurements. Novel
techniques for tagging in C'P violation measurements are shown.

Quarkonium. This chapter presents the prospects for quarkonium(like) physics, provid-
ing a detailed theoretical overview of perturbative QCD computation, lattice QCD as well
as models for unconventional states (Tetraquark, Hybrid mesons and Hadronic molecule)
is presented. At Belle II, charmonium(-like) states can be produced from B decays, initial
state radiation, two photon collisions, and double charmonium production, which allow for
detailed studies of the nature of any observed states. The motivations for dedicated non-
Y(4S) runs are detailed: to provide us with a deeper understanding of bottomonium(-like)
states. Light Higgs and lepton universality violation searches using decays of 1°(15,25, 3S5)
are also reviewed.

Tau and low multiplicity physics. The prospects for tau and low multiplicity physics are
presented in this chaper, summarised in Tables 14 and 15. The measurement of the lepton
flavour violating 7 decays will be improved by orders of magnitude by Belle II experiment.
The sensitivity of different decay channels to theoretical models are discussed by using the
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Table 6: Belle II Golden/Silver observables for the radiative and the electroweak penguin
B decays. See the caption in Table 4 for more details. The precision limit of the B — Xgv
measurement estimated simply by estimating the point where the statistic uncertainties
dominate. However, the systematic uncertainties may be further reduced by adding more
data.
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effective couplings. The C'P violation in 7 decay is possible both in the measurement of

the cross section difference in 7+

as well as of various angular observables at Belle II. A
improved measurement of the eTe™ hadronic cross section as well as hadron productions
from two photon collisions at Belle II and its impact on the theoretical prediction of the

muon anomalous magnetic moment g — 2 are also discussed.

Beyond the standard model and global fit analyses. The beyond standard model chapter
describes new physics models that can be observed in flavour transitions, specifically those
testable at Belle II. A variety of theoretical models are discussed, and the best decay modes
to observe effects from those models.

In the global fit chapter, we provide prospects for Belle II in global fit analyses of the
CKM unitarity triangle, based on studies by CKMFitter and UTFit groups. Global analyses
of tree and FCNC B decays are performed in effective operator approaches using projected
constraints from Belle II on inclusive and exclusive decays.
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Table 7: Expected errors on several selected observables related to the measurement of time

dependent CP violation in B decays and the measurement of the UT angles ¢; and ¢s.

Observables Belle Belle 11
(2017) 5ab~! 50 ab~!

sin 2¢1(B — J/¥K®) 0.667 £+ 0.023 4 0.012 0.012 0.005
S(B — ¢K) 0.9015:%5 0.048 0.020
S(B — n'KY) 0.68 £ 0.07 & 0.03 0.032 0.015
S(B — J/yn°) —0.65 4 0.21 + 0.05 0.079 0.025
o2 [°] 85 + 4 (Belle+BaBar) 2 0.6
S(B = 7tn7) —0.64 4 0.08 £ 0.03 0.04 0.01
Br.(B — 7%70) (5.04 +0.21 £0.18) x 1079 0.13 0.04
S(B — K%70) —0.1140.17 0.09 0.03

Table 8: Belle II Golden/Silver observables on the measurement of time dependent CP

violation in B decays and the measurement of the UT angles ¢ and ¢2. See the caption in

Table 4 for more details.
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2.9.

The Belle II Golden Flavour Channels

A summary of the expected sensitivities for key flavour observables at selected integrated

luminosities is given in Table 16. In this table we indicate modes where LHCb will be in

close competition with Belle II.

LHCb will have high statistics samples all b and ¢ hadrons and are particularly sensitive

to modes to all charged particle final states. Belle II will be particularly sensitive to B and

D5y measurements where final states contain neutrinos, multiple photons,

0

mesons, or

neutral kaons. The eTe™ program of Belle II also includes an extensive scope for studies of

7-leptons and a number of other non-flavour physics topics (not shown in this table).
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2 Introduction

Table 9: Expected errors on several selected hadronic B decay observables, including direct
C P violation.

Observables Belle Belle 11
(2017) 5ab~1 50 ab~1
#3 GGSZ 68 + 13 4.7 1.5
Acp(B — K°7)[%] —0.0540.1440.05 0.07 0.04
I(B — Kn)[%) 0.27 £ 0.14 0.07 0.03
I(B — Kp)[%] —0.44 £0.49 0.25 0.06

Table 10: Belle II Golden/Silver observables for ¢3 measurements. The GLW method
utilises the CP-eigenstate final states and the ADS method the final states, K+X—
(X~ =a,7 7%, 777, 7). The GGSZ method utilises the self-conjugate multi-body final
states, KJhTh™ and GLS method, KK T~ final state.
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GLW o3 * % X >50 ok * % % * Hok
ADS o3 Hk >50 ok * % % * * k%
Time-dependent o3 — P9 ** - ** *x * *

Table 11: Belle IT Golden/Silver observables for hadronic B decay measurements.
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Table 12: Expected errors on several selected charm physics observables.

Observables Belle Belle 11
(2017) 5ab~! 50 ab~?

2(D° — K9rtn~) [107%]  0.56+£0.19+ 097 0.16 0.11
y(D° — K3rtr™) [1072]  0.30+£0.15+ 902 0.10 0.05
|q/p|(D0 Kirtn™) 0.90 £ 010 + ggg 0.12 0.07
p(D+ — %) [1072] 23+£1.240.2 0.54 0.17
Acp(D® — 7970) [1072]  —0.034+0.644+0.10 0.28 0.09
Acp(D® — K3n%) [107%]  —0.21£0.16 £0.09 0.08 0.02
Acp(D° — K9K9) [1072]  0.02+1.53+0.17  0.66 0.23
Acp(D® — ¢y) [1072] —9.44+6.6+0.1 +3.0 +1.0
fp. 2.5% 1.1% 0.3%

Table 13: Belle IT Golden/Silver observables for charm physics.
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DY — Vy Acp * - Fok ok *ok Kk
DY — 4y Br. * - ok ** *x *k
DY — vp Br. * K Kk - * * % *k * * % * * %
D — (v o * K * - * * - ok

Table 14: Expected errors on several selected flavour observables.

Observables Belle Belle 11
(2014) 5 ab™! 50 ab~1
Br(r — py) [107°] <45 <147 <47
Br.(t —ey) [107°] <120 <39 <12
Br.(r — pup) [1079] <21 <3.0 < 0.3
Br.(

T —eee) [1077] <27 - -
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2 Introduction

Table 15: Belle IT Golden/Silver observables for 7 physics and low multiplicity.
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T — Knv Acp *kx - *xkok  okkx ok Hok
ete” — yA'(—invisible) o *kxk - *hk koK ok * ok x
ete”™ — yA (= £147) o T S S * % %
7 form factor g—2 *k - * K K *x ok * % *
ISR ete™ — mm g-2 g—2 ok - *k ok kkx kK * k%
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Table 16: Expected errors on several selected flavour observables with an integrated lumi-
nosity of 50 ab™! of Belle II data. Errors given in % represent relative errors. In the final
column we denote where LHCD is expected to reach a highly competitive level of precision:
if one experiment is expected to be slightly more accurate we list it first.

Observables Expected the. accu-  Expected Facility (2025)
racy exp. uncertainty

UT angles & sides

61 [°] ok 0.4 Belle IT

é2 [°] *k 1.0 Belle II

¢3 [°] Hxx 1.0 LHCb/Belle II

[Vep| incl. ok 1% Belle II

|Vep| excl. HoAk 1.5% Belle 11

|Viup| incl. ok 3% Belle II

[V | excl. ok 2% Belle II/LHCb

C'P Violation

S(B — ¢KO) Hkox 0.02 Belle 11

S(B —n'KY) Hhox 0.01 Belle 11

A(B = K%%)[107?] ook 4 Belle II

AB — KTn7) [1072] Kk 0.20 LHCb/Belle II

(Semi-)leptonic

B(B — 7v) [107°] *x 3% Belle 11

B(B — uv) [1079] *x 7% Belle 11

R(B — Drv) ok 3% Belle II

R(B — D*1v) ok 2% Belle II/LHCb

Radiative & EW Penguins

B(B — Xs7) K 4% Belle II

Acp(B — Xggqv) [1072]  #*x 0.005 Belle II

S(B — K3n%) ook 0.03 Belle 1T

S(B — p7) oK 0.07 Belle II

B(Bs — y) [107°] o 0.3 Belle 1T

B(B — K*vw) [107°] ok 15% Belle IT

B(B — Kvp) [107°] Hhox 20% Belle 11

R(B — K*f) Hhx 0.03 Belle IT/LHCb

Charm

B(Ds — pv) HHx 0.9% Belle II

B(Ds — Tv) ok 2% Belle 11

Acp(D® — K97%) [1073]  ** 0.03 Belle 1T

lg/p|(D° — K2ntn™) ok 0.03 Belle IT

(D° — Kontn™) [°] Hhox 4 Belle 11

Tau

T — py [1071Y] Kok <50 Belle II

T — ey [10719] ok < 100 Belle II

7 — ppp [10719) ok <3 Belle IT/LHCb
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3 Belle II Detector

3. Belle II Detector
Section author(s): B. Fulsom, P. Krizan, P. Urquijo, C. H. Li

3.1.  Introduction

The tool for discoveries at the new generation (super) B-factory will be the Belle II detector
(Fig. 3). While the new detector clearly fits the same shell as its predecessor, the super-
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Fig. 3: Belle II top view.

conducting soleniod magnet with the iron return yoke, all components are either new or
considerably upgraded [6].

Compared to Belle, the Belle IT detector will be taking data at an accelerator with a 40
times higher luminosity, and thus has to be able to operate at 40 times higher event rates, as
well as with backgrounds rates higher by a factor of 10 to 20 [6]. To maintain the excellent
performance of the spectrometer, the critical issue will be to mitigate the effects of higher
background levels, which lead to an increase in occupancy and radiation damage, as well as
to fake hits and pile-up noise in the electromagnetic calorimeter, and to neutron induced hits
in the muon detection system. Higher event rates also require modifications to the trigger
scheme, data acquisition system and computing with respect to the precursor experiment.
The trigger and DAQ have also been adapted to support a broader low-multiplicity (dark
sector) physics analysis program. In addition, improved hadron identification is needed, and
a hermeticity at least as good as in the original Belle detector is required.

The requirements for a B factory detector can be summarised as follows. The apparatus
should meet the following criteria:
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Fig. 4: A schematic view of the Belle II vertex detector with a Be beam pipe, two pixelated
layers and four layers with silicon strip sensors.

o Excellent vertex resolution (~ 50um);

o Very high reconstruction efficiencies for charged particles with momenta down to a few
hundred MeV /¢, and improved efficiency for charged particles with momenta down to
50 MeV/c¢;

o Very good momentum resolution over the whole kinematic range of the experiment, i.e.
up to =~ 8 GeV/¢;

o Precise measurements of photon energy and direction from a few tens of MeV to =
8 GeV, and efficient detection from 30 MeV onwards;

o Highly efficient particle identification system to separate pions, kaons, protons, electrons
and muons over the full kinematic range of the experiment;

o Cover the (almost) full solid angle;

o Fast and efficient trigger system, as well as a data acquisition system capable of storing
large quantities of data.

The design choices of the Belle II experiment are summarised in Table 17, and are dis-
cussed in some detail below. A full discussion can be found in the Technical Design Report
(TDR) [6].

3.2.  Vertex detector (VXD)

The new vertex detector is comprised of two devices, the silicon Pixel Detector (PXD) and
Silicon Vertex Detector (SVD), with altogether six layers (Fig. 4) around a 10 mm radius
Be beam pipe. The first layers at » = 14 mm and r» = 22 mm will use pixelated sensors of
the DEPFET type [7, 8].

The remaining four layers at radii of 38 mm, 80 mm, 115 mm, and 140 mm will be equipped
with double-sided silicon strip sensors. In comparison, in Belle the outermost vertex detector
layer was at a radius of 88 mm. The summary table (Table 17) lists the sensor strip pitch
sizes.

Compared to the Belle vertex detector, the beam pipe and the first two detector layers are
closer to the interaction point, and the outermost layer is at a considerably larger radius. As
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3 Belle II Detector

Fig. 5: A cosmic muon as recorded by the Belle IT Central Drift Chamber (CDC).

a result, significant improvement is expected with respect to Belle in the vertex resolution,
as well as in the reconstruction efficiency for Kg — mtr~ decays with hits in the vertex
detector [6].

3.83.  Central Drift Chamber (CDC)

One of the core instruments of the Belle II spectrometer is the central tracking device, a
large volume drift chamber with small drift cells. Compared to Belle, it extends to a larger
radius (1130 mm compared to 880 mm) due to the upgrade to a much thinner PID device
in the barrel region. To be able to operate at high event rates with increased background
levels, the chamber has smaller drift cells than the one used in Belle. In total, the CDC
contains 14 336 sense wires arranged in 56 layers, either in “axial” orientation (aligned
with the solenoidal magnetic field) or “stereo” (skewed with respect to the axial wires). By
combining information from axial and stereo layers it is possible to reconstruct a full 3D
helix track. The chamber gas is comprised of a He-CoHg 50:50 mixture with an average drift
velocity of 3.3 cm/us and a maximum drift time of about 350 ns for 17 mm cell size.

The drift chamber is by now fully constructed and installed in the Belle II detector and
has been commissioned with cosmic rays (Fig. 5).

3.4. Particle identification system (TOP and ARICH)

For particle identification in the barrel region, a time-of-propagation (TOP) counter is
used [9, 10]. This is a special kind of Cherenkov detector where the two dimensional infor-
mation of a Cherenkov ring image is given by the time of arrival and impact position of
Cherenkov photons at the photo-detector at one end of a 2.6 m long quartz bar (Fig. 6).
Each detector module (16 in total) consists of a 45 cm wide and 2 cm thick quartz bar
with a small expansion volume (about 10 cm long) at the sensor end of the bar. The expan-
sion wedge introduces some additional pinhole imaging, relaxes slightly the precision timing
requirements and reduces the hit occupancy at the photo-detector [10]. At the exit win-
dow of the wedge, two rows of sixteen fast multi-anode photon detectors are mounted. The
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Fig. 6: Belle-IT PID systems: one of the modules of the TOP counter (left), principle of
operation of the proximity focusing RICH with a non-homogeneous aerogel radiator in the
focusing configuration (right).

TOP counter requires photo-sensors with a single photon time resolution of about 100 ps,
which can be achieved with a 16-channel MCP PMT [10, 11] specially developed for this
purpose. For precision timing required in this type of counter, a custom-made waveform
sampling read-out electronics is used [12]. Note that for this identification method the start-
ing (particle production) time has to be known with a precision of about 50 ps; this is indeed
challenging, but was already achieved for the time-of-flight (TOF) counter of Belle [13].

In the forward end-cap region, ARICH, a proximity focusing Cherenkov ring imaging
detector with aerogel as Cherenkov radiator will be employed to identify charged particles.
The design requirements include a low momentum threshold for pions and good separation
of pions and kaons from 0.4 GeV/c up to about 4 GeV/c.

A key parameter of the RICH, the number of detected Cherenkov photons is increased by
a novel method (Fig. 6). Two 2 cm thick layers of aerogel with different refractive indices
(n = 1.045 upstream, n = 1.055 downstream) are used to increase the yield without degrad-
ing the Cherenkov angle resolution [14, 15]. As the single photon sensitive high granularity
sensor, the hybrid avalanche photon detector (HAPD) is used, developed in a joined effort
with Hamamatsu [16, 17]. In this 73 x 73 mm? sensor with 144 channels, photo-electrons
are accelerated over a potential difference of 8 kV, and are detected in avalanche photodi-
odes (APD). Sensor production was optimised (thicknesses of p and p+ layers, additional
intermediate electrode) following radiation tolerance tests [17] with neutrons and gamma
rays. All 16 modules of the TOP counter have been installed, and are being commissioned.
The ARICH detector is fully installed; all photo-sensor modules (HAPD light sensors and
read-out electronics boards) have by now been installed and are being commissioned. With
a partially equipped detector, the first Cherenkov rings observed are shown in Fig. 7.

3.5.  Electromagnetic Calorimeter (ECL)

The electromagnetic calorimeter is used to detect gamma rays as well as to identify elec-
trons, i.e. separate electrons from hadrons, in particular pions. It is a highly-segmented
array of thallium-doped caesium iodide CsI(T1) crystals assembled in a projective geometry
(Fig. 3). All three detector regions, barrel as well as the forward and backward end-caps,
are instrumented with a total of 8736 crystals, covering about 90% of the solid angle in the
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Fig. 7: ARICH detector: photon detector plane with HAPD sensors (left); a ring produced
by a cosmic muon (right).

centre-of-mass system. The CsI(T1) crystals, preamplifiers and support structures have been
reused from Belle, whereas the readout electronics and reconstruction software have been
upgraded. In the Belle experiment, the energy resolution observed with the same calorime-
ter was op/FE = 4% at 100 MeV, 1.6% at 8 GeV, and the angular resolution was 13 mrad

O mass resolution was 4.5 MeV/c? [2]; in absence of

(3 mrad) at low (high) energies; 7
backgrounds a very similar performance would also be expected in Belle II.

In the presence of considerably elevated background levels as compared to the operation
in Belle, the relatively long decay time of scintillations in CsI(T1) crystals will consider-
ably increase the overlapping of pulses from neighbouring (background) events. To mitigate
the resulting large pile-up noise, scintillator photo-sensors were equipped with wave-form-
sampling read-out electronics. In the forward region of the detector, close to the beam pipe,
much higher background rates are expected, such that even with the new wave-form-sampling
electronics the pile-up noise will degrade the performance. Some further degradation could
come from a reduction of the light yield due to radiation damage, although this effect seems
to be less significant than originally anticipated [18]. As a possible solution for this region of
the spectrometer, a replacement of CsI(T1) with considerably faster and radiation tolerant
pure Csl is under study [19].

3.6. Ki,- Muon Detector (KLM)

The K9 and muon detector (KLM) consists of an alternating sandwich of 4.7 ¢cm thick iron
plates and active detector elements located outside the superconducting solenoid. The iron
plates serve as the magnetic flux return for the solenoid. They also provide 3.9 interaction
lengths or more of material, beyond the 0.8 interaction lengths of the calorimeter, in which
K 2 mesons can shower hadronically.

The Belle KLM, based on glass-electrode resistive plate chambers (RPC), has demon-
strated good performance during the entire data taking period of the Belle experiment.
Contrary to Belle, in Belle II in some KLM detector areas (both endcaps and the inner-
most layers in the barrel region) large background rates are expected due to neutrons that
are mainly produced in electromagnetic showers from background reactions (e.g., radiative
Bhabha scattering). The long dead time of the RPCs during the recovery of the electric
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field after a discharge significantly reduces the detection efficiency under such background
fluxes. The resulting fake muon identification probability would become so high in the end-
cap region of the spectrometer and in the two inner layers of the barrel, that such a counter
would be useless [6]. To mitigate this problem, RPCs have been replaced by layers of scin-
tillator strips with wavelength shifting fibers, read out by silicon photomultiplier (SiPMs,
Geiger mode operated APDs) as light sensors [20]. Note that the high neutron background
will also cause damage to the SiPMs, and will therefore considerably increase the dark count
rate in the light sensor; irradiation tests have shown, however, that such a detector system
can be reliably operated by appropriately setting the discrimination threshold.

3.7.  Trigger System

The trigger system of Belle II has a non trivial role to identify and record the events of
interest during data taking. The scope of physics analysis topics that require dedicated
triggers will be broad at Belle II. These triggers must work efficiently in the presence of the
much higher background rates expected from SuperKEKB, and satisfy the limitations of the
data acquisition system (DAQ). A well-designed trigger system unlocks a broad variety of
topics not probed in the previous generation B-factories. Excellent examples of triggers for
new phenomena include the single photon trigger for dark sector searches, and the two- and
three- photon triggers for axion-like particle searches.

The dominant beam background sources are discussed in detail in the next chapter, and
are namely from the Touschek effect, Beam-gas Scattering, Synchrotron radiation, Radiative
Bhabha process, two-photon process, and beam-beam effects. The rates of these background
processes are correlated with multiple factors e.g. beam size, beam current, luminosity,
accelerator status, vacuum conditions, and so on.

Most of these processes are characterised by the presence of fewer than two charged particle
tracks in CDC, accompanied with one or two clusters in the ECL. These topologies are similar
to those of primary collision events to low-multiplicity production modes, and are therefore
a large problem for such physics studies.

The flagship measurements for Belle II in B- and D- flavour physics are expected to be
highly robust to trigger implementation, where events will be easily identified from the
presence of at least 3 tracks in the CDC trigger and a large deposition of energy in the ECL.
Similarly to Belle, the trigger for most B-decays will be close to 100% efficient, for events
that are reconstructed by offline algorithms.

The long list of new low multiplicity and dark sector triggers under development at Belle 11
will increase the physics scope but present a large challenge to the DAQ system. In addition
to B physics, Belle IT is also an excellent ground for the study of many other important top-
ics e.g. 7 physics, dark sector searches, two-photon physics, and precision measurements
of low-multiplicity and ISR processes. Precision measurements of luminosity from low-
multiplicity events are also important input to precision flavour physics measurements. The
low-multiplicity topology of these processes is however similar to the background processes
mentioned above, leading to low purity and must be tackled using online algorithms.

The scheme of Belle II trigger system is composed of two levels: hardware based low level
trigger (L1) and software based high level trigger (HLT). Key design features of each level
are described in turn below.
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The nominal L1 trigger has a latency of 5 us, and maximum trigger output rate of 30 kHz,
limited by the read-in rate of DAQ. To cope with high event rate and background level at
Belle II, a series of upgrades are implemented at L1. The key areas of improvement involve
the implementation of firmware based reconstruction algorithms and trigger logic.

o Tracking. Novel 3D tracking algorithms (based on 3D-fitting, and Multi Layer Percep-
tron (MLP) respectively) have been developed to provide the vertex position in the
direction of the beam-line (z—axis). This is used to suppress beam background that
does not originate from the interaction point. At Belle only 2D information was derived
in the L1 trigger. The 3D track information allows for matching the CDC track with
associated ECL clusters, and therefore improve particle identification at the trigger level.

o Calorimeter. High rate background from radiative Bhabha scattering, which has a cross
section of of 74 nb in the CDC acceptance, will be reduced with improved online recon-
struction techniques. Bhabha vetoes in the B-factories tended to remove a substantial
rate of interesting low-multiplicity processes. To better suppress Bhabha events, a 3D
Bhabha logic has been developed in the ECL trigger which uses 3D ECL clustering
information.

o Global reconstruction. The trigger information from each sub-detector trigger is com-
bined using an FPGA based Global Reconstruction Logic (GRL) to perform low level
particle and event reconstruction e.g. matching between tracks found in the CDC and
clusters found by the ECL trigger. The GRL is one of the key new components of the
Belle IT L1, and will be critical for controlling rates at high luminosity.

o Trigger menu. Belle II will have a new trigger menu, or set of trigger lines, to satisfy
a variety physics analysis targets. For hadronic processes e.g. B decays and continuum,
they will be triggered with high efficiency by requiring that there are at least three
tracks in CDC. Low multiplicity processes are easily mimicked by radiative Bhabha or
beam background events, and are therefore difficult to efficiently trigger on.

o Trigger conditions. The trigger menu will be designed for specific periods of data taking
at varying collision centre of mass energies and instantaneous luminosity. It will be
tuned to take into account varying background flux as a function of the polar angle of
the detector. The regions of the detector close to beam pipe suffers high beam-induced
background. Background from beam gas is more prevalent at the beginning of data
taking due to the beam vacuum conditions at startup. The background processes with
scattering rates proportional to the luminosity e.g. Bhabha, will be more prevalent as
luminosity rises.

o Dark sector trigger. Dark matter searches are a big challenge for the trigger, which can
be characterised by the presence of only one energetic photon in the final state. Bhabha
and eTe” — vy are the dominant background in the endcaps and at high luminosity.
Consequently loose triggers are applied for the photon in the barrel of ECL, and tight
conditions are applied in the endcaps. Some trigger lines may need to eventually be
pre-scaled but this will be decided later. These triggers are detailed further in the dark
sector physics section.

As a key component of DAQ, the HLT must suppress online event rates to 10 kHz for
offline storage, and it must identify track regions of interest for PXD readout to reduce data
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flux. The HLT reconstructs the event with offline reconstruction algorithms, allowing access
to full granularity event reconstruction using all detectors except for the PXD.

o Architecture. The HLT will suppress the event rate to 15 kHz firstly with the information
from the CDC track finding and ECL reconstruction, which have been optimised for
fast online operation. Only the events passing this first step are considered for full event
reconstruction. This step typically rejects residual beam background not found by the
L1. The event rate is further reduced to 10 kHz by using full reconstruction information.

o Trigger menu. A robust trigger menu for the HLT is in development. As with L1, Bhabha
scattering is a dominant background.

o CPU farm. To process at nominal 30 kHz a total of 6000 CPU cores are employed. This
is the required rate for nominal instantaneous luminosity.

3.8.  Ezpected detector performance

The expected Belle II detector performance of some of the critical components, including
the track reconstruction efficiency and particle identification capabilities, are discussed in
Sec. 5.

3.9.  Detector commissioning phases

The Belle II experiment is scheduled to begin its first “physics” run in 2019. As a prelude to
this, two commissioning periods known as “Phase 1” (February 2016-June 2016) and “Phase
2” (Februray 2018 - July 2018) were scheduled where a collection of detectors, known as
BEAST 2 (Beam Exorcism for A Stable Belle IT Experiment) will be deployed for measuring
background rates and operating conditions. During Phase 1, the solenoid was not active, and
no collisions took place. However, for Phase 2 all subsystems except for the vertex detectors
will be ready, and the opportunity exists for colliding beams to produce useful physics and
calibration events.

Given the expected luminosity profile, it will likely take until at least mid-2019 for Belle 11
to collect an 7°(45) dataset large enough to equal that of the B-factory experiments. Data
collected at different centre-of-mass energies is a consideration to ensure Belle II accesses
unique data sets from early in its program.

During phase 2, Belle II will contain only one octant of the pixel detector (PXD) and silicon
vertex detector (SVD), consisting of 2 and 4 ladders, respectively. They will be placed in
the +X direction, which is expected to have the highest beam background radiation. The
final focusing magnets, QCSL and QCSR, will be installed such that combined with the
Belle II solenoid, the final magnetic field configuration will be present for charged particle
track reconstruction. An exact copy of the final physics run beam pipe with final geometry
and composition will be installed (the exception is the gold foil thickness, which will be
6.6 pum instead of the nominal 10 pum in order to measure synchrotron radiation). Most of
the BEAST2 commissioning detectors will not be included in the Belle IT DAQ, and are
used solely for beam background characterisation. All of the outer detector elements will be
present and operational in Phase 2: the CDC, TOP, ARICH, ECL, and KLM.

The main aim of Phase 2 is to commission the SuperKEKB accelerator to a point where
integrating the full VXD is deemed safe. The majority of time will be spent towards achieving
this aim. The nominal operating energy is 7 GeV on 4 GeV (centre-of-mass energy at 1°(45)),
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but the machine should be capable of operating anywhere in the range from 7°(2S) (at
10.02 GeV) up to 11.25 GeV. The beam energy spread is expected to be fairly close to
the nominal value of approximately 5 MeV, even during this stage. The goal is to reach an
instantaneous luminosity of approximately 1 x 103 cm™2s~!, and to measure the luminosity
dependence of the leading background processes. The first few months of Phase 2 will be
devoted towards machine commissioning goals, BEAST background studies, and ramp up of
the instantaneous luminosity to reach its target. If these tasks are accomplished in a timely
manner, the remainder can be used for physics data collection. The working estimate for
integrated luminosity during Phase 2 is 20 4 20fb~".

The lack of the VXD elements is expected to have the largest impact on physics during
Phase 2. Due to the missing VXD, track reconstruction in Phase 2 is entirely dependent on
the CDC, therefore tracks must be able to reach this detector and produce sufficient hits
in order to be reconstructed. This leads to efficiency losses at low pr due to acceptance.
These effects are seen with momenta below 1 GeV/c and become most pronounced below
150 MeV /¢, with almost no sensitivity to tracks with pp < 75 MeV in Phase 2. Losses are
approximately uniform in the azimuthal angle ¢, except in the ¢ = 0 direction where PXD
and SVD elements will be partially installed. Efficiency in the polar angle is roughly constant
except at the CDC edge and SVD wedge regions. Therefore analyses requiring these tracks
(e.g. soft pions in T'(3S) — 7t7~1(25) decays, detecting all tracks in an event) will be
affected. Studies of photon efficiency indicate that no appreciable difference is expected in
performance between Phases 2 and 3. The full ECL will be present and operational during
both phases. Even though the VXD will be absent, the BEAST2 components contribute a
nearly equivalent amount of material. This has been reduced as much as possible to avoid
affecting performance for physics and commissioning. As a result, analyses relying on photon
detection are expected to be as effective in Phase 2 as in Phase 3.

The physics potential for these phases will be discussed further in the WGT-
Quarkonium(like) physics and WG8-Tau decay and low-multiplicity physics chapters.
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4. Belle IT Simulation
Section author(s): T. Ferber, D. Kim, H. Nakayama, M. Ritter, M. Staric

4.1.  Introduction

This chapter describes the simulation tools used in the studies presented in this report.
This includes a brief review of the main event generators, the detector simulation and an
overview of the expected beam backgrounds. Some analyses require very specific event gen-
erators whose description is given in the respective subsections. The reference cross sections
for various physics processes are provided as well.

All simulations start with at least one event generator that simulates the primary physics
process, followed by a detailed detector simulation. Some studies include the effects of beam
background, which is simulated in specific background simulations and added to the physics
event simulation.

The studies presented, and the performance reported, throughout this report use different
versions of the Belle II software basf2. This software is under active development and the
performance (e.g. resolution, efficiency, background tolerance) typically improves with each
software revision. Most of the studies make use of centrally produced MC campaigns: MC5 is
based on release-00-05-03, MC6 and MC7 are based on release-00-07-02, and MCS is based on
release-00-08-00. The latest basf2 version used in the publication is release-00-09-01, which
is referenced in some performance outlooks.

4.2. Cross Sections

Cross sections for the most important physics processes are given in Table 18 at the default
beam energy. In addition to the normalisation values, a rough estimate for observable cross
sections within acceptance and some typical generator—level selection criteria are given by
the indented values. The selection criteria (if any) for the non-indented cross section values
correspond to typical event generator selections.

4.8.  Generators

Most studies in this report are based on three main event generators: EvtGen 1.3 [21] is
used to model the decays of B and D mesons into exclusive final states. PYTHIA 8.2 [22]
is used for inclusive decay final states and for the continuum production of light quark
pairs. 7 pair production is generated using KKMC 4.15 [23, 24] with the decays handled by
TAUOLA [25]. In addition, the large cross section QED background processes e e~ — eTe™ (v)
and ete” — 47() are simulated using BABAYAGA.NLO [26-30], and ete™ — ete ete™ and
eTe puTp~ are simulated using AAFH! [31-33].

All event generators use the same beam parameters, such as the mean beam energies and
the vertex position, which are provided by a central data base. The default beam energies are

! This generator is sometimes also called BDK or DIAG36.
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Table 18: Total production cross section from various physics processes from collisions at

Vs =10.58 GeV. Wy is the minimum invariant secondary fermion pair mass.

Physics process Cross section [nb] Selection Criteria Reference
T (49) 1.110 £ 0.008 - 2]
ut () 1.61 - KKMC
dd(v) 0.40 - KKMC
s5(7) 0.38 - KKMC
ce(7y) 1.30 - KKMC
ete () 300 4 3 (MC stat.) 10° < 6% < 170°, BABAYAGA.NLO
E} > 0.15GeV
ete () 74.4 pe > 0.5GeV/c and e in -
ECL
vy () 4.99 + 0.05 (MC stat.) 10° < 05 < 1707, BABAYAGA.NLO
EZ > 0.15GeV
04160 3.30 E, > 0.5GeV in ECL -
wru= () 1.148 - KKMC
w () 0.831 pu > 0.5GeV/cin CDC -
wtu=y(7) 0.242 pu > 0.5GeV in CDC, -
> 1~ (Ey>0.5GeV) in ECL
(%) 0.919 - KKMC
vir(7) 0.25 x 1073 - KKMC
eteete 39.7+ 0.1 (MC stat.) Wi > 0.5 GeV/c? AAFH
ete ptu~ 18.9 £ 0.1 (MC stat.) Wi > 0.5 GeV/c? AAFH

FErpr = 7.004GeV and Eppr = 4.002 GeV. The effect of beam energy smearing is included
in EvtGen and BABAYAGA .NLO only. The smearing is modelled as single Gaussian for the HER
and LER beams individually, with a width of oggpr = 5.13MeV and oppr = 2.375 MeV,
respectively. The default vertex position is the detector centre (0,0,0). The vertex smear-
ing covariance matrix is calculated from the horizontal (z) and vertical (y) beam size at
the IP, with the bunch lengths (2) of the LER (0,=10.2 pm, 0,=0.059 pm, o,=5mm) and
HER (0,=7.75 pm, 0,=0.059 pm, o,=6mm). The beam angles with respect to the z-axis
are Ogpr = 0.0415 and 0 pr = —0.0415. Normally—distributed bunch densities are assumed
for the calculation, and the probability density functions for the two bunches are multiplied
to get a resulting beam spot. Vertex position smearing is included for all generators.

EvtGen is an event generator originally developed for BaBar and CLEO. EvtGen accounts
for cascade decays involving multiple vertices and spin configurations. Input data for each
decay process is passed to the code as a complex amplitude. In cases where a number of
complex amplitudes are invoked for the same process, these are added before the decay
probabilities are calculated and consequently the interference terms, which are of significant
importance in many B-physics studies, are included. EvtGen is controlled by means of a fairly
complete decay table (DECAY.DEC), which lists all possible decay processes, their branching
ratios, and the model (amplitude) which is to be used to decay them. Belle IIcurrently uses
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the simplified default EvtGen decay file for generic B events, which lacks some improvements
that were included in the Belle or BaBar decay files. There is a dedicated Belle IItask-force
working on improvements of the EvtGen decay file. Since EvtGen only handles exclusive final
states, PYTHIA 8.2 is used to produce final states not included in the decay file. Double
counting is avoided by rejecting decays produced by PYTHIA 8.2 that are already included
in the decay file. PHOTOS is used to simulate final state radiation correction in decays [34].
Up to MC8, EvtGen is also used to simulate ui, dd, s5, and cé continuum events that are
fragmented into final states using PYTHIA 8.2. Unlike at Belle, the continuum light quark
production in EvtGen does not include initial state radiation. Starting with release-00-09-01,
continuum events are produced using KKMC and PYTHIA 8.2 and include ISR.

In general, it is not straightforward to translate the Belle fragmentation settings to Belle I1
since the PYTHIA version has been changed from PYTHIA 6 to PYTHIA 8.2 and not all PYTHIA
6 parameters have PYTHIA 8.2 equivalents and vice versa. All currently used non—default
PYTHIA 8.2 parameters are listed in Table 19 and were chosen to approximate the settings
used in Belle. It is planned to have a tuning of the PYTHIA 8.2 parameters controlling the
fragmentation process of light (uds) and charm quarks for Belle IT based on Belle data before
the start of Belle I Phase 3 data taking. The parameters will be tuned separately with and
without the ones responsible for excited meson production.

Table 19: PYTHIA 8.2 parameters with changed values in Belle II.

Parameter name Default Belle II
StringFlav:etaSup 0.60 0.27
StringFragmentation:stopMass 1.0 0.3
StringZ:aLund 0.68 0.32
StringZ:bLund 0.98 0.62
StringZ:rFactC 1.32 1.0

KKMC is the default generator to simulate the two fermion final states ete™ — utu=(v)
and ete™ — 7777 (). The currently implemented version is based on the Belle implementa-
tion of KKMC4. 19 including a modified interface for tau decays. KKMC generates multi—photon
initial state radiation (ISR), final state radiation (FSR), and the interference of initial and
final state radiation (IFI). These QED corrections are complete NLO for ISR, IFI, and FSR,
and almost complete NNLO for ISR and FSR within the framework of exclusive coher-
ent exponentiation based on Yennie-Frautschi-Suura exclusive exponentiation. 7 decays
are handled by TAUOLA-exp-11-10-2005, taking into account spin polarisation effects and
transverse spin correlations in 7 decays. The hadronic currents for 7 — 47 are taken from
CMD-2, all others from CLEO. Electroweak corrections within KKMC are implemented using
the DIZET6.21 library of the ZFITTER project [35, 36]. The DIZET6.21 routine REPI for
the calculation of the time-like real part of the electromagnetic coupling agrp(s) has been
replaced as described in [37]. The electroweak corrections are complete one—loop with some
higher—order extensions. The theoretical precision of the generator for lepton pairs is stated
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to be better than 0.5 % for both cross section and inclusive differential distributions within
the detector acceptance for beam energies at and above the 7°(45), including uncertainties
due to vacuum polarisation [37].

BABAYAGA.NLO is the default generator to simulate large angle (above about 5° in the
CM frame) ete™ — ete (y) (Bhabha) and ete™ — ~7(v) final states. BABAYAGA.NLO gen-
erates multi-photon ISR, FSR, and IFI based on the matching of exact NLO corrections
with a parton shower algorithm. Z exchange and v — Z interference are included at the Born
level. Narrow resonances and vacuum polarisation corrections are included but no other elec-
troweak corrections. The theoretical precision of the generator is stated to be about 0.1 %
for both cross section and inclusive differential distributions within the detector acceptance.

The non-radiative four fermion final states ete™ — eTe ete™ and eTe™ — ete putu~
are simulated using AAFH. AAFH includes all LO QED diagrams and their interference, but no
higher—order QED corrections, no weak corrections, and no Z—exchange. The leading order
calculation is exact and includes final state mass kinematics. The leading order divergency
of the process is controlled using a selection criterion on the minimum invariant secondary
fermion pair mass, with typically Wy, > 0.5 GeV/c?.

4.4.  Beam—induced background

We begin by giving an overview of the five main beam background sources at SuperKEKB.
We include luminosity-dependent backgrounds such as radiative Bhabha scattering and
production of two-photon events.

4.4.1.  Touschek scattering. The first background source is the Touschek effect, which is
enhanced at SuperKEKB due to the Nano-beam scheme. The Touschek effect is an intra-
bunch scattering process, where Coulomb scattering of two particles in a same beam bunch
changes the particles’ energies to deviate from the nominal energy of the bunch. One particle
ends up with an energy higher than nominal, the other with lower energy than nominal.

The Touschek scattering probability is calculated using Bruck’s formula, as described in [4].
The total scattering rate, integrated around the ring, is proportional to the number of filled
bunches and the second power of the bunch current, and inversely proportional to the beam
size and the third power of the beam energy. Simple extrapolation based on beam size
predicts that the Touschek background at SuperKEKB will be a factor of ~20 higher than
at KEKB.

Touschek-scattered particles are subsequently lost at the beam pipe inner wall after they
propagate further around the ring. If the loss position is close to the detector, the resulting
shower might reach the detector. To mitigate Touschek background, we utilise horizontal
and vertical movable collimators and metal shields. The collimators, located at different
positions around the ring, stop particles that deviate from nominal trajectories and prevent
them from reaching Belle II. While we had horizontal collimation only from the inner side
of the beams at KEKB, Touschek background can be reduced effectively by collimating the
beam horizontally from both the inner and outer side.The horizontal collimators located
just before to the interaction region play an important role in minimising the beam loss rate
inside the detector. The nearest LER collimator is only 18 m upstream of the interaction
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point. In phase 3, there will also be heavy-metal shields in the vertex detector (VXD) volume
and on the superconducting final focus cryostat, to prevent shower particles from entering
the Belle II acceptance.

4.4.2. Beam-gas scattering. The second beam background source is the so-called beam-gas
scattering, i.e. scattering of beam particles by residual gas molecules in the beam pipe. This
can occur via two processes, Coulomb scattering, which changes the direction of the beam
particle, and Bremsstrahlung scattering, which decreases the energy of the beam particles.
The rate of beam-gas scattering is proportional to the beam current and to the vacuum
pressure in the beam pipe. At SuperKEKB, the beam currents will be approximately two
times higher than at KEKB, while the vacuum level, except for the interaction region, will
be similar to that at KEKB.

The rate of Beam-gas Bremsstrahlung losses in the detector is well suppressed by horizontal
collimators and is negligible compared to the Touschek loss rate in the detector. However,
the beam-gas Coulomb scattering rate is expected to be a factor of ~ 100 higher than at
KEKB, because the SuperKEKB beam pipe radius inside the detector is smaller, and the
maximum vertical beta function is larger. Beam-gas scattered particles are lost by hitting
the beam pipe inner wall while they propagate around the ring, just like Touschek-scattered
particles.

The countermeasures used for Touschek background, movable collimators and heavy-metal
shields, are also effective at reducing beam-gas background. In particular, vertical collimators
are essential for reducing Coulomb scattering backgrounds. However, potential Transverse
Mode Coupling (TMC) instabilities caused by vertical collimators should be carefully exam-
ined, since the vertical beta function is larger than horizontal beta function. Therefore, the
collimator width must satisfy two conditions at the same time:

o narrow enough to avoid beam loss in the detector
o wide enough to avoid TMC instability

The only way to achieve this is to use vertical collimators with ~ 2 mm width in loca-
tions where the vertical beta function is relatively small. This is different from horizontal
collimators, which are installed where the horizontal beta function is large.

4.4.8.  Synchrotron radiation. The third background source is synchrotron radiation (SR)
emitted from the beam. Since the SR power is proportional to the beam energy squared
and magnetic field strength squared, the HER beam is the main source of this type of
background. The energy spectrum of SR photons ranges from a few keV to tens of keV.

During early running of KEKB, the inner layer of the Belle Silicon Vertex Detector (SVD)
was severely damaged by x-rays with E ~ 2 keV from the HER. To absorb SR photons before
they reach the Belle II inner detectors (PXD/SVD), the inner surface of the beryllium beam
pipe is coated with a gold layer. The shape of IR beam pipe is designed to avoid direct
SR hits at the detector. Ridge structures on the inner surface of incoming pipes prevent
scattered photons from reaching the interaction point.

4.4.4. Radiative Bhabha process. The fourth background source is Radiative Bhabha scat-
tering. Photons produce by the radiative Bhabha process propagate along the beam axis
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direction and interact with the iron of magnets. In these interactions, there is copious
production of neutrons via the giant photo-nuclear resonance mechanism.

Such neutrons are the main background source for the outermost Belle II detector, the Ky,
and muon detector (KLM), situated in the return yoke of the experiment’s solenoid magnet.
The rate of neutron production by radiative Bhabha events is proportional to the luminosity,
which is 40 times higher at SuperKEKB than at KEKB. Additional neutron shielding in the
accelerator tunnel is required to stop these neutrons.

Both the electron and positron energy decrease after radiative Bhabha scattering. KEKB
employed shared QCS magnets for the incoming and outgoing beams, and as a result the
scattered particles were over-bent by the QCS magnets. The particles then hit the wall of
magnets and electromagnetic showers were generated.

In SuperKEKB we use two separate quadrupole magnets and both orbits for incoming and
outgoing beams are centred in the Q-magnets. We therefore expect the radiative Bhabha
background due to over-bent electrons and positrons to be small, and only the small fraction
with very large energy loss (AFE) is lost inside the detector. However, since the design
luminosity of SuperKEKB is 40 times higher than that of KEKB, the rate of those large AFE
particles is still not negligible and will be comparable to Touschek and Beam-gas background
after installation of collimators. The transverse kick from the solenoid field due to a finite
crossing angle is the crucial and inevitable cause of these beam losses. The intrinsic angular
beam divergence at the IP, angular diffusion by the radiative Bhabha process, and leak fields
from the other ring’s Q-magnets also play a role, but are less crucial than the solenoid kick.

In addition, radiative Bhabha losses within |s| < 65 cm of the IP are particularly dangerous
because we cannot put enough shielding material in that region to prevent showers from
entering the acceptance region. The cryostat is located at |s| > 65cm.

4.4.5.  Two photon process. The fifth beam background results from very low momentum
electron-positron pairs produced via the two-photon process ee — eeee. Such pairs can spiral
around the solenoid field lines and leave multiple hits in the inner Belle II detectors.

In addition to the emitted pairs, primary particles which lose large amount of energy or
scatter with large angle can be lost inside the detector, in the same way as explained in the
radiative Bhabha section. Losses within |s| < 65 cm from the IP are also dangerous.

4.4.6.  Simulated samples. According to beam background simulation provided by the
accelerator group, the most important sources are radiative Bhabha scattering, Touschek
scattering, and beam—gas interactions. These backgrounds are simulated with a dedicated
accelerator group software called SAD [38] which is not part of basf2.

SAD simulates the transportation of particles through the accelerator. If a particle leaves
the nominal beam trajectory and collides with the beam pipe or collimator in the Belle II
experimental region, its position and momentum vector are saved to a file. The files normally
correspond to one us of running the accelerator at the nominal SuperKEKB luminosity. The
data from SAD simulation are then passed to the Geant4 simulation software [39, 40] within
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basf2 to produce background samples of a given type.? The samples are saved in the stan-
dard basf2 ROOT format [41]. The events in these files correspond to the interaction of a
single beam particle in the material of the interaction region and consist of simulated hits
(SimHits) of all detector components. The equivalent accelerator running time and the back-
ground type are also saved within the files.

The two-photon QED background has been studied for the inner tracking detectors but
is not yet included in the default background mixing. It is generated within basf2 using the
generator AAFH (see Section 4.3) followed by Geant4 simulation, and the output is saved
in the same file format. The earlier versions of the simulation library did not have adequate
description of the magnetic field, so only PXD and SVD SimHits were included in the out-
put files. Later with the improvement of the magnetic field description, SimHits for outer
detectors will be also included in the output. Other backgrounds like synchrotron radiation
and gammas from radiative Bhabha scattering events are less intense and are currently not
included in background mixing.

The background types are listed in Table 20. The rate of events is calculated from the
number of events in the sample and the equivalent accelerator running time.

Table 20: Beam background types (12th background campaign).

Type Source Rate [MHz]

radiative Bhabha HER 1320

radiative Bhabha LER 1294
radiative Bhabha (wide angle) HER 40
radiative Bhabha (wide angle) LER 85
Touschek scattering HER 31
Touschek scattering LER 83
beam-gas interactions HER 1
beam-gas interactions LER 156
two-photon QED - 206

Background mixing The simulated background samples are used to add background to
the simulated events. Adding background to simulated events is done by adding SimHits;
digitisation is done after that. Possible pile—up of hits is therefore inherently included. The
average number of background events of a given type to be added to a single simulated event
is determined from the rate R of a particular background sample and the time window At
in which the background is mixed

N = sRAt, (1)

2 The set of physics models used for the Geant4 simulation of the background events is different
from the one used for physics events. This is to reproduce the behaviour of neutrons more precisely.
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where s is an optional scaling factor. The number of background events added to a particular
simulated event is then generated according to a Poisson distribution with the mean N. To
simulate contributions from a different bunch, the background events are shifted in time
randomly within the time window. This means that all SimHits of a given background event
are shifted by the same time and therefore the correlations between detector components
are preserved. The discrete bunch nature is however neglected because of sufficiently small
bunch spacing.

The size of the time window depends on the detector component. It ranges from 100 ns
(TOP) to 26 pus (ECL). To reduce CPU time we chose the time window of [—1.0, 0.8] us,
which fits the most detector components, except PXD and ECL; these two have time windows
of [-17.6, 8.5] us and [—10.0, 10.0] us, respectively. Additional background samples are used
for mixing the background outside the default time window in these two cases.

Table 21 shows a comparison of the number of digitised hits (clusters for PXD and SVD)
per event from beam-induced background with those from generic BB events.

Table 21: Number of digitised hits per event for beam-induced background (12th back-
ground campaign) and for generic BB events without background. For PXD and SVD the
clusters are counted instead of digits. Numbers in parenthesis are without two—photon QED
background.

component background generic BB

PXD 10000 (580) 23
SVD 284 (134) 108
CDC 654 810
TOP 150 205
ARICH 191 188
ECL 3470 510
BKLM 484 33
EKLM 142 34

Background Overlay When experimental data become available we will use a different
method. Instead of using simulated beam background, the background overlay method will
add background measured by random trigger. The background overlay is therefore done by
adding the measured background event to the simulated one using digitised hits. Possible
pile-up of hits must be taken into account with dedicated methods. These methods can
model the pile-up only approximately since the measured background includes only the hits
above the detection threshold.

A framework for background overlay has been designed to unify the method for all detector
components. It consists of two basf2 modules and a base class for digitised hits (or clusters
of hits). The first module, which must run in a single process mode, reads the data from a
standard basf2 ROOT background file, and the second module, which can run in a multi-
process mode, performs the overlay. Each class for digitised hits must implement two base
class methods: the one that returns the unique channel identifier of the hit and the one that
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implements the pile-up method, which is usually detector specific. The first method is used
to identify channels where background hits are added to the existing simulated hit. If this
happens, the second method is called. The return value then signals whether the pile-up
criterion was fulfilled. If not, the background hit is added to the collection of simulated hits.

4.5.  Detector Simulation

The simulation package of basf2 is based on the Geant4 software [39, 40], with the version
number 10.1.2.2 There are two methods to supply the primary event to Geant4: one can use
the particle gun class, which is part of the Geant4d package, or one can employ a specific
generator software. For the latter case, the particles created by the generator package are
sent to Geant4 for simulation via the interface implemented in the basf2 simulation package.
Most of the decay processes of particles are described by the generator software. Short lived
particles such as Kg are usually decayed by Geant4. Exchange bosons and initial particles
such as e~ and e™ are not passed to Geant4. During the simulation, Geant4 transports each
primary particle step—by—step inside the detector and creates secondary particles. Digitisa-
tion of hit information in the sensitive volume of the detectors is handled by separate basf2
modules, rather than using software objects incorporated into Geant4 [6]. The result from
the Geant4 simulation is sent to a persistent data storage (DataStore) to be used by other
basf2 modules.

To simulate propagation of particles in the detector, physics processes of the interactions
between the particles and the detector materials must be specified. These physics models
can be either supplied by users or selected from the physics lists provided by the Geant4
group. We use the recommended physics list by the Geant4 group for the high energy physics
experiments, FTFP_BERT [42].* The FTFP and BERT acronyms stand for hadronic shower mod-
els at different energies: the Fritiof quark—gluon string model at high energy, and the Bertini
intra—nuclear cascade model at low energy. The transition area between the two models
depends on each particle type, typically from 4 to 5GeV [42, Section 3],[43-46]. FTFP_BERT
contains all the standard electromagnetic processes provided by the Geant4 group [47].

For the production threshold for secondary particles inside the detector material, we use
the default level set by the Geant4 software [48].

4.6.  Magnetic field in basf2

Uncertainties in magnetic fields will affect Belle II analyses in several ways. The magnetic
field is an input to reconstruction of charged tracks. To obtain the optimal resolution of the
charged track momentum, the magnetic field must be understood precisely. The reconstruc-
tion efficiencies of particles depend on the accuracy of magnetic field information. Differences
between the magnetic field used for the detector simulation and the one used for collision
data sets may result in systematic bias. Differences between the magnetic field used for the
offline reconstruction and the true magnetic field may create a systematic bias as well.
Inside the Belle 11 detector, there are two sources of magnetic fields: the detector solenoid,
and the final focus system (QCS). The detector solenoid, which is comprised of an iron yoke

3 Geant4 version 10.1.2 was included in basf2 release 00-06-00 on December 2015. Before, version
9.6.2 was used.

4Included in basf2 release 00-04-00 since May 2014.
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and a superconducting solenoid, creates a uniform magnetic field of 1.5 T at the centre of the
detector [6]. The iron yoke is interlaced with the KLM detector. The QCS is an extension of
the SuperKEKB collider, whose purpose is to focus the incoming et and e~ beams at the
collision point [49]. The main components of the QCS are eight superconducting quadrupole
magnets. In addition, there are secondary superconducting magnets used for correction and
compensation. On the surface, the magnetic fields generated by all the components of the
QCS can be added linearly and used for simulation. However, due to the ferromagnetic yokes
and shields around the main quadrupole magnets, non-linear characteristics are introduced
in the magnetic field [49].

The Opera3D/TOSCA software [50] was used to produce precision models of the magnetic
field. The resulting 3D magnetic field map has been incorporated into basf2 on April 2016,
which replaced the constant field of 1.5 T as the default map for simulation and recon-
struction (see Fig. 8). Note that earlier analysis results are based on the constant field map.
Detailed studies are being conducted to improve the precision of the 3D magnetic field map.
In—situ measurements of the Belle II magnetic field have been carried out on September
2015 to provide references for the model. More in—situ measurements and further analysis
are planned to improve the precision of the field map to 0.1%.
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Fig. 8 The z component of the 3D magnetic field map as used in basf2 release version
00-07-00.
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5. Reconstruction Software

Section author(s): F.Abudinen, J. Bennett, T. Bilka, G. Casarosa, T. Ferber, J-F. Krohn,
C. MacQueen, L. Piilonen, L. Santelj, M. Staric

5.1.  Introduction

The Belle IT detector will build upon the success of the first generation B-factories to establish
a strong physics program. While many components of the Belle II detector are based on the
design of the Belle detector, many improvements have been made in order to maintain similar
performance in a much higher background environment. Significant efforts have also been
made in improving reconstruction software to this end. The reconstruction algorithms and

their performance characteristics are summarised in this chapter.

5.2.  Software overview

Online and offline data handling is performed by the Belle II analysis software framework
(basf2). The framework is designed to allow independent processing blocks called modules
to perform relatively small tasks, which are executed linearly within a defined path. The
configuration of modules for a specific purpose is defined using steering files. Modules com-
municate by passing information to and from a common object store, which also keeps track
of relationships between objects in each event.

Given the enormous data output rate at Belle II, a robust and efficient framework for
data analysis is vital. Data sets will be processed in several phases, with a reduction and
enhancement occurring in each phase. The raw data is reconstructed to provide physical
quantities from detector information like track hits and calorimeter clusters. This information
can then be used to construct high-level objects like charged tracks. The hit and cell level
information is then discarded and the event size is reduced by approximately a factor of 40.
The reduced information, including the high-level objects, is then used to determine particle
level information such as four-momentum and event shape variables.

As this book contains projections and preliminary studies based on samples produced in
several different MC campaigns, the performance of reconstruction algorithms is sometimes
given for multiple software releases. Unless otherwise noted, the performance plots and
reconstruction algorithms described in this chapter are based on basf2 release-00-05-03,
which was used in the fiftth MC campaign (MC5). Performance characterisation is also given
for more recent basf2 software libraries, including release-00-07-00, release-00-07-02, and
release-00-08-00, which were used in the sixth (MC6), seventh (MC7), and eighth (MC8)
MC campaigns, respectively.

5.83. Tracking

The main task of the tracking is the reconstruction of charged particles originating from
the primary and secondary vertices. Simply speaking, it consists of firstly identifying the
VXD and CDC hits due to ionisation of a given charged particle in a sea of background
hits due to other particles, machine background or detector noise, and secondly obtaining
the trajectory from a fit to the hit positions. Most of the tracks originate from inside the
beam pipe, except for the charged decay products of the long-lived V°-like particles (KY,
A, and converted photons) that are created outside the beampipe. The tracking algorithms
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must identify the two oppositely charged decay products of Kg, A, and photons decaying
inside the tracking volume and pair them. In subsection 5.3.1 we describe the steps of charged
particle reconstruction, while in subsection 5.3.2 more information specific to V9-like particle
reconstruction is provided.

Reconstructed particle trajectories are also used for the alignment of the detector. An opti-
mally aligned detector is crucial to perform high precision unbiased measurements of flavour
quantities with time dependence. The details of alignment are explained in section 5.3.3.

Finally, run-dependent knowledge of the spatial distribution of primary interactions
(beamspot) can be used as powerful constraint when fitting decay chains. The beamspot
can be inferred from the reconstruction of eTe™ — p* ™ events. This is foreseen but is not
yet implemented.

5.8.1.  Charged particle reconstruction. The tracking package provides the analyst with
lists of charged particle tracks that have been fitted with an associated mass hypothesis. At
the analysis level, a track is represented by {p,Z}, where & is the point of closest approach
to the origin of the coordinate system, and p is the particle momentum in #. The detector
hits associated to the track are not propagated after tracking, in order to reduce the size of
the mDST files. Additional information is also preserved for the analyst, e.g. the number of
hits in each detector layer of the VXD and CDC that has been used to fit the track. This
is important information for selecting high quality tracks (stored in the VXD and CDC hit
pattern classes).
Charged particle reconstruction can be divided in two main parts:

o Track Finding: detector hits belonging to a single track are collected together into a
track candidate
o Track Fitting: the track trajectory is determined by fitting the track candidate.

In the following we report the current status of these reconstruction steps.

Track finding. Track finding consists of applying pattern recognition algorithms to deter-
mine track candidates. The features of the detector hits in the CDC and the VXD are
completely different, therefore dedicated pattern recognition algorithms for each detector
have been developed.

The VXD track finder algorithm is based on the cellular automaton (CA) model [51]. The
large number of combinatorial track candidates in this approach is reduced by applying filters
of increasing sophistication. Firstly track segments are built that connect two hits in adjacent
layers, and is the core unit of the CA, known as a cell. In this approach only compatible
hits are combined into cells by consulting a look-up table, called the sector map, which
is created by simulating a large number of tracks in the VXD. The second stage consists
of determining whether cells that share a hit are neighbours passing a set of geometrical
requirements. As in the first stage, the cut values are obtained from the sector map. This
process is iterated and the track candidates are then identified as threads of neighbouring
cells. In order to obtain a set of non-overlapping track candidates a Hopfield network using
a quality indicator is employed. The sector maps may vary according to the momentum of
the particle, therefore it is possible to run the track finder multiple times by using sector
maps for different momentum regions.
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Two complementary algorithms for CDC track finding are employed: a global and a local
track finder. The global track finder uses all hits at the same time by applying a mathematical
transformation to the hit positions and looking for intersections in the Legendre space using
a quad tree search. It is fast and highly efficient for high p; tracks originating from the origin,
and it can cope with missing hits. The local track finder searches for segments and tracks
using a cellular automaton and the neighbourhood relations between hits. It is robust to
energy losses and tracks that do not originate from the IP. The combination of these two
track finders results in excellent reconstruction efficiency.

The track candidates from the VXD and the CDC are then merged together according to
the distance between the VXD and CDC track candidates extrapolated to the CDC outer
wall. In the future we foresee cross-detector searches, as, for example the extrapolation of
the CDC track candidates toward the VXD detector planes in order to add VXD hits to
CDC track candidates, and vice-versa from the VXD to the CDC. At the moment, these
modules are not included in the tracking package.

Track fitting. A track propagating in vacuum in a constant magnetic field moves along
a helix described by five parameters defined at a point P of the trajectory. In Belle II the
point P is identified with the perigee, the point of closest approach to the origin in the r/¢
plane. The five parameters employed in the Belle II tracking software are the following;:

o dp: the signed distance of the perigee from the origin in the transverse plane. The sign
depends on the direction of the angular momentum of the track at the perigee with
respect to the magnetic field.

o zp: the longitudinal signed distance of the perigee from the origin.

o ¢g: the angle between the transverse momentum at the perigee and the x axis.

o tan \: the tangent of the angle between the momentum at the perigee and the transverse
plane.

o w: the curvature, the sign correspond to the charge of the track.

In fact, the trajectories of tracks in Belle II are not ideal helices since the charged particles
interact with the detectors and all the material inside the tracking volume, losing a fraction
of their energy and undergo multiple scattering. In addition, the magnetic field provided by
the superconductive solenoid is not constant in space. These effects are all taken into account
in the tracking process, in particular in the track fitting and track extrapolation. In order
to correctly treat the interaction of particles with matter, a hypothesis on the mass of the
particle has to be made. The version of the software used in this book only supports the pion
mass hypothesis. In the future we foresee to implement different mass hypotheses (electron,
muon, pion, kaon or proton) depending on the momentum of the track. For example, a high
energy pion and kaon have very similar interactions with matter, therefore a single mass
hypothesis is sufficient. While an electron suffers by quite different bremsstrahlung than a
pion of the same momentum.

The main track fitting algorithm used in our reconstruction is the deterministic annealing
filter (DAF). The DAF is based on a standard track fitting algorithm, the Kalman filter
(KF). The latter is equivalent to a least squares method, where it takes into account the
interactions with the material but has no means of dealing with false hit assignments or
incorrect assumptions about wire passage. To deal with these problems, Belle IT uses the
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DAF in which the points are weighted according to their residual to the smoothed track and
hits with large residuals are suppressed with an annealing procedure.

Combined performance. The tracking efficiency for charged particle reconstruction is
reported in Fig. 9 as a function of the transverse momentum and the polar angle. The
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Fig. 9: Tracking Efficiency as a function of transverse momentum (left) and polar angle
(right) evaluated on generic 7°(4S) events.

efficiency is defined as the ratio between the number of fitted tracks and the number of
generated charged primary particles. The efficiency at low transverse momentum is lower
than the expectation, but we consider it a good achievement so far. There are ongoing
improvements to the algorithms that will be incorporated into the tracking software before
data taking starts. A brief report on the efficiency of the latest version of tracking, at the
time this report is written, is reported in the paragraph below.

In Fig. 10 we show the fitted impact parameter pull distributions. The core gaussian shows
very little bias and within the nominal width for both parameters. A small fraction of events,
below 10%, show a positively biased pull distribution and a width a factor two larger.
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Fig. 10: Distribution of the transverse (left) and longitudinal (right) impact parameters
pulls fitted with the sum of two Gaussians, evaluated on generic 7°(4S) events.
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Fig. 11: Resolution of the transverse dy (left) and longitudinal 2o (right) impact parameters.
The results for MC events with a single muon track using the Belle II tracking algorithm
are compared with the results for Belle cosmic events [52]. The resolution in each bin is
estimated using the o value of a single Gaussian function fitted in a region containing 90%
of the data around the mean value of the distributions.

The average particle boost (7) for B-mesons produced at the predecessor collider KEKB
was about 0.425. Here 5 = v/c is the ratio between the velocity of the particle v and the speed
of light ¢, and ~y is the Lorentz factor. Due to the lower boost at SuperKEKB ((57) ~ 0.284),
we need a preciser track reconstruction than achieved by the predecessor experiment Belle
to reach a comparable resolution in the measurement of the decay time of primary particles
(S. Sec. 6.2.3). In Fig. 11 we show the resolutions of the transverse dy and the longitudinal
20 impact parameters as functions of the pseudo-momenta pf3sin(#)%/? and pf sin(6)>/2. The
pseudo-momenta are chosen to take into account the effect of multiple scattering of charged
particles [52]. A precision of about 10 um on both impact parameters is expected for high
momentum tracks matching the expectations in the Technical Design Report [6]. As Fig. 11
shows, on both track impact parameters we reach an improvement in the resolution by
almost a factor two in comparison with Belle.

Improvements on Tracking Efficiency. During the writing of this report a lot of progress
has been made in tracking. In this section we report the efficiency of the VXD and the CDC
standalone pattern recognition available at the time of writing.

The VXD pattern recognition algorithm has been re-designed and re-implemented. The
performances are improved both for efficiency and track quality. As an example, we report in
the left plot of Fig. 12 the track finding efficiency using only SVD hits. The overall efficiency
is higher, and, most important, the degradation of the performance with background is much
limited with respect to what shown earlier.

5.8.2. VV-like particle reconstruction. Long-lived neutral particles that decay into two
charged particles at some distance away from the interaction point are reconstructed using a
dedicated algorithm. This V? reconstruction takes place after the reconstruction of charged
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Fig. 12: (left) SVD-only pattern recognition efficiency versus the transverse momentum, for
generic 7'(4S) events with and without machine background; (right)

particles and is intended to avoid extrapolation through material on the analysis level, where
the actual V? selection takes place. This is in accordance with the design goal of removing
dependence of analysis level information on knowledge of the detector material.

The goal of V' reconstruction is to keep all reasonably accurate V9 vertices outside the
beam pipe as well as those inside the beam pipe whose reconstructed mass is reasonably
close to the mass of the mother particle. Unlikely track combinations may be suppressed by
restricting the y? from the vertex fit or the radius of the V° vertex. For vertices inside the
beam pipe the reconstructed invariant mass can also be restricted, which will depend on the
particle hypothesis made for the tracks and thus the hypothesis for the identity of the V.

The V0 reconstruction algorithm pairs all oppositely charged tracks and extrapolates each
to the innermost hit of either track. If the extrapolation fails, the combination is rejected.
Studies show that this restriction has no effect on efficiency. Each accepted combination
is processed by the vertex reconstruction package RAVE [53]. If the vertex fit fails, the
combination is rejected. Each surviving combination is then subject to selection criteria
that depend on the vertex fit x? (less than 50) and, for vertices inside the beam pipe (a
vertex radius less than 1 cm), the mass window (within 30 MeV/c? of the nominal V°

mass).

Combined performance. Although only the pion mass hypothesis is supported in the
charged particle reconstruction, both K9 — 7 7~ and converted photons are reconstructed
in the V0 object list. The reconstruction of A is foreseen but not yet implemented.

The efficiency of V9 reconstruction is not satisfactory at the moment. It was shown that
reconstructing the K? with the analysis tools, i.e. combining two opposite charged tracks
after the overall event reconstruction, recover in large fraction the efficiency loss that we
observe in the left plot of Fig. 13. Therefore, the non-optimal current performance of the
module will not have a direct negative impact on the analysis studies.

5.8.8.  Alignment. To reach the design performance of the detector, various calibration
constants must be determined. For the VXD, many of these constants describe the position
and orientation of the silicon sensors. This calibration is commonly referred to as alignment.
To determine the alignment constants, a so-called global approach using the Millepede II tool

62/688



5 Reconstruction Software

reco VS true momentum

w

=

o O o o o

Ul OO N O ©
WHH‘HH‘HH
-

120

100

MC mop (GeVic)
41l

— E
— 2
— 80
> —o0— 3
- 3 1.5 i
04f4te™ 3
0.33 é 1 40
0_2; — no background é
0.1 — background 3 0.5 20
Eo vty v b v b e b 4
0 0.5 1 15 2 25 3 35 f): L 0
0 0.5 1 15 2 25 3
P, (GeVic) V0 mom (GeV/c)

Fig. 13: K% — 7t 7~ reconstruction efficiency as a function of transverse momentum (left)
and scatter plot of the generated vs the reconstructed K momentum (right).

[54, 55] has been chosen for use at Belle II. The alignment is computed through minimisation
of track-to-hit residuals by means of a linear least squares method. Because Millepede fits
all track and alignment parameters simultaneously, all correlations are kept in the solution.
Therefore it is desirable to determine as many constants simultaneously as possible. For
this reason, the CDC is also integrated into the procedure and its alignment and some
calibration constants can be determined together with the VXD alignment. Investigation
of the possibility to integrate other sub-detectors into the procedure is ongoing, e.g. the
alignment of the muon system.

Track Parametrisation. Reconstructed tracks and decays, as well as cosmic muons, can
be used as input to the alignment procedure. All such tracks are first re-fitted by the General
Broken Lines algorithm (GBL) [56], integrated into the GENFIT toolkit [57] and basf2.
The GBL parametrisation carefully treats multiple scattering effects, adding additional fit
parameters (kink angles) to an initial reference trajectory derived from the result of the stan-
dard reconstruction output. The additional degrees of freedom are removed by constraining
the variance of multiple scattering angles from the moments of the radiation length distribu-
tion along the particle reference trajectory. Tracks are locally parametrised using five or four
parameters at each measurement plane depending on the presence or absence of a magnetic
field, respectively. For the drift chamber, a virtual measurement plane is constructed by
means of the GENFIT formalism. Combined particle candidates, composed of multiple par-
ticle tracks constrained to originate from a common vertex can be an input of the alignment
as well. Optionally, a beam constraint can be added for decays originating from the primary
interaction point, such as di-muon events. In a similar manner, e.g. two body decays with

an invariant mass constraint can be introduced in the procedure.

Alignment Parametrisation. In the VXD, the sensors are parametrised as planes with
six rigid body alignment parameters. For the 212 sensors, this means 1276 parameters.
Sensor deformations or additional calibrations of the Lorentz angle in the magnetic field
can be included in the procedure as well. For the treatment of correlated movements of
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sensors, a hierarchy of alignment objects can be defined. This allows for the treatment of
time dependence of larger structures, different from internal sensor alignments during the
simultaneous minimisation.

For the CDC, the alignment of the layers and larger structures, e.g. end plates is considered.
The x-t relation can be calibrated, as well as channel timing offsets or time walk corrections.
For the muon system, the modules are treated as rigid planar bodies in the initial stage.

Beam and vertex constrained decays rely on the estimation of the primary vertex position
and corrections to it can be determined as well during the simultaneous minimisation. Only
the position of the primary vertex is calibrated. The covariance matrix of the primary beam
spot is an input of the procedure and will be calibrated by other means.

Alignment Workflow. Millepede II is integrated into the common calibration framework,
which makes use of dedicated basf2 modules to collect samples and runs calibration algo-
rithms. During the collection step for alignment, reconstructed tracks are re-fitted using
the nominal detector positions corrected with previously determined alignment constants.
Each detector interfaces this procedure via a special class representing the local-to-global
transformation. This class also provides the derivatives of local residuals with respect to its
assigned calibration parameters.

Due to the nature of the global approach, various track samples (primary decays, back-
ground, cosmic rays, etc.) from different operating conditions (cosmics without magnetic
field) should be included in the procedure, and are under investigation.

Ultimately some constants may be determined in a time-dependent way, especially those
affecting many measurements, such positions of large structures, while keeping the procedure
computationally manageable. The procedure as a whole can also be applied locally, for
example only for the PXD alignment or to determine the relative alignment of the PXD and
SVD. If such corrections are determined online, they will serve as initial values for the global
procedure, when enough data and track samples are accumulated.

5.4.  Calorimeter reconstruction

The electromagnetic calorimeter is used to reconstruct the energy and position of depositions
from neutral and charged particles with the best possible resolution and efficiency. While
the energy and position reconstruction is primarily needed for photons and neutral hadrons,
it may also aid the electron and charged hadron reconstruction in regions without or with
limited tracking coverage. The sum of all reconstructed showers is used to constrain the
missing energy in decays involving neutrinos. A special case is the reconstruction of highly
energetic 7™ — 7 decays where the two photon showers overlap or merge.

The second task of the calorimeter is particle identification for electrons, muons, charged
hadrons, neutral hadrons and photons based on shower shape variables and tracks matched
to clusters.

A critical aspect of calorimeter cluster reconstruction, and electron reconstruction is the
material budget in front of the calorimeter. In Belle II the number of radiation lengths
X/ Xy is approximately 0.3 in the barrel and higher in the endcaps and in regions with
service material. The material budget is depicted in Fig. 14.
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Fig. 14: The number of EM radiation lengths X /X in front of the calorimeter as a function
of cos 6, averaged over ¢.

The clustering used up to release-00-07-02 is an incomplete adaptation of the Belle cluster-
ing code which was developed for a low background environment. It starts from an initial list
of crystals with energy deposits above some threshold, nominally 0.5 MeV, which is about
twice the expected level of noise equivalent energy from electronics noise. To obtain some
robustness against high beam backgrounds, the energy threshold was raised as function of
crystal polar angle to between 1.28 MeV (barrel) and 2.5 MeV (outer endcap rings). A cluster
starts with a seed crystal with at least 10 MeV that is a local energy maximum amongst its
nearest neighbour crystals. A nearest neighbour touches either the side or the corner of the
crystal and a local maximum is a crystal whose energy exceeds that of its next neighbours.
All crystals from the initial list that are nearest or next-to-nearest neighbours of the seed
crystal are added to the cluster. In the barrel, the size of a cluster is thus limited to symmet-
ric 5 x 5 crystals. If clusters share crystals after this step, their energies are split according
to the ratio of energy of each cluster to the sum of energies of all crystals in the overlapping
clusters. This energy splitting does not provide the correct position nor the correct weighted
list of crystals for subsequent shower shape calculations. The centroid ¥ of each cluster is
calculated by using linear weights of all crystals in a cluster,

> B ’
where F; is the energy of the i—th crystal and z; is the centre of the i—th crystal. It should
be noted that this position reconstruction is known to be biased towards the crystal centre

T =

of the highest energy crystal in the shower. The cluster energy is reconstructed as the lin-
ear sum over all included crystals. The peak position of the reconstructed photon energy is
corrected to the true value in a subsequent step as a function of reconstructed polar angle
and energy. The cluster time f.ster 1S the time of the highest energetic crystal in a cluster
with respect to the collision time. In order to reduce out-of-time beam backgrounds, clusters
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with |teuster] < 125 ns are rejected. Clusters are matched with tracks using a GEANT based
extrapolation routine. A cluster that contains a crystal hit an extrapolated track is matched
to that track.

The described calorimeter reconstruction does not perform optimally in a high background
environment and has various shortcomings (e.g. biased position reconstruction, simplistic
track matching, and oversimplified cluster splitting). The average dose caused by various
background sources as function of polar angle 6 in the ECL shown in Fig.15. Several
improvements have been introduced to the ECL reconstruction with release-00-08-00. The
new cluster algorithm reconstructs connected regions (CR) starting with single crystals with
an energy of at least 10.0 MeV as seeds, as before. Surrounding crystals are added if their
energy is above 0.5 MeV. This procedure is continued if the added crystal energy is at least
1.5 MeV. If two CRs share a crystal, they are merged. The optimal CR contains all deposited
energy for a particle and merges CRs from different particles only if different particles deposit
energy in the shared crystals. Each CR is then split into one or more clusters.

12th campaign
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B === RBBLER
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Fig. 15: Average dose per crystal as function of ECL f-ring. 6;p=0 corresponds to the most
forward crystals, and 0;p=68 corresponds to the most backward crystals.

Each crystal in a CR that is a local energy maximum amongst its nearest neighbour crystals
serves as seed for one cluster. All crystals of the CR are assigned to each local maximum
using weights that are normalised to unity per crystal. The weights are given by

Eie(fcdi)

N 3 Epe(=Cdx)’ (3)

Wi

where C' = 0.7 is a constant determined from MC and d; is the distance between the i—th
crystal and the cluster centroid. This weight assumes a lateral distribution of an electromag-
netic shower which decreases exponentially from the cluster centre. The centroid & of each
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cluster is calculated by using logarithmic weights of all crystals with positive weight w; in a
cluster,
D Willi
= (4)
D Wi

where w; = 4.0 4 log(E;/ Ecyster)- This procedure is iterated until the average centroid posi-

T =

tions of all clusters in the CR are stable within 1 mm. Based on the expected background
per event and the energy of the 8 nearest neighbours of the local maximum and the local
maximum itself, an optimal number of highest energetic crystals among the 21 nearest neigh-
bours - between 2 for low energy clusters at high background and 21 for high energy clusters
and low backgrounds - of the local maximum is chosen to determine the energy estimate of
the cluster. The reconstructed peak photon energy is corrected to the true value as function
of reconstructed polar angle, azimuthal angle, energy, and expected background level. The
cluster time resolution is determined to contain 99 % of all signal clusters based on MC.
Showers below 50 MeV with a reconstructed time above this value are not stored.

A comparison of the photon energy resolution obtained using the clustering code of release-
00-05-03 (MC5) and release-00-08-00 for different background levels is shown in Fig. 16.
The new reconstruction offers a significantly improved energy resolution at low energies.
The photon reconstruction efficiency is shown in Fig. 17. The new ECL reconstruction can
be extended to reconstruct multiple hypotheses based on the particle type that created
the shower and additional shower shape variables are available. In addition a dedicated
reconstruction of merged 7° where the two photons cannot be separated into two different
clusters will be included. Track matching will be based on a likelihood of the nearest track
to a cluster using the covariance matrix of the track fit. It is defined as the ratio between all
reconstructed photons with (FEree — Etpye)/0rec < 2 and the total number of true photons.

5.5.  Charged particle identification

Effective and efficient charged particle identification (PID) is vital to the physics goals of
the Belle IT experiment. Good PID information is necessary to isolate hadronic final states,
reduce backgrounds and enable flavour-tagging techniques. The Belle I detector, described
in Chapter 3, contains an upgraded PID system, including a Time-Of-Propagation (TOP)
counter in the barrel region of the detector and a proximity-focusing Aerogel Ring-Imaging
Cherenkov (ARICH) detector in the forward endcap region, to provide information on
charged particles over the full kinematic range. The information from these detector sys-
tems is combined with that from specific ionisation (dE/dx) measurements from the SVD
and CDC to act as the primary sources of information for charged hadron PID. In a similar
way, the ECL provides the primary information for use in electron identification and the
KLM provides that for muon identification. Charged hadron and lepton PID is described in
more detail in the following sections.

Charged particle identification at Belle II relies on likelihood based selectors. Information
from each PID system is analysed independently to determine a likelihood for each charged
particle hypothesis. These likelihoods may then be used to construct a combined likelihood
ratio. Analysis specific criteria may be used to construct prior probabilities. When combined
with the likelihoods, the priors allow for the construction of the probability for a charged
track to have a particular identity. This provides the optimal PID performance, but comes at
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Fig. 16: Photon energy resolution as function of true photon energy for FWD endcap (a),
barrel (b), and BWD endcap (c). Note the different y—axis ranges of the plots. A smooth
curve has been fitted to the points to guide the eye. An older implementation of ECL
reconstruction (used in MC5) is also plotted in (b).

the cost of requiring analysis specific optimisation. The uncertainty on the selection efficiency
cannot be pre-determined using this method.

The likelihood selectors rely on likelihood ratios constructed in the following way. First,
the PID log likelihoods from each detector are summed to create a combined PID likelihood
for each of six long-lived charged particle hypotheses: electron, muon, pion, kaon, proton
and deuteron. Next, the difference in log likelihood between two particle hypotheses is used
to construct a PID value L(« : ) according to

) . 1 _ Hdet ‘C(a)
,C(Oé . B) - 1+ elnﬁa—lnﬁﬁ - Hdet Ea + Hdet ﬁﬁ’ (5)

where o and S represent two different particle types and the product is over the active
detectors for the PID type of interest. The value L£(« : ) is greater than 0.5 for a charged
track that more closely resembles a particle of type a than one of type 8 and is less than
0.5 otherwise. More details on the PID types are given in the following sections.

The performance plots included in this section were generated from inclusive samples
of 10% c¢ events generated during the fifth and sixth MC campaigns. These samples
were reconstructed with release-00-05-03 and release-00-07-00 of the Belle II software,
respectively.
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Fig. 17: ECL reconstruction efficiency for single photons for different background levels, with
and without material in front of the ECL for FWD endcap (a), barrel (b), and BWD endcap
(c). The points are connected by straight lines to guide the eye.

5.5.1. dE/dx measurements. The ionisation energy loss, dE/dx, of a particle travelling
through the Belle II detector is determined from measurements in the VXD and CDC. It
is expected that the dE/dx measurement should depend only on the particle velocity, 3,
or equivalently v = p/m. Of course, a careful calibration is required to avoid systematic
effects that break this dependence. The v universality of dF/dx response for pions and
kaons at Belle II is displayed in Fig. 18. In general, dE/dz information is of most use for
particle momenta below about 1 GeV/c (Fig. 19).

Determination of Likelihoods As dE /dx in the VXD and CDC depends on different physical
processes, the two detectors make independent measurements and calibrations. At the time
this document is written, the dF /dx reconstruction algorithms in both subsystems construct
likelihood values using information from individual hits. A likelihood value is determined
for each particle hypotheses, including pion, kaon, proton, muon, electron, and deuteron,
using a lookup table constructed from large MC samples. To reduce the effect of outliers,
the lowest 5% and highest 25% dFE/dxr measurements of each track are not used in the
likelihood determination. It is also possible to calculate the likelihood using the truncated
mean of dF/dx via a basf2 module option.

Future versions of the software will use a parameterisation of the truncated mean and
resolution to determine dF/dx PID variables. A x variable is determined by comparing
the measured dFE/dx truncated mean to a predicted value and resolution. The predicted
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(right). Distinct bands are evident for the various particle species below about 1 GeV/c.
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values are calculated from a parameterisation of dF/dx as a function of 7. The predicted
resolutions depend on the dF/dx measurement, the number of hits on the track, and the
polar angle of the track. After determining the parameterisation for the predicted means
and resolutions, a x value is determined according to

Yh = Imeas - Ipred,h (6)
Opred,h
where h is the particle type, I is the dF/dx truncated mean, and o is the resolution for the
given particle type. As the distributions of this y variable are approximately Gaussian, it
may be converted to a likelihood and combined with the output of other PID systems. The
performance of such an algorithm is generally similar to the current method, but will enable
a better charaterisation of the resolution.

Performance Defining the signal efficiency as the fraction of events relative to the generated
quantity that have a likelihood of being identified as the true particle type greater than that
of being identified as another particle type (e.g., Lx>L,), the average kaon efficiency from
dE/dx in the SVD below 700 MeV/c is about 96%. The comparable value in the CDC is
nearly identical. The fraction of pions misidentified as kaons under the same criteria is about
3.1% in the SVD and about 1.1% in the CDC. Combining the information from these two
detectors yields an average kaon efficiency of about 99.5% below 700 MeV/c, with a fake
rate of about 0.2%. The kaon efficiency using dE/dz information is given in Fig. 32.

5.5.2.  Charged hadron identification. Particle identification for charged hadrons, which
in this context include pions, kaons, protons and deuterons, {, K, p, d}, depends primarily
on likelihood information from the CDC, TOP, and ARICH detectors. These detectors also
contribute to the particle identification of charged leptons, {e, u}. The methods to construct
the likelihoods for each of these detector systems are briefly described here.

TOP Likelihoods. The TOP counter is a novel type of PID device that combines
time-of-flight measurements with the Cherenkov ring imaging technique [9]. The dominant
contribution to the resolution of this detector is the dispersion of light while propagating
in the quartz bar. This effect is mitigated by focusing the Cherenkov light onto the photon
detector with a spherical mirror and measuring a second coordinate of the photon impact
position. To further improve the resolution, an expansion prism is added at the bar exit
window.

The TOP counter consists of sixteen 2.7 m long modules positioned in the space between
the CDC and the ECL and covers the polar angles from 32° to 120°. The gaps between the
modules account for about 5% of uncovered area.

An extended likelihood method is used to determine log likelihoods for the six long-lived
charged particle types. The extended log likelihood probability for a given charged particle
hypothesis h is defined as

N
iy Jiy Ui B iy Jiy Ui
i=1 ¢

where Sp(x,y,t) is the signal distribution for the hypothesis h, B(z,y,t) is the distribution
of background and N, = Ny + Np is the expected number of detected photons, being a sum
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of the expected number of signal photons N}, for hypothesis h and the expected number of
background photons, Ng. The channel coordinates are given by x and y, and the integration
is performed over the full range ¢ of the time-of-arrival measurement. The second term in
Eq. 7 is the Poisson probability to obtain IV photons if the mean is N,.

The normalisations of Sy (z,y,t) and B(z,y,t) are:

Nch

Z/ Sp(xj,y,t)dt = Ny, (7)

nCh m
/ x]7yj7 d - NBv (8>

where the sum runs over all channels n.; of the photon detector array.

The ring image of the TOP counter is a complicated pattern, which, besides the Cherenkov
angle, also depends on the particle impact position and the angles with respect to the quartz
bar. The distribution for a particular detection channel j can be parametrised as a sum of
Gaussian distributions

S 55],%, anjg tk]ao-kj)v (9)

where ny; is the number of photons in the k-th peak of channel j; #; is the position and
ok the width of the peak, and g(t — ti;; 0;) is the normalised Gaussian distribution; and
m; counts the number of peaks in the channel j for t < t,,.

The quantities ny;, ti; and o are functions of the Cherenkov angle 6., the photon emission
point (z, Yo, 20) given by the partlcle impact position, the particle impact angles (6, ¢), and
the unfolded channel coordinate z* 7 = ka = z;, where k represents the number of internal
reflections at the side walls and a the width of the quartz bar. Using the above input data
it is possible to solve for the unknown Cherenkov azimuthal angle <Z>]§j and thus determine
the photon directional vector [10, 58].

Once the photon direction is known, #;; is obtained by ray-tracing. The number of photons
in the peak is calculated with

ki
= Nylsin? 6, A2 ¢’ , (10)

s

where Ny is the figure of merit of the Cherenkov counter, ¢ is the length of the particle
trajectory in the quartz bar and Aqﬁlg] is the range of the Cherenkov azimuthal angle covered
by the measuring channel j. The peak width oy; is obtained by summing in quadrature the

following contributions:

o photon emission point spread (parallax error),
op = dty;/dX\- ¢/ V12, where ) is the running parameter of the particle trajectory inside
the quartz bar (0 < X < /),

o multiple scattering of the particle in the quartz,
Oscat = dtyj/db. - 0p(£/2), where 0y(¢/2) is calculated with the well known multiple
scattering approximation [59],

o dispersion (chromatic error),
Odisp = dty;/deoe, where o is the r.m.s of the energy distribution of detected photons
in the channel,
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o channel size
Och = dtyj/dep - Ax;/v/12, where Ax; is the channel width,
o transit time spread of the photon detector, oprs.

The derivatives dty;/d\, dty;/dO., dty;/de and dty;/dxp are calculated numerically according
to the method described in detail in Ref. [10, 58].

Identification and mis-identification efficiencies have been studied with a MC simulation.
Using generic c¢ samples we obtain the performance shown in Fig. 20. The efficiency is
defined as the proportion of tracks that are properly identified according to the generated
information for all tracks that fall within the TOP acceptance. In the momentum region
below 2 GeV/c the efficiency to identify a kaon is about 94% with about a 4% fake rate
to be mis-identified as a pion. Above 2 GeV/c the performance slowly decreases and gives
about 85% efficiency with a 15% fake rate at 3 GeV/c. Fig. 20 also shows that when the
nominal beam background is included the performance of the counter is not appreciably
degraded. Other interesting studies are discussed in Ref. [60].

ARICH Likelihoods. In the Belle II detector, PID in the forward endcap is achieved with
the aerogel ring imaging Cherenkov counter (ARICH). The ARICH covers the polar angle
range from 17° to 35°. Reconstructed tracks from the CDC are extrapolated to the ARICH
detector volume and a likelihood function is constructed for each of the six different particle
type hypotheses for tracks that pass through the aerogel layer. The likelihood function is
based on a comparison of the observed spatial distribution of Cherenkov photons on the
photodetector plane with the expected distribution for the given track parameters (position
and momentum vector on the aerogel plane) for a given particle type.

The ARICH likelihood functions are constructed based on the method described in Ref. [61,
62]. For each of the particle type hypotheses (h) a likelihood function is calculated as £, =
IL p?, where ¢ runs over all pixels of the detector and p? is the probability for pixel i to
record the observed number of hits (1 or 0) assuming particle type h. As the p? is a Poisson
distribution, one can show that £, can be rewritten as In£ = —N + > (n; + In(1 — e™™)),
where N is the expected total number of hits, n; is the expected (calculated) average number
of hits on pixel 7, and the sum runs only over the pixels that were hit in an eventS.

The expected average number of hits on pixel i, n;, is obtained as a sum of contributions
from signal and background hits, n; = nf + n?, where the signal contribution is divided into
contributions from the first and second aerogel layers, n; = nf’l + nf’Q. The contribution of
each aerogel layer (1) is calculated as

1
W= N [5G0, o) (1)
0, 2

where €g4et is the photon detection efficiency and N*®" is the number of photons emitted from
aerogel layer r (theoretically calculated). The integral gives the probability for a Cherenkov
photon being emitted by particle type h from aerogel layer r into the solid angle covered by
pixel i (# and ¢ are the polar and azimuthal angles with respect to the track direction). A
Gaussian function G with a mean at the expected Cherenkov angle (¢;) and width o} (due
to uncertainty in photon emission position) for a track of particle type h is used to describe

6 For transparency index h is omitted, but note that N and n; depend on h.
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Fig. 20: TOP counter kaon identification efficiency (black markers) and pion fake rate (red
markers) as a function of momentum for In Lx > In L, obtained with a MC simulation
without beam background (a,b) and with beam background (c,d). The performance using
release-00-05-03 is given in (a) and (c) while that for release-00-07-00 is given in (b) and (d).
Only tracks that fall within the TOP acceptance are considered.

Cherenkov angle distribution (i.e. ). To obtain the number of photons emitted from the
aerogel layer (N*") a general expression is used for the Cherenkov photon yield, where the
track path length in the aerogel, Rayleigh scattering, and the photon loss on the edges of
aerogel tiles are taken into account A constant (pixel-independent) value is assumed for the
background contribution n , set to correctly describe the observed distribution.

The expected total number of hits, N, is obtained as €get€qcc(N® sl NS 2), where €. 1S
the geometrical acceptance correction factor (i.e. what fraction of the Cherenkov ring falls
on the photo-sensitive surface). The acceptance correction factor is calculated using a simple
ray tracing simulation in which 200 rays, uniformly distributed in ¢ and at the expected
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Cherenkov angle 07, are propagated from the mean emission point in the aerogel to the
detector plane. The number of track lines that hit the photo-sensitive surface is used to
determine the correction factor.

The above procedure is carried out for all six particle hypotheses. The log-likelihood dif-
ference, In £}, — In Ly, is used to distinguish h; and hg particle types. On average about 12
signal photons are detected per saturated track. The PID performance is mainly degraded
by tracks with poor track information (position and direction on the aerogel plane), which
result either from poor reconstruction or rescattering in the CDC aluminium endplate, and
by tracks that produce a very low number of photons. The latter are mainly tracks that pass
through the gap between two adjacent aerogel tiles, or tracks producing a Cherenkov ring
that largely misses the photosensitive area.

The PID performance of the ARICH detector for K/m separation is depicted in Fig. 21.

5.5.8.  Muon identification. Muon identification (Muid) in the KLM uses the differences
in longitudinal penetration depth and transverse scattering of the extrapolated track. The
Muid reconstruction module in the tracking package of basf2 proceeds in two steps: (1) track
extrapolation using the muon hypothesis and (2) likelihood extraction for each of six particle
hypotheses: muon, pion, kaon, proton, deuteron, and electron.

The six likelihoods that are assigned to a given track are stored as unnormalised log-
likelihood values and normalised likelihood values in the Muid data-object. In the post-
reconstruction analysis, the log-likelihood differences may be used to select or reject the
muon hypothesis for a given track.

The KLM geometry exhibits several features: the barrel has 15 detector layers with no iron
before the innermost layer; the forward (backward) endcap has 14 (12) detector layers with
iron before the innermost layer. The iron plates are about 4.7 cm thick and are separated
by detector-filled 4.4-cm gaps. The KLM has less iron and detector coverage in the forward
and backward overlap regions since the endcaps’ outer radius is about 310 cm: there may
be as few as 8 detector layers for some polar angles. Thus, the separation power between
muons and non-muons is weaker here.

Track Extrapolation. Each charged track that is reconstructed in the tracking detectors
(CDC, SVD and PXD) is extrapolated outward using GEANTA4E [39], starting at the last
hit on the reconstructed track in the CDC, assuming the muon hypothesis. During this
extrapolation, GEANT4E reduces the track’s momentum by the mean specific-ionisation
(dE/dzx) energy loss in the intervening material and inflates the elements of the phase-space
covariance matrix due to (elastic) multiple scattering and fluctuations in dE/dz. Particles
are assumed to not decay during this extrapolation.

Extrapolation through the non-KLM sections by GEANT4E does not consider actual
hits in any of the sensitive elements. In contrast, extrapolation through the KLM uses
each matching hit in a Kalman-filtering adjustment of the track parameters and covariance
matrix [63].

The Muid reconstruction module in the tracking package of basf2 proceeds in two steps:
(1) track extrapolation using the muon hypothesis and (2) likelihood extraction for each of
six particle hypotheses: muon, pion, kaon, proton, deuteron, and electron.
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Fig. 21: ARICH kaon identification efficiency (black markers) and pion fake rate (red mark-
ers) as a function of momentum for In L > In £, obtained with a MC simulation without
beam background (a,b) and with beam background (c,d). The performance using release-
00-05-03 is given in (a) and (c) while that for release-00-07-00 is given in (b) and (d). Only
tracks that fall within the ARICH acceptance are considered.

The extrapolation proceeds step by step through the detector geometry, starting at the
outermost point on the reconstructed-track’s trajectory (usually in the CDC) and with
the reconstructed track’s phase-space coordinates and covariance matrix. Upon crossing a
KLM detector layer, the nearest two-dimensional hit—if any—in that layer is considered for
association with the track. If the hit is within about 3¢ in either of the two local-coordinate
directions (where o is the sum in quadrature of the extrapolation’s position uncertainty and
the hit-measurement uncertainty) then it is declared a matching hit and the Kalman filter
uses it to adjust the track properties before the next step in the extrapolation. At the same
time, the Kalman filter’s fit quality (x?) is accumulated for the track. A given 2D hit may be
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associated with more than one track. The hit-matching algorithm ratchets outward so that
a given KLM detector layer is examined at most once for a given track. The extrapolation
ends when the kinetic energy falls below a user-defined threshold (nominally 2 MeV) or the
track curls inward to a cylindrical radius below 40 cm or the track escapes from the KLM.

Determination of Likelihoods. If the track reached the KLM, it is classified according to
how and where the extrapolation ended (stopped or exited and in the barrel or the endcap).
The likelihood of having the matched-hit range and transverse-scattering x? distribution is
obtained from pre-calculated probability density functions (PDFs). There are separate PDF's
for each charged-particle hypothesis and charge and for each extrapolation outcome.

The longitudinal-profile PDF value Pr(Z; O, ¢, H) for extrapolation-ending outcome O
and outermost layer ¢ and for particle hypothesis H € {/ﬁ[, nt, K* et p, p, d, CZ} is
sampled according to the measurement vector Z given by (a) the pattern of all KLM layers
touched during the extrapolation—not just the outermost such layer—and (b) the pattern of
matched hits in the touched layers. Note that the momentum and direction are not included
in the measurement vector; the outermost extrapolation layer ¢ is a proxy for these. The
extrapolation outcome O accounts for the KLM geometry by classifying a track as stopping
in or exiting (1) the barrel only, (2) the forward endcap only, (3) the backward endcap only,
(4) the overlap region between the forward barrel and endcap, and (5) the overlap region
between the backward barrel and endcap.

The transverse-scattering probability density function Pr(x?, n; D, H) for KLM region
D (barrel-only, endcap-only, or overlap) and particle hypothesis H is sampled according
to the measurements of x? from the Kalman filter and the number n € {2, 4, ..., 36} of
degrees of freedom—twice the count of matching-hit layers since there are two independent
measurements per layer. The muon-hypothesis PDF is very close to the ideal x? distribution
for the given number of degrees of freedom while the non-muon-hypothesis PDFs are con-
siderably broader for low degrees of freedom—the most likely scenario for a true non-muon.
The probability density function is tabulated as a reduced-x? histogram up to x2? = 10 in
bins of 0.1. This PDF is sampled using a spline interpolation for low values of x? or an
extrapolated ad hoc fitted function (a modified x? distribution for n degrees of freedom that
matches the upper end of the tabulated histogram) for high values of y2.

For each track, the likelihood for a given particle hypothesis is the product of the
corresponding longitudinal-profile and transverse-scattering PDF values:

‘C(H7 Oa Ea Da :i:a X2> ’I’L) :PL(£7 Oa E) H) 'PT(X27 n; D7 H) (12)

The natural logarithm of this value is stored in the Muid data-object. Then, the six likelihood
values are normalised by dividing by their sum and stored in the Muid data-object.

Presently, significance levels are not available. Such values might be used, for example,
to remove tracks that are not consistent with any hypothesis by requiring & > Spin. This
feature will be added in a future release.

Muon Efficiency and Pion Fake Rate. The log-likelihood difference
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is the most powerful discriminator between the competing hypotheses. The requirement A >
Apnin for a user-selected A, provides the best signal efficiency for the selected background
rejection.

Log-likelihood differences for true muons and pions are shown in Fig. 22 as a function of
the track momentum. Clearly, choosing a momentum-independent cut A, that is non-zero
(and positive) will reject soft muons preferentially. Similar behaviour is seen when choosing
a cut that is independent of the polar or azimuthal angles since the log-likelihood differences
are softer in the uninstrumented azimuthal cracks between sectors and in the barrel-endcap
overlap regions where the KLM is thinner (with only 8 or so detector and iron layers).

Muon efficiency and pion fake rate are shown in Fig. 23 as functions of momentum, polar
angle, and azimuthal angle for three values of the log-likelihood-difference threshold. The
black curves exhibit the behaviour for the nominal cut of A > 0: the muon efficiency is 90—
98% for momenta above 1.0 GeV/c while the pion fake rate is 2.5-6%; the muon efficiency
is flat at 96% in @ while the pion fake rate is 2-6%; the muon efficiency is 92-98% in ¢
(with dips at each octant boundary and at the solenoid chimney) while the pion fake rate
is roughly flat at 3.5% (or 4% at the chimney). The red curves exhibit more pronounced
differences as a function of p, 8 and ¢ for the much tighter cut of A > 20, where muon
efficiency is sacrificed somewhat—and unevenly in each of these variables—for much better

purity.
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Fig. 22: Log-likelihood difference between muon and pion hypotheses for true muons (left)
and true pions (right) as a function of the track momentum in GeV/c. In each bin, the open
circle (box) represents the mean (median) of the distribution at a given momentum. The
mean [or median] deviates increasingly from zero with rising momentum (i.e., with increasing
number of crossed KLM layers) and then saturates at about +40 for exiting tracks.

5.5.4. Electron identification. Global electron identification (EID) combines individual
likelihoods from the ECL, dE/dx measurements taken from the SVD and CDC, TOP, and
ARICH. The ECL shower E/p distribution, however, is the primary feature for separating
electrons from other charged particles (namely, muons and pions). The E/p distributions
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Fig. 23: Muon efficiency (solid, left-axis scale) and pion fake rate (dashed, right-axis scale)
for three values of the log-likelihood-difference cut: Ap;, = 0 (black), 10 (blue), and 20 (red)
as a function of momentum (top left), polar angle (top right), and azimuthal angle (bottom
left). Muon inefficiency as a function of ¢ vs 6 (bottom right), illustrating the geometric
inefficiencies at the sector boundaries (8 horizontal enhancements in the barrel; 4 horizontal
enhancements in each endcap) and in the vicinity of the solenoid chimney.

for electrons, muons, and pions are shown in Fig. 24 for a variety of momentum ranges.
It is clear that, for p > 1 GeV/c, there is sufficient distinction between electrons and other
charged particles in this distribution. Thus, it is a beneficial parameter to prepare a fit-based
likelihood profile for EID.

The ECL Electron ID Module is responsible for using momentum and polar angle
dependent probability distribution function fit parameters to find the best fit to the E/p
distribution. It then derives a fit-based electron log likelihood. This log likelihood can then
be combined with EID log likelihoods from other sub-detectors to create the combined global
EID log likelihood used in analyses.

The E/p distribution is fit using a Gaussian convoluted with a Crystal Ball (CB) function
and thus, has seven fit parameters: o1, o9, p1, p2, o, n, and fr. Here, o1 (02) and p; (u2)
describe the full-width half-max and the mean of the Gaussian (CB) function, respectively.
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Fig. 24: The E/p distribution for a variety of momentum ranges. We see that this is an
excellent discriminator for EID when 1 < p GeV/c however, for low-momentum particles,
the separation between distributions of various particle types is less distinct.

a describes the length of the tail, n describes the slope of the tail, and fr is the fraction of
the convoluted probability distribution function which is taken from the CB function.

These parameters vary with momentum and polar angle of the ECL shower associated
with the electron. As such, a data file was created which contains the fit parameters for all
possible combinations of 39 different momentum ranges and 4 different polar angle ranges.
The closest combinatorial range is chosen by the ECL Electron ID Module and the associated
stored parameters are used in fitting the E/p distribution of the unknown particle. Finally,
a fit quality is used to calculate a log likelihood for determining the type of particle cause
the ECL shower.

Separation between electrons and muons is quite good for sufficiently energetic parti-
cles (i.e. muons with p > 0.3 GeV/c which are thus able to reach the KLM). Separation
between electrons and pions, however, is much more difficult. This is particularly true for
low-momentum particles where, as is seen in Fig. 24, the E/p distributions for differing par-
ticle types are very similar. The difficulty in distinguishing electrons over pions is further
exemplified in Fig. 25, which shows the electron efficiency for true electrons and true pions as
function of momentum. We see a high electron efficiency and low pion misidentification for
momenta 1 < p < 3 GeV/c. At low momentum, the electron efficiency drastically drops off

80/688



5 Reconstruction Software

q e m——— !
S 0'9:_'_"_‘_‘ + 5 0.9:— —_— +
= E R E—
w 0.8 "~ True Electrons L 0.8F " True Electrons
0.7 :— "~ TwuePions 0.7 :_ T True Pions
0.6 0.6F
0.5E T 0.5F 4
04f 0.4fF
0.3F 0.3F
0.25— 0.22___
01, 0.1 T
5 ] » -
CO 05 1 15 2 25 3 35 4 45 5 GO 05 1 15 2 25 3 35 4 45 5
p (GeVic) p (GeVic)

Fig. 25: Global EID efficiency for true electrons (teal) and true pions (black) for samples
generated without (left) and with (right) beam background.

as the radius of curvature of a low momentum electron in the presence of the magnetic field
is very small. Thus, for low-momentum electrons, the particle often doesn’t hit the ECL.

As was explained for the separation between muons and pions, a useful tool for charged
PID is consideration of the delta log likelihood. This is defined as A =1n (L) — In (L),
where L. is the global electron likelihood and L is the global pion likelihood. For true
electrons, this quantity takes on positive values, while for true pions, it takes on negative
values. This is shown as a function of reconstructed particle momentum in Fig. 26, where
we again recognise the similarities in A for low momentum electrons and pions.

Moreover, we can represent the separation between electrons and pions by considering ROC
curves of electron efficiency against pion fake rate for various momentum ranges. These ROC
curves were calculated using the delta log likelihood distributions for true electrons and true
pions. As such, we do not suffer from issues associated with the polarity of the typical PID
variables (PIDe, PIDpi, etc) which have a tendency to take on values of either 0 or 1. As
can be seen in Fig. 27, we again recognise that the separation between electrons and pions
becomes more ambiguous at lower momentum.

As has become apparent, there is poor distinction between low-momentum electrons and
low-momentum pions. As such, additional EID algorithms must be considered. These will
include examinations of Zernike moments of lateral shower shapes, longitudinal shower
information, track—cluster matching, and necessary corrections for Bremsstrahlung.

5.5.5. Combined PID performance. The performance of Belle II PID is estimated using
inclusive c¢ MC samples. Minimal track quality restrictions are applied. Using the generated
information, a sample of each particle type is constructed. The PID efficiency for a sample
of particles of type « is determined by taking the ratio of events that have L(« : ) > 0.5 to
the total sample size, for a given /3. For example, the K /7 selection efficiency is given by the
fraction of a sample of true kaon tracks that have L(K : w) > 0.5. In a similar fashion, the
pion fake rate is the fraction of a sample of true pion tracks that have L(K : w) > 0.5. The
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Fig. 26: The delta log likelihood for true electrons and true pions for various momentum
ranges. Noticeably, we see there is minimal separation in the distributions for low-momentum
particles.

selection efficiency for various pairs of particle types are given in Figs. 28 and 29. The slight
difference in PID performance between the two releases is primarily due to errors in the
dE/dx pdfs in release-00-05-03. The performance for release-00-07-00 is the more accurate
estimate.

In addition to the efficiency plots, Fig. 30 and Fig. 31 show receiver operating charac-
teristic (ROC) plots for K /7 and w/K separation in release-00-05-03 and release-00-07-00,
respectively. These plots use kaon and pion samples from D* decays to D7 in 7°(4S5) generic
MC, where the D% decays to K. In this way, a relatively clean sample of each particle type
can be obtained with minimal selection criteria and without truth information.

5.6.  Neutral particle identification

5.0.1. The identification of photons in the ECL is based on
parameters that describe the shower shape of ECL clusters that are not matched to a recon-

Photon and ©° identification.
structed track. The identification relies on the fact that electromagnetic showers caused by

an incident photon is cylindrical symmetric in the lateral direction and the energy deposition
decreases exponentially with distance from the incident axis. The ECL reconstruction up to
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Fig. 27: Electron efficiency against pion fake rate as calculated using the delta log likelihood.
This is shown for all particles, low-momentum particles, mid-momentum particles, and high-
momentum particles.

release-00-07-02 provides only the energy ratio of the nearest 3 x 3 to the nearest 5 X 5 crys-
tals around a local maximum which is close to unity for true photons. The main background
for photon cluster comes from neutral or charged hadron interactions. These interactions
create asymmetric shower shapes and often result in more than one ECL cluster that are
not matched to charged tracks, so called hadronic splitoffs, which yield a large number of
fake photon candidates if not identified. The minimal energy of an ECL cluster for physics
studies in the presence of nominal backgrounds is 100 MeV in the forward endcap, 90 MeV
in the barrel and 160 MeV in the backward endcap for the original ECL reconstruction.
Starting with release release-00-08-00, the ECL reconstruction provides additional shower
shape variables and the improved clustering algorithm allows to lower the energy threshold
to about 25 MeV. Photon likelihoods based on kinematics, shower shapes and timing infor-
mation can be used in the future to provide particle lists of different efficiency and purity.

The reconstruction of 7% from 7 — v+ is based on the combination of two photon candi-
dates. For ¥ energies below about 1 GeV the angular separation between the two photons
is usually large enough to produce two non-overlapping ECL clusters. For 70 energies above
about 1 GeV but below about 2.5 GeV, the ECL clusters from the two photons overlap but
can still be reconstructed as two separate photon candidates in the ECL. The ¥ energy can
be directly reconstructed from the photon 4-momenta. The 7¥ energy resolution is improved
by performing a mass constrained fit of the two photon candidates to the nominal 7% mass.
It is planned to use multivariate classifiers to provide purer 7¥ particle lists. A low photon
energy threshold is mandatory to obtain a high 70 efficiency for generic B decays: A 50 MeV
threshold for both photons results in a 70 efficiency of 76 %, 30 MeV in 93 % and 20 MeV in
98 %.
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Fig. 28: Charged particle identification selection efficiency for various pairs of particle types
as a function of momentum in release-00-05-03. The black markers show the selection effi-
ciency as determined from an inclusive MC sample without beam backgrounds, while the
red markers show the fake rate. Only tracks that fall within the acceptance of at least one
of the PID detectors or the CDC are considered.

For 70 energies above about 2.5 GeV, e.g. from B — 797Y, the two photon induced showers
often do not have separate local maxima anymore and are reconstructed as one photon
candidate. The 70 energy can be deferred from the showers second moment shower shape
variable that is available since release-00-08-00.

5.6.2. K E identification. The identification of K E mesons is based on information collected
by the KLM and ECL detectors. The detector material of the KLLM provides > 3.9 hadronic
interaction lengths A9 and the ECL provides = 0.8 Ag.

Multivariate methods are used to classify ECL clusters and KLM clusters according to their
probability to originate from a KE.

Classifiers are constructed from Stochastically Gradient Boosted Decision Trees (BDT),
implemented as described in [? ]. The classification is performed separately for the KLM
and ECL in the reconstruction package of basf2. The classifiers are trained on a K? target
in generic BB events and their output is normalised to z € (0,1). In general KE mesons
are not easy to classify as their signal in the detector is not mutually different from other
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Fig. 29: Charged particle identification selection efficiency for various pairs of particle types

as a function of momentum in release-00-07-00. The black markers show the selection effi-

ciency as determined from an inclusive MC sample without beam backgrounds, while the
red markers show the fake rate. Only tracks that fall within the acceptance of at least one
of the PID detectors or the CDC are considered.
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Kaon detection efficiency and pion fake rate for low momentum tracks from

release-00-05-03. The performance is determined using only those tracks that are within
the acceptance of the detector of interest. That is, the denominator for the efficiency is

different for each detector.

more common neutral particles such as neutrons, 7° and photons (in the ECL). The purity
of the classifications is low due to high background levels. The largest contribution to the
background are from neutrons and photons originating from beam interactions with detector

or beampipe material, followed by neutral particles from the primary interaction. However
the classifiers outperform the KE identification algorithms of Belle I by a factor of =~ 2,

assuming generic events without preselection.
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Variables used in the classifications The classifiers are fed with all information that is
available, including cluster shapes, kinematic variables, and information gained from other
detectors and algorithms. There is no single variable that provides significant separation
power alone. The three most important variables that have the best proven separation in
the KLM are as follows:

o Distance to the next track: neutral clusters are not likely to have a nearby track.

o Cluster timing: fake clusters from beam background are likely to be not in time with
the primary collision.

o Number of innermost layers hit: hadronic clusters are likely to have a wider radius than
electromagnetic clusters.

In total, 19 variables are used for this classifier.

In the ECL the most significant variables are as follows:

o Distance to the next track: neutral clusters should only rarely have a track close by.

o Energy in central nine crystals divided by the energy in the outer 25: the shape can tell
if its a hadronic or electromagnetic cluster.

o Total energy deposition in the cluster: each KE deposits very little energy in the clusters,
typically in the < 50 MeV range.

For this classifier a total of 38 variables including shower shapes, Zernike-polynomials and
kinematic variables was investigated.

Performance of the classifications The classifier performances are evaluated on generic
T(4S) — BB events using software release-00-09-00. The purity on predetermined selec-
tions therefore might differ. The background rejection-purity behaviour of the classifiers is
depicted in Fig. 33.

Fake rates and efficiencies of the classifications depend on the chosen working point (thresh-
old). The threshold is arbitrarily chosen. The optimal threshold value depends on the desired
performance and type or size of background. The fake rates and efficiencies for the arbitrary
threshold are depicted in Fig. 34. The background rejection and efficiency are correlated by
the shape of the ROC curve (Fig. 33).

In general the KE classification performance depends on the background level and com-
position, the magnetic field map, and the tracking performance, which might still change
compared to the current estimates.
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lines (cuts) displayed in the classifier outputs will be used for performance evaluation in
Fig 34.
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6. Physics Analysis Software

Section author(s): F. Abudinen, L. Li Gioi, P. Goldenzweig, T. Keck, F. Tenchini, D.
Weyland, A. Zupanc.

6.1. Introduction

The Physics analysis makes use of the available data to perform the optimisation of the
measurement of physical interest; minimizing both statistical and systematic uncertainties.
The analysis software contains commonly used analysis tools allowing an easy, efficient and
accurate data analysis. Most of the Belle II analysis tools have been rewritten and improved.
The software contains new vertex fit algorithms, new methods used for the continuum
suppression, a new flavor tagger and a new algorithm for the full event interpretation.

In this chapter, we present these new tools and show the most important achieved

performance.

6.2. Vertex reconstruction

Vertex reconstruction is the procedure by which the parameters of a decay vertex or inter-
action vertex are determined from the reconstructed parameters of the outgoing particles. It
deals both with finding (pattern recognition) and with fitting (statistical estimation) of the
interaction vertices. It usually extracts the vertex position and recalculates the momentum
and the invariant mass of the decaying particle, using the modified daughters momenta after
the vertex reconstruction. The decay length of an unstable particle inside a decay chain or
the decay time difference At between the two B mesons from an 7°(4S) decay can also be
computed using a vertex fitter.

6.2.1.  Vertex finding algorithms. The Belle II experiment has deployed three implemen-
tations of vertex fit: KFitter, developed for the Belle experiment, RAVE [53], a standalone
package originating from the CMS vertex fitting libraries, and TreeFitter [64], developed by
the BaBar collaboration. We use both KFitter and RAVE for kinematic fits and RAVE for
geometric fits. TreeFitter is used for the refitting of the entire decay chain.

Kinematic fits. Kinematic fitting uses the known properties of a specific decay chain to
improve the measurements of the process. Lagrangian multipliers are used in order to impose
the kinematic constraints to the fit. Considering the measurements q = (q1, ..., ¢ ), with the
covariance matrix V' and the kinematic constraints h(q), the function to be minimised in
terms of the most suitable vertex is:

X =(@—-a)"V ' (a—a +2 \'(D(@y)+d) (14)
with h(@) =0 and D = 0h/dy. Here @ represents the improved measurements, d the

kinematic constraint at the stating value and Jdy the difference between the improved
measurement and the starting value.

Adaptive Vertex Fit. This set of algorithms [53, 65|, included in the RAVE libraries,
introduces the concept of soft assignment; a track is associated to a specific vertex with an

90/688



6 Physics Analysis Software

assignment probability, or weight w; [65]:

e_X?,/2T

(V2) —
wi(x;) = e—X3/2T 4 ¢—02,./2T

(15)

where X? is the square of the standardised residual, o.y is defined as the standardised
residual for which w; = 0.5 and the temperature parameter 7' defines the softness of the
weight function.

The fitter is then implemented as an iterated, re-weighted Kalman filter [66]: in every iter-
ation new track weights are computed and and the vertex is estimated using these weights.
This weight can be interpreted as a track-to-vertex assignment probability. Instead of min-
imising the least sum of squares, as is expected from a Kalman fitting method, the algorithm
minimises the weighted least sum of squares. In order to avoid falling prematurely into
local minima, a deterministic annealing schedule is introduced; in each iteration step the
temperature parameter is lowered [65]:

To=1+r (T1—1) (16)

here T; is the temperature parameter 1" at iteration ¢ and r denotes the annealing ratio. For
convergence, 0 < r < 1 is needed.

Decay Chain Fitting. The typical approach when reconstructing a decay chain is to start
fitting final state particles, building the tree from the bottom up until the head of the decay
is reached. This approach is generally valid, but may not always be optimal.

The TreeFitter module implements an alternate approach [64] where the decay tree is
parametrised and fitted globally. This allows to share information across the tree, improving
vertices which would otherwise be badly resolved or even impossible to fit without additional
conditions such as mass constraints. This approach is especially useful to succesfully fit decay
channels which are rich in neutral or missing particles and also provides the analyst with
the full decay covariance matrix, which is beneficial for error treatment in time-dependent
Dalitz analyses.

Since the whole tree is parametrised, a naive y? minimisation would naturally involve the
inversion of large matrices, making the fit computationally very expensive. This problem is
solved by applying the constraints to the fit individually using a Kalman gain formalism,
which mitigates execution times down to a manageable level. The computational speed of
TreeFitter then becomes comparable to KFitter when fitting individual vertices and scales
roughly quadratically with the complexity of the decay. When fitting a typical-sized decay
tree, execution times are comparable to RAVE.

6.2.2. Decay vertex . The decay vertex for particles is usually identified using kinematic
vertex fits. We use, as benchmark for testing the Belle II vertex reconstruction performance,
the decay vertex of J/i coming from the B® — J/i K? decay mode. Figure 35 shows the fit
residuals of the z component of the J/i) vertex fit. A resolution of 26 um is obtained. The
same vertex fit performed using Belle Monte Carlo returns a resolution of 46 yum, which is
almost twice as large. The improvement seen is consistent with the expected improvement
in the impact parameter resolution (S. Sec. 5.3.1) due to the Belle II Pixel Vertex Detector
(PXD).
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Fig. 35: J/ip — ptp~ vertex fit residuals: resolution = 26 ym. The fit is performed using the
sum of three Gaussian functions. The values of the shift and resolution are defined as the
weighted averages of the mean values and the standard deviations of the three functions.

6.2.3.  Vertex fit of the tagging B. To be sensitive to time-dependent C'P violating effects,
the vertex resolution must be sufficient to resolve the oscillations of the neutral B mesons
in the decay time distribution, performing the measurement of the distance between their
decay vertices and using the relation

At = tree — tiag = Al/Brye (17)

where tyec (tiag) is the decay time of the fully reconstructed (tagging) B meson and Al is the
distance between the two B decay vertices in the boost direction. The largest contribution
to the At resolution comes from the tagging B vertex fit. In the decay tree of a B meson we
can divide the tracks in three groups: tracks originating from the B decay, including the ones
coming from decay vertices indistinguishable from the B (e.g. ™ and p~ in BY — [J/) —
pt ] KY); tracks originating from D mesons and tracks originating from K? decays. We
perform the tag side vertex fit using the RAVE Adaptive Vertex Fit algorithm, giving as input
all the tracks with at least one hit in the PXD, not used for the fully reconstructed B, apart
from the ones that originate from K decays, excluded with a veto on the invariant mass of
all the combinations of two tracks with opposite charge. In the case of a non-converging fit,
tracks that do not have associated PXD hits are also used.

In order to reduce as much as possible the weight of the tracks originating from D mesons,
we constrain the fit to a region defined by an ellipsoid around the boost direction (Figure 36),
where the B has an higher probability to decay than a possible D meson. This constraint acts
as a weight in the final x?; 1o corresponds to 1.6 times the B lifetime in the boost direction
and to the beam spot size in the orthogonal directions. In the case of non converging fit, the
constraint is redefined enlarging its size in the boost direction, becoming virtually equivalent
to a cylinder, and the fit is performed again.

We obtain, for the tag side vertex fit of correctly reconstructed B mesons, a bias of 6 yum
and a resolution of 53 pm, independent of the signal B decay mode. The total efficiency is
96%, flat on At. Figure 37 (left) shows the residuals of the tagging B vertex fit of fully
reconstructed B — [J/p — ptp”|[K? — ntn].

The sensitivity to the time-dependent C'P violating parameters of Eqn. 298 in Sec. 10.1
strongly depends on the detector resolution of the At distribution, the last depending (eq. 17)
on the resolution of the distance of the decay vertices of the two B mesons. The reduced
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Fig. 36: Schematic representation of the tagging B vertex fit. A B meson has an higher
probability than a D meson issued from the B to decay inside the ellipsoid parallel to the
boost direction. BS represent the beam spot.

boost of SuperKEKB produces an average distance between the two B mesons of about
130 pm, 35% smaller than the 200 ym of KEKB. This makes it more difficult to resolve the
decay vertices of the two B mesons and it is one of the main motivations for the devel-
opment of the Belle II Pixel Vertex Detector. The new hardware, together with the new
vertex reconstruction algorithms, provides an improvement of the vertex resolution of both
B mesons. This translates to At with a resolution of 0.77 ps and a bias of —0.03 ps, which
provides a superior separation capability compared to Belle (resolution = 0.92ps, bias =
0.2 ps), exceeding then the design requirements. Figure 37 (right) shows the At residuals of
B = [Jhp — ptp ) [KQ — nta).
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Fig. 37: Tag side vertex fit residuals (left): bias = 6um, resolution = 53 um, and
At residuals (right): bias = —0.03 ps, resolution = 0.77ps, of the fully reconstructed
BY — [JRp — ptuT][K? — wtn~)]. Both fits are performed using the sum of three
Gaussian functions.

6.3. Composite Particle Reconstruction

In the Belle II experiment, short-lived particles decaying at or near the interaction point (such
as B or charm mesons) cannot be measured directly by the sub-detectors, but instead must
be reconstructed from the four-momenta of their long-lived decay products. Discriminating
variables sensitive to composite particle properties can be subsequently built from final state
information in order to perform background separation. A few such quantities are discussed

in this section.
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6.3.1. Invariant Mass Resolution. One of the simplest ways to reduce background, in
particular that of the combinatorial kind, is to introduce a cut on the invariant mass of
intermediate particles in the decay chain.

The relative mass resolution achievable by Belle I can be estimated by performing a vertex
fit of multiple resonances (J/i, ¥(25), T(15) and 7' (2S)) decaying into a di-muon state,
as shown in Figure 38. This takes advantage of the common kinematics shared by the final
states. True muons from MC are selected from well-reconstructed tracks (p-value> 0.001)
originating from the interaction region.
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Fig. 38: Mass vertex fit residuals for di-muon resonances in Belle II: J/ip (top left), 1(2S)
(top right), Y(15/2S) (bottom left) and Belle: J/ip (bottom right). The fit is performed using
the sum of two Gaussian functions.

The resulting mass resolution is summarised, as a function of the mass itself, in Figure 39.
The projected resolution is ~ 0.2% for charmonium and < 0.3% for bottomonium resonances,
with a 30% improvement compared to Belle. This largely originates from the improved Pt
resolution provided by the Belle IT CDC.

6.3.2. Beam-Constrained Fits. When performing vertex reconstruction, knowledge of the
production vertex can be used as an additional constraint to improve the fit resolution
if the vertex is not well constrained. One example is the D*t — D7t decay, where the
low momentum pion track is very sensitive to multiple scattering, while the D° vertex fit
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Fig. 39: Mass resolution as a function of resonant mass for Belle II (green) and Belle (red)
MC. An empirical power law curve is fit through the points.

only provides a directional constraint. Requiring the D*T to originate from the beamspot
substantially improves the vertex resolution.

We test the impact of this constraint by using the D** — [DY — K~ 7"]nx " decay. The
mass difference resolution is pictured in Figure 40 with and without the beam constraint
applied; the fit resolution is significantly improved. A comparison to a beam-constrained
Belle fit of the same decay is provided, where the achievable mass resolution shows a 27%
improvement.

In time dependent analysis, a good vertex resolution in the boost direction is a key point for
the determination of the C'P parameters. Performing the vertex fit with a constraint parallel
to the boost direction can improve the vertex resolution in all cases where the direction of
the momentum cannot be precisely extracted form the tracks fit. This kind of fit is also
needed when only one (pseudo-)track is available for the determination of the vertex. We
define the IPTube constraint, as an ellipsoid with a very long axis in the direction of the
boost and with the size of the beam spot in the orthogonal directions. Figure 41 shows the
results of the B? vertex resolution in the boost direction of B® — 7%7% with one of the two
70 decaying Dalitz 7° — ete~v. An improvement of 85 % is observed.

6.3.3. Beam-Constrained Observables. Rather than using the B invariant mass, the exper-
imental setup of B-factories allows to define additional energy- and mass-like variables which
can be used for background separation. B mesons produced at resonance have well defined
kinematics which are constrained by the mass of the Y(4S) and by the beam properties.
The reconstructed invariant mass of the single B system must be equal to the nominal B

meson mass mp, while the total energy should be equal to the beam energy when recon-

*

roam = V/5/2. Two new variables can be defined using these

structed in the rest frame, E
constraints, the energy difference AE and the beam-energy constrained mass My.. AFE is
defined as

where ply and p). . are the four momenta of the B meson and the ete™ system, respectively.
The beam-energy constrained mass is constructed by substituting the beam energy to the
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B energy in the invariant mass calculation:

E*Q

beam

Mbc

—-p2 (19)

For a correctly reconstructed B meson decay, the true values would be AE = 0 and My, =
mp. In Figure 42 we can see the distribution for these observables for two sample decay
channels: Bt — [D? — K~ 7T|r" and BT — [D® — K~ 7" 7% 7" for both Belle and Belle
IT MC. As we can see, the performance in channels such as the [D? — K~71] is comparable
between the two experiments. On the other hand, modes with neutral pions such as [DY —
K779 show a significant improvement in the latest versions of the Belle II software,
thanks to the less biased photon position reconstruction (see Sec. 5.4). The improvement
on the distribution core is ~ 20% on M. and ~ 50% on AFE for this particular channel.
Improvements in neutral particles reconstruction of this nature directly impact both signal

and tag reconstruction in modes where they are present.
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Fig. 42: AE and M, distributions for Bt — [D? — K~ 7T (7%)]7T simulated events in
Belle IT (blue) and comparison with Belle (black). The red curve shows the distribution
for continuum background. Beam background is included in the simulation.

6.4. Continuum Suppression

The dominant source of combinatorial background in e*e™ collisions comes from eTe™ —
qq (¢ =u,d,s,c) events, where random combinations of particles in the final state may
mimic the kinematical signatures of the signal. These events are referred to as “continuum
background.” In charmless B decay (b — u,s) channels, combinatorial background from
continuum events is often the dominant source of background. Continuum suppression is
also important in controlling potential systematic uncertainties in precision measurements
of charm b — ¢ decay modes.

The Physics of the B factories book provides a comprehensive review of the variables and
methods employed by the Belle and BaBar collaborations to suppress continuum background.
While the definition of many of the variables used in Belle IT are identical to those used at
Belle, the implementation often differs. For instance, the cuts passed to the ROE in Belle 11
are configurable, resulting in greater flexibility for individual analyses. Furthermore, in Belle
IT we introduce deep learning techniques that use detector-level information as input for
classification. In the following subsections, we first briefly review the traditional, engineered
variables (E) used in continuum suppression in both Belle and Belle II, as described in [2].
We then introduce the detector-level variables (DL), and compare the performance of various
configurations of input variables and classifiers, namely Boosted Decision Trees (BDTs) and
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Deep Neural Networks (DNNs) 7. All results are obtained with MC simulated B — K97°
events for signal and MC simulated continuum events for background.

6.4.1. FEngineered variables.

o B meson direction: The spin-1 7'(4S) decaying into two spin-0 B mesons results in
a sin? fp angular distribution with respect to the beam axis; in contrast for ete™ — ff
events, the spin-1/2 fermions ff and the two resulting jets, are distributed according to
a 1+ cos? g distribution. Using the angle 85 between the reconstructed momentum of
the B candidate (computed in the 7°(45) reference frame) and the beam axis, the variable
|cos | allows one to discriminate between signal B decays and the B candidates from
continuum background.

o Thrust: For a collection of N momenta 5; (i = 1,--- N), the thrust axis T is defined as
the unit vector along which their total projection is maximal. The thrust scalar T' (or
thrust) is defined as

iy | T
=8 -7 (20)
> izt |9l
The thrust of both the B (Tp) and the ROE (Trog) provide discrimination between

signal and continuum background.

o Thrust angles: A useful related variable is |cosft|, where O1 is the angle between
the thrust axis of the momenta of the B candidate decay particles (all evaluated in the
T (4S5) rest frame), and the thrust axis of the ROE. For a BB event, both B mesons are
produced almost at rest in the 7°(4.5) rest frame, so their decay particles are isotropically
distributed, their thrust axes are randomly distributed, and thus |cos fp| follows a uni-
form distribution in the range [0, 1]. In contrast for ¢g events, the momenta of particles
follow the direction of the jets in the event, and as a consequence the thrusts of both the
B candidate and the ROE are strongly directional and collimated, yielding a |cos 7|
distribution strongly peaked at large values.

Another thrust-related variable is 67 g the angle between the thrust axis of the B
decay particles and the beam axis; for signal, | cos ft | is uniformly distributed, while
for continuum events, the thrust of particle momenta from the B candidate tends to
follow 1 + cos? 01 p distribution followed by the jets.

o CLEO Cones: The CLEO collaboration introduced variables based on the sum of the
absolute values of the momenta of all particles within angular sectors around the thrust
axis in intervals of 10°, resulting in 9 concentric cones. The cone in the direction of the
thrust axis is merged with the respective cone in the opposite direction. There are two
options for constructing the CLEO cones in Belle II: they can be calculated from all
final state particles in the event, or from only ROE particles.

" For a comprehensive study, see [67].
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o Fox-Wolfram moments: For a collection of N particles with momenta p;, the I** order
Fox-Wolfram moment H; [68] is defined as
N
Hy = |pil lpj| Pi (cos ;) (21)
i’j

where 0; ; is the angle between p; and p;, and P is the [th

order Legendre polynomial.
In the limit of vanishing particle masses, Hy = 1, which is why the normalised ratio
R; = H;/H, is often used, so that for events with two strongly collimated jets, R; takes
values close to zero (one) for odd (even) values of I. These sharp signatures provide a
convenient discrimination between events with different topologies. The variable Ry is a
strongly discriminating variable used at both the skimming and analysis levels. Belle 11
provides both an event-level Ry variable, and a reconstruction-level Ry variable which

accepts ROE masks and can thus be configured for individual analyses.

o Modified Fox-Wolfram moments: The Belle collaboration developed the modified
Fox-Wolfram moments H>7 and H{° (I € [0,4]), where all reconstructed particles in an
event are divided into two categories: B candidate daughters (denoted as s) and particles
from the ROE (denoted as 0). The H?? moments are decomposed into an additional three
categories (denoted as =) depending on whether the particle is charged (z = ¢), neutral
(x =mn), or missing (z = m). Additionally, for H?7, the missing momentum of an event
is treated as an additional particle. For even I,

S ZZ%’HPI(COS@J@, (22)

i jx

where ¢ runs over the B daughters; jx runs over the ROE in the category x; pj, is the

lth

momentum of particle jz; and Pj(cos; j,) is the ['"" order Legendre polynomial of the

cosine of the angle between particles ¢ and jx. For odd [, we have H? = H>} = 0 and

=23 QiQja|pja| Pi(cos b ja), (23)

i jx
where Q; and (), are the charges of particle 7 and jx, respectively. There are a total of

eleven H77 moments: two for [ = 1,3 and nine (3 x 3) for [ = 0,2, 4.
The definition of the five H° moments are as follows:

oo — {E] Zk ‘ijPk‘Pl(COS Hj,k) (I = even)
PO =
> 21 QiQklpjlIpk| Pi(cos 0 %) (I = odd),

where j and &k run over the ROE and the other variables are the same as in Eq. (23).
The H3p and HP° moments are normalized to Hy*** and (HS”‘”)Q, respectively, where
H" =2 (Ef .., — AE), to not depend on AE.

There are two options for constructing the modified Fox-Wolfram moments: they can
be calculated from the B primary daughters, or from the final state particles from the
B decay. However, the latter is rarely employed as the modified Fox-Wolfram moments
become analysis dependent which is not good for systematics.
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Missing mass and transverse energy: The missing mass squared is defined as

N, 2N

M = (ET(4S) - Z En> - Z pnl®, (24)
n=1 n=1

where Fyg) is the energy of 7'(4S) and Ej, and p, are the energy and momentum

of particle n, respectively. The transverse energy is the scalar sum of the transverse
momentum of each particle SN [(Py)].

Vertex separation of B and B: Due to the comparably long lifetime of B mesons
as compared to many lighter mesons, they have a longer average flight distance due to
the boost between the 1°(4S5) and laboratory systems. The quantity Az = zp_,, — 2B,,,,
the distance in the beam direction between the B vertex and the vertex from the ROE,
which is broader for BB events than for continuum events, can be used to suppress
continuum in analyses which do not perform a time-dependent C'P violation fit to At.

Flavour tagging: The flavour tagging algorithm (Section 6.5) returns the flavour of
the tagged meson, ¢(= +1), along with a flavour-tagging quality factor, r, which ranges
from zero for no flavour discrimination to one for unambiguous flavour assignment. For
signal events, ¢ is usually consistent with the flavour opposite to that of the signal B,
while it is random for continuum events®.

6.4.2. Detector-level variables. In contrast to the engineered variables, which represent

the whole event, the detector-level variables are built on a track and calorimeter cluster

basis. There are twelve variables used for tracks and ten variables used for calorimeter

clusters. In addition to these variables, the classifier also contains information relating to

the charge and to whether or not the cluster or track belong to the ROE.

©)

Momentum (clusters and tracks): The momentum variables include the magnitude
p, the azimuth angle ¢ and the polar angle cos, as well as their uncertainties. Instead
of using the center-of-mass system, the z-axis is also rotated to the thrust axis of the B
candidate. This rotated coordinate system is inspired by the CLEO Cones and is called
the thrust frame.

Calorimeter cluster specific variables: There are four variables: number of hits;
timing, E9E21; and region. The number of hits of the cluster is employed as well as its
timing, which is used to tell if the cluster occurred at the same time as the event. E9E21
is a ratio of the energy between the inner and outer cells of the cluster. The region refers
to the ECL region in which the cluster was detected (forward, barrel, or backward).
Track specific variables: The track specific variables include particle probabilities for
kaons, electrons, muons and protons. Additionally, the x? probability of the track fit is
also used, as well as the number of CDC hits.

Vertex variables (V): The use of vertex variables (available for tracks) add discrimi-
nating power, but can create unwanted correlation between the classifier output and Az.
Due to these correlations, the vertex variables cannot be used in every analysis and are

8 Flavour tagging information was not used in the study presented here, but will be employed in
Belle IT analyses.
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therefore treated separately. When used, they are calculated in the same thrust frame
as the momentum variables.

6.4.3. Variable sets. Three different input variable sets are used for comparison. The
engineered (E) variables are the variables used in the traditional approach and therefore serve
as the baseline set containing 30 variables. In the second set, the variables are complemented
by the detector-level variables without vertex information (E+DL) resulting in 470 variables.
The vertex variables are added in the last set (E4+DL+V) for a total of 530 variables.

6.4.4. Hyper parameters. Selecting the optimal hyper parameters is crucial to a classifier
and can make the difference between a very good classification result and a worthless one.
To evaluate different hyper parameter sets, a figure of merit is needed, which evaluates
the classification result. For every combination of classifiers and variable sets, a Bayesian
Optimisation is performed.

6.4.5. Comparison between traditional and deep learning methods. The comparison is
done with two classifiers, each trained on three different variable sets. The traditional
approach BDT (E), which is the FastBDT algorithm trained on the engineered continuum
suppression variables, is the default algorithm used at Belle II. Therefore, it serves as the
baseline. For the deep neural networks, no special topologies are used”.

Not every region in the ROC curve is interesting for suppressing continuum background.
Thus, only cuts which retain high signal efficiencies will be considered here. As it is interesting
to note how the classifiers perform relative to the baseline BDT (E), a new metric is created:
relative amount of background remaining after a 98% signal efficiency cut (RB(98)); this
metric cuts on the classifier output on values where only 2% of the amount of signal is
removed. The amount of background remaining after this cut is shown relative to the amount
of background of the baseline using the same procedure. As an example, an RB(98) of 60%
means that the user can expect only 60% of the background compared to the baseline
classifier, losing 2% of signal in both cases.

The training time is chosen as the last metric for comparison. This should only serve as
an approximation, as training time is hardware dependent and BDTs and DNNs are trained
on different hardware. (For the training of the DNNs, GPUs were used to speed up the
training, while for BDTs, only CPU-based trainings are possible.) Furthermore, the time
includes the reading time of the files containing the input variables, and the training time
is very dependent on the chosen hyper parameters.

6.4.6. Performance. The ROC curves and their AUC scores are shown in Fig. 43. The
classifiers are found to be strongly variable dependent. With each additional variable set, the
classification result significantly improves, though aside from the first variable set E, there
are only small differences between BDTs and DNNs.

The RB(98) scores and the training time is shown in Table 22. The RB(98) scores further
confirms the large increase in classification capability using the new variable sets. With
variable set E+DL, the amount of background is only around 20% relative to the amount of

9 Comparisons with relational networks and adversarial networks can be found in [67].

101/688



ROC Rejection Plot
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Fig. 43: ROC-Curve of the BDTs and DNNs for each variable set. Each training is performed
five times and the best result is used for this plot. The corresponding AUC-Score is listed in
the legend. The 98% signal efficiency cut used for Table 22 is shown in red.

the traditional approach BDT (E). When including the vertex variables, the background is
further halved and is only 10% of the amount remaining in the traditional approach.

The largest difference between DNNs and BDTs are in the training times. While the slowest
DNN needs approximately one hour for training, the BDTs with the new variable sets (E4+DL
and E+DL+V) need over 24 hours. The time differences are due to the complexity of the
models: for the DNNs, a rather small topology with few parameters is chosen, while for the
BDTs, a large number of trees with a large depth is chosen. The BDT classifier has to train
1000 trees, in which the last layer alone contains 2% = 256 bins. Furthermore, the training
time of the BDT grows linearly with respect to the number of input variables. Lastly, the
DNNSs are trained on a GPU, which isn’t possible for BDTs using the FastBDT algorithm.

The discriminating variables described above are combined to a continuum suppression
discriminant Ccg using any of the methods described above. In the majority of analyses,
a soft cut is initially applied to the Cog to reject continuum events with minimal loss of
signal, and the remaining events are transformed to a new observable

Cos — cut)

2
1—-Ceg ( 5)

Ces = log (
which has a Gaussian-like shape that can be described analytically by a single or double

Gaussian function. This is often used as an observable in a multidimensional ML fit to
extract the signal yield.
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Table 22: The relative amount of background on a 98% signal efficiency cut (RB(98)) and
the time needed for training for each classifier shown in Fig. 43. As a baseline, the traditional
approach BDT based on the first variable set is chosen.

Classifier RB(98) in % Training Time in h:min
DNN (E+DL+V) 9.81 1:01
BDT (E+DL+V) 10.12 26:26
DNN (E+DL) 21.65 0:33
BDT (E+DL) 93.24 95:42
DNN (E) 90.35 0:54
BDT (E) 100 1:39

6.5. Flavour Tagger

Flavour tagging is required for measurements of B-meson mixing and for measurements of
CP-violation, where the decay of a neutral B meson (Bglg) is fully reconstructed and the
flavour of the accompanying B® meson ( tag) has to be determined. The task of the flavour
at the time of its decay. At the 7°(4S) resonance,

B mesons pairs are produced in isolation, i.e. without additional particles. Therefore, recon-

tagger is to determine the flavour of Btag
structed tracks and neutral ECL and KLM clusters remaining after the full reconstruction
of ng can be assumed to a good approximation to belong to the decay of Biag.

B mesons exhibit a large number of possible decay channels. Many of them provide unam-
biguous flavour signatures through flavour-specific final states. Flavour signatures correspond
to signed characteristics of the decay products that are correlated with the charge sign of
the b-quark in the B meson. Because of the wide range of possible decay channels it is not
feasible to fully reconstruct a large fraction of flavour-specific Biag decays. Instead of a full
reconstruction, the flavour tagger applies inclusive techniques based on multivariate methods
to maximally exploit the information provided by the different flavour-specific signatures in
flavour-specific decays.

The Belle II flavour tagger has been developed by adopting several useful concepts of
previous algorithms used by the Belle and the BaBar collaborations [2].

6.5.1. Definitions. Given a total number of events IV, the efficiency ¢ is defined as the
fraction of events to which the flavour tagging algorithm can assign a flavour tag, i.e.

Ntag

= 26

~ (26)

where N'8 is the number of tagged events. The fraction of wrong identifications over the

number of tagged events is denoted by w. Thus, the number of tagged B and B events is
given by

Np# = (1 — w)Npo + cwNg,

Ng)g = ¢(1 —w)Ngo + ewNpo,

(27)
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where Npo and Ny, are the true number of BY and B° mesons on the tag side, respectively.
The observed CP-violation asymmetry is then

t t
NE Nt Npo — Ngo

obs B° B
= B (] _9y). 2 B
fer =20 N TN,

1—2w) - acp, 28
Ngiog _I_N%aog ( ) CP ( )

where acp corresponds to the CP-violation asymmetry measured in CP violation analysis
(Eq. 298 in Sec. 10.1). Thus, in order to reduce systematic uncertainties, the value of w has
to be precisely measured. The strength of the observed CP asymmetry is proportional to
|1 — 2w|, i.e. the CP asymmetry becomes “diluted” because of the wrong tag fraction. The
so-called dilution factor is defined as

r=|1- 2w, (29)

where r = 0 means no flavour information (w = 0.5) and r = 1 corresponds to an unambigu-
ous tag (w = 0,1). The statistical uncertainty of acp is

5aobs
Sacp = —F— 30
op = C (30
Assuming that a‘(’ﬁgs is small, i.e. Nggg = Ng’gg, one obtains for the statistical uncertainty of
aObS
Cp

NEsmNEs ]
dagy =" : (31)

£/ Ntag

Thus, one finds that
1

VNtg(1 - 2uw)

The effective tagging efficiency e.g of a flavour tagging algorithm is defined such that the

dacp = (32)

statistical uncertainty on the measured asymmetry acp is related to the effective number of
tagged events N°f by 1/v Nefl = 1/,/e.q- N. Then, comparing this with Eq. 31, one obtains

Ntag

Eoff = (1-2w)?=¢e-r2 (33)

Thus, a maximisation of the effective efficiency results in a minimisation of the statistical
uncertainty. In general, the scaling of dacp with e.¢ is only approximate. For a likelihood-
based analysis, the expected statistical uncertainty of an estimated CP or mixing asymmetry
can be obtained from the maximum-likelihood estimator (Sec. 10.1).

Up to now, w and ¢ have been considered to be equal for ¢ = +1(—1). However, a slight
difference can arise as a result of a charge-asymmetric detector performance. To take this
effect into account, one redefines

EBo + €m0 wpo + Wmo
627323, w:7323, (34)

and introduces the differences
Ae = epo — €50, Aw = wpo — Wgo, (35)
where the index corresponds to the true flavour, e.g. wpo is the fraction of true B® mesons

that were wrongly classified as B°.
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6.5.2. Tagging Categories. The flavour tagger is based on flavour-specific decay modes
with relatively high branching fractions ( = 2 %). Each decay mode exhibits a particular
decay topology and provides a flavour-specific signature. Some additional signatures are
obtained by combining similar or complementary decay modes. Within a so-called category,
a particular flavour signature is considered separately. The current flavour tagger is based
on 13 categories which are presented in Table 23.

Table 23: Tagging categories and their targets (left) with some characteristic examples of
the considered decay modes (right). “P*” stays for momentum in the centre-of-mass frame
and [T for charged leptons (p or e).

Categories Targets for B° Underlying decay modes
Electron e” BO— Dt v,
Intermediate Electron et L

Muon W DO 7t
Intermediate Muon ut L X K~
Kinetic Lepton I~

Intermediate Kinetic Lepton It B — Dt « (K)
Kaon ‘ {( L} KO v, 0+
Kaon-Pion K-, nt

Slow Pion mt

Maximum P* =, BY— A} X-
Fast-Slow-Correlated (FSC) =, 7t ERp—
Fast Hadron n, K~ L} B
Lambda A b

The decay modes are characterised by flavour-specific final state particles. These particles
are treated as targets since their charges are correlated with the flavour of By,,. In order to
extract these flavour-specific signatures, the targets have to be identified among all available
particle candidates. To accomplish this task, discriminating variables are calculated for each
particle candidate. An overview of the discriminating variables for each category is presented
in Table 24. In the following, the flavour signatures and the discriminating variables for each
category are explained in detail.

Leptons Primary and secondary leptons from B decays are used as target particles for differ-
ent categories. In the first case, the leptons stem from B — X [~7; decays via b — c(u) [~ 7.
A negatively (positively) charged primary lepton unambiguously tags a B° (B°) meson.
Primary electrons and muons are the targets of the Electron and the Muon categories,
respectively. Both are considered as targets in the Kinetic Lepton category.

Secondary leptons that are produced through the decay of charmed mesons and baryons
of the kind B® — X, [— 1Ty Xq)] X via transitions b — ¢ — s (d) [Tv; tag as well the
flavour of the B meson. In this case the charge-flavour correspondence is reversed, i.e. a
positively (negatively) charged secondary lepton tags a B? (B°) meson. Since their momen-
tum spectrum is much softer in comparison with the primary leptons, secondary leptons
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Table 24: Discriminating input variables for each category. For some of the categories the
p-value of the track fit is taken into account. For the Lambda category, the p-value of the
reconstructed A decay vertex is used. All variables are calculated for each considered particle

candidate.

Categories Discriminating input variables
Electron

* * 2 w * * *
Int. Electron [’67 b Pty Dy Pty COSG: do, |£U|, Mrem E907 Pmiss> €OS emiss’ COS 9T7 p—val.
Muon

* * 2 W * * *
Int. Muon Ly p*, piy by by, cos b, do, [z, Mige, Eg), Prsss €08 Opies, cos 01, p-val.
Kin. Lepton

: 2 w
Int Kln Lep £e> ‘C,uv p*7 p;;kv pv pt7 COSH, dO? ‘$|, Mrem E90a p;knissv COs efnissa CcOs H’?v p'Val'
Kaon ‘CKvp*?pt’p? pt, cos b, do, |$‘7 NKY, Ept27
2 w 2
Mrec? EQO? p;kniss7 cos g;knisy cos 9*7 X
: 2

Slow Pion Ewa ﬁea £K7 p*v p:a D, Pt, COSQ, d07 ‘x’a ana me
Fast Hadron MfeC,EgOV s Drisgy €OSOr . . cosfy, p-val.
Kaon-Pion £K7 YKaon, YSlowPion, COS 9;(”7 dK " qrn
Maximum P* P*, i, p, pi, do, |x|, cosOr
FSC ‘CKSIOW? pglow’ p%ast’ cos 9’? Slow> €08 9:‘1—\7 Fast» €08 eglowFasU dSlow * GFast
Lambda ‘Cpa Lr, pjl? pa, p;;a Pp, p;krv Dy 44, Mg, nKYy, COS HwA,pAa |$A|7 0-5127 p-val.

are referred to as intermediate leptons. Intermediate electrons and intermediate muons are
the targets of the Intermediate Electron and the Intermediate Muon categories, respectively.
Both are considered as targets in the Intermediate Kinetic Lepton category.

In order to distinguish primary and secondary leptons from all other candidates, kinematic
and particle identification variables (PID), such as the electron and muon likelihoods £, and
L, (S. Sec. 5.5), are used as discriminating variables. Within the kinematic variables, the
momentum variables, such as the absolute momentum p* and the transverse momentum p;
in the 77(4S5) centre-of-mass frame as well as the absolute momentum p and the transverse
momentum py in the laboratory frame, have the highest discrimination power, especially for
primary leptons. Intermediate leptons are more difficult to distinguish from other candidates
because of their softer momentum spectrum. Additionally, cos 8 is considered, the cosine of
the polar angle of the momentum in the laboratory frame.

Direct leptons are produced at the BY = decay vertex and have thus a small impact param-

ta
eter. The impact parameter correspondsgto the distance between the track’s point of closest
approach and the interaction point (IP): the impact parameter in the xy-plane is dy and in
three dimensions |x|.

Further separation power is obtained from additional variables calculated in the 7°(4S)

centre-of-mass frame assuming that Biag is produced at rest:

o M2, the squared invariant mass of the recoiling system X whose four-momentum is

defined by:

Py =Y v, (36)
i#l
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where the index ¢ goes over all charged and neutral candidates and [ corresponds to the
index of the lepton candidate. Thus, one defines

Mr2ec = mg{ :gu,up§p§( . (37)

D} iss> the absolute value of the missing momentum pj ;. which is defined by
Phiss = Ppo — PXx — P - (38)

Taking into account that the B® meson is produced at rest in the 7' (4S) frame, i.e.
Ppo ~ 0, one obtains

p*miss ~ - (pjg( + PZk) . (39)

» iss» the cosine of the angle between the momentum p; of the lepton candidate and

© €08 9miss’

the missing momentum pj ;..
o Egg , the energy in the hemisphere defined by the direction of the virtual W+ in the
B meson decay. The momentum of the virtual W¥ is given by

Pw = D[ + D, ~ D] + Pniss = —PX> (40)

where the momentum p, of the neutrino is estimated using the missing momentum
Phiss- The sum of energies for Egg extends over all charged and neutral candidates in
the recoiling system X that are in the same hemisphere with respect to the W*:

EY = >  E (41)
i€X, pl-py >0

o cosfr, the cosine of the angle between the lepton candidate’s momentum p; and the

thrust axis of the Bf,, in the 7°(45) centre-of-mass frame (S. Trog using Eq. 20).
Kaons Kaons are produced predominantly through decays of charmed mesons of the kind
B - D[+ K~ X]X viab— c— s transitions. Kaons stemming from such decays, and
from decays of charmed baryons via b — ¢ — s transitions, tag a B° (B?) if they are
negatively (positively) charged and are referred to as “right sign” kaons.

The kaon category has the highest flavour identification power because of the high inclusive
branching fraction B (B*/B? — K*) = (78.9 £ 2.5)% [69] and the fact that the fraction of
right sign kaons B (B*/B° — KT) = (66 & 5)% is much higher than the fraction of wrong
sign kaons B (B*/B% — K~) = (13+4)% [69], i.e. kaons produced through processes of
the kind b — W+ [—> cs/ cﬁ] X with ¢ - s — K~. However, the not negligible fraction of
wrong sign kaons is the main source of systematic uncertainties for the flavour tagger.

In addition to the momentum variables (p*, pf, p, pt, and cos #) and the impact parameters
(dp and |x|), the following discriminating variables are used to identify target kaons:

Ly, the PID kaon likelihood.
ngo, the number of reconstructed K Y on the tag side. A charged kaon produced through

o

e}

b — ccs/ced transitions or through hadronisation of ss out of the vacuum is usually
accompanied by one or more K°. A charged kaon without K9 has a higher probability
to be a right sign kaon.

3" p2, the sum of the squared transverse momentum of all tracks on the tag side in the

e}

laboratory frame. A high value of this quantity indicates a higher probability that the
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kaon candidate was produced through b — W~ ¢[— s — K~|. Lower values indicate
a production through b — XW ™ [— ¢s/ed], ¢ — § — KT which corresponds to a wrong
sign kaon.

o M?2

rec?

*
miss

EgOV s Prnisss €O 0 and cos 67, the variables in the 7°(45) frame which distinguish

the lepton background.

Slow Pions Pions are the most common final state particles. Primary and secondary pions
are considered as target particles for several categories. The charge of secondary pions from
BY - XD*t [% D07r+] decays provide tagging information. Because of their soft momen-
tum spectrum they are referred to as slow pions and considered as target in the Slow Pion
category.

The Slow Pion category use all the variables applied within the Kaon category, in order to
distinguish the background from kaons and leptons. Additionally, the pion and the electron
PID likelihoods £, and L. of each particle candidate are considered. The latter helps to
distinguish the background from electrons created either through photon conversions or
through 7% — ete~v Dalitz decays.

In particular, the variable cos 1 has a considerable separation power. Slow pions are
produced together with the D° nearly at rest in the D** frame. Therefore, the flight direction
of the target slow pions is close to the direction of the D? decay products and opposite to
the other Bgag decay products. Low momentum background tracks can be distinguished by

correlating the direction of the candidate and the direction of the remaining tracks from the

0

tag thrust axis.

Bgag decay, which corresponds to a good approximation to the B

Fast hadrons The targets of the Fast Hadron category are kaons and pions from the
W boson in b— c(u) W~ decays and from “l-prong” decays of primary tauons,
ie. BO— 77 [ 7 (K )v ] X . The category considers as targets also those
Kaons and pions that are produced through intermediate resonances, which decay via
strong processes conserving the flavour information, e.g. B® - K*~ [% K _WO] X or
BY —» 7~ [—> p- — [—> 7r_7r0] 1/7—] v X. The target kaons and pions are referred to as fast
hadrons because of their hard momentum spectrum. A negatively (positively) charged fast
hadron indicates a B® (B%) meson.

The Fast Hadron category uses the same set of variables applied within the Slow Pion cat-
egory since these variables distinguish also fast kaons and fast pions among the background
of slow pions, kaons from decays of charmed hadrons and leptons.

Correlation between kaons and slow pions (Kaon-Pion) If an event contains both a target
kaon and a target slow pion, e.g. a B - XD** [— D' [— K~ X] "] decay, the flavour
tagging information from the individual categories is improved by exploiting the correlations
between both targets.

The following variables are considered:

o Lk, the PID kaon likelihood.

0 YKaon, the probability of being a target kaon obtained from the individual kaon category.

0 YSlowPion, the probability of being a target slow pion obtained from the individual slow
pion category.
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o cos B}, the cosine of the angle between the kaon and the slow pion momentum in the
Y (4S) frame. If both targets are present, they are emitted in approximately the same
direction in the 1°(4S) frame.

© K - qGx, the charge product of the kaon and the slow pion candidates. A right sign kaon
and the corresponding slow pion are produced with opposite charges in agreement with
their individual flavour-charge correspondence.

High momentum particles (Mazimum P*) Hadrons and leptons from the W boson in
b— c(u) W~ are characterised by a very hard momentum spectrum. A very inclusive
tag can be performed by selecting the track with the highest momentum in the 7°(4S) frame
and using its charge as a flavour tag. A negatively (positively) charged fast particle indicates
a BY (BY) meson.

The purpose is to recover flavour tagging information from primary particles that may
have not been selected either as a primary lepton or as a fast hadron. The discriminating
variables are the momentum variables (p*, pf, p, pt, and cos ), the impact parameters (dy
and |z|) and cos 07..

Correlation between fast and slow particles (FSC) Events of the kind BY — D*TW~ con-
tain both a target slow pion and a high momentum primary particle originating from the
W boson. In that case, additional flavour tagging information can be gained by using the
correlations between the slow pion and the high momentum particle.

The W# and the D** are produced back-to-back in the BY,, centre-of-mass frame. There-
fore, the angle between the track of the target fast particle and the target slow pion is

expected to be very large. Useful discriminating variables are:

o Lkslow, the PID kaon likelihood of the slow pion candidate.
0 P§ows the momentum of the slow pion candidate in the 7°(4S) frame.
O Pfust> the momentum of the high momentum candidate in the 7°(4S5) frame.

e}

cos 9%} Slow- the cosine of the angle between the thrust axis and the slow pion candidate

in the 7'(45) frame.

0 €OSOT pag, the cosine of the angle between the thrust axis and the high momentum
candidate in the 7°(4S5) frame.

o €08 05, Fast» the cosine of the angle between the slow and the high momentum candidates
in the 7'(45) frame.

O (Slow * QFast, the charge product of the slow pion and the high momentum candidates. In

agreement with their individual flavour-charge correspondence, the targets have to be

produced with opposite charges.

Lambda baryons Additional flavour tagging information can be obtained by considering the
flavour of A baryons as a flavour signature, since they are likely to contain an s quark from
the cascade transition b — ¢ — s. In consequence, the presence of A (A) baryon indicates a
BY (BY). Although the fraction of events containing a target A is rather small, they provide
relatively clean flavour tagging information which complements the other categories.

The A candidates are obtained by reconstructing A — pr~ (A — prt) decays through

combinations of proton and pion candidates on the tag side. In addition to the momentum
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variables of the reconstructed A and of the proton and the pion used for the reconstruction,
the following discriminating variables are used:

L,, Ly the PID likelihoods of the proton and the pion.
q4, the flavour of the A baryon.

O O O

My, the reconstructed mass of the A.

e}

nko, the number of reconstructed K9 on the tag side.

o cosly, p,, the cosine of the angle between the A momentum p,4 and the direction from
the IP to the reconstructed A vertex x4 in the laboratory frame.

o |z, the distance between the A vertex and the IP.

o 0%, the error of the A vertex fit in z-direction.
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Fig. 44: Schematic overview of the Flavour Tagger: Reconstructed tracks are available for

Combiner

five different mass hypotheses. Each green box corresponds to a category. The charge gcand
and the probability yc.s are explained in the text. The values (Geand * Ycat )eff are defined
in Eq. 42.

6.5.3. Algorithm. The Belle I flavour tagger is a modular algorithm based on multivariate

0

tag eson together with the corresponding

methods that provides a flavour tag ¢ for the B
flavour dilution factor r. It does so by analysing the tracks and the neutral clusters that
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Fig. 45: Procedure for each single category (green box): the candidates correspond to the
reconstructed tracks for a specific mass hypothesis. The input variables are presented in
Table 24; Some of them consider all reconstructed tracks and all neutral ECL and KLM
clusters on the tag side. The magenta boxes represent multivariate methods: .,y is the
output of the event level. The output of the combiner is equivalent to the product ¢ - r.

remain from the ngg reconstruction. The output y € [—1, 1] of the flavour tagger is equivalent
toy = q-r, where y = —1 (1) corresponds to a perfectly tagged B (BY).

The flavour of Bgag results from a combination of the thirteen flavour signatures discussed
in the previous subsection. Each of these signatures corresponds to the output of a single
category which can be understood as an individual “sub-tagger”. A schematic overview of
the information flow in the algorithm is presented in Fig. 44.

The algorithm of the flavour tagger is a 2-level-process: event and combiner level. The
event level process is performed within each individual category. On this level, a multivariate
method assigns to each particle candidate a probability ycat, which is the probability of being
the target of the corresponding category providing the right flavour tag.

The particle candidates correspond to the tracks that remain from the full reconstruction
of the signal Bgj, meson. Since each track is fitted with 5 different mass hypotheses (e, u, K,
7 and p), each category considers the mass hypotheses belonging to its own targets. For the
Lambda category, the target candidates are A particles reconstructed from pairs of proton
and pion candidates.

In order to determine y.,t, the event level multivariate methods get as input the discrimi-
nating variables of the corresponding category. In some calculations all reconstructed tracks
and all neutral ECL and KLM clusters that remain after the full Bgig reconstruction are
taken into account. There are two special categories which get information from other cat-
egories: the KaonPion category, which gets input information from the Kaon and the Slow
Pion categories, and the FSC category which gets input information from the Slow Pion and
the Maximum P* categories.

Within each category, the particle candidates are ranked according to the values of ycas.
The candidate with the highest y.,t is selected as target. Only for the Maximum P* category,
the target is the candidate with the largest momentum in the 7°(4S) frame.
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The procedure within each single category is illustrated in Fig. 45. All categories contribute
in parallel to the final tag. This fact helps to improve the performance of the flavour tagger
since the B?ag
The combiner level is the last step in the process. It corresponds to a multivariate method

can decay in such a way that there is more than one flavour-specific signature.

that gets thirteen input values, i.e. one input value from each category, and gives y = ¢q - r
as output. Each input value is the product gcand - yeat Of each category, where the charge
Qcand and the probability y..+ correspond to the particle candidate selected as target. For two
special cases, the Kaon and the Lambda categories, the input value is the effective product

Hi (1 + (QCand : ycat)i) - Hl (1 - (qcand : ycat)i)
Hi (1 + (QCand : ycat)i) + Hz (1 - (qcand : ycat)i)

(deand - Yeat)eff = (42)
where the products extend over the three particles with the highest y.,4 probability. For
the Lambda category, geanq corresponds to the BY flavour tagged by the A candidate, i.e.
qa = —1(+1) for A(A) .

The multivariate method chosen for the event and the combiner level is a fast boosted
decision tree (FBDT) [? |. For the combiner level, an independent multivariate method, a
multi-layer perceptron (MLP) [70], is employed to cross-check the result of the FBDT. The
input values for both combiner level methods are identical. The output of the FBDT and
the MLP combiners is provided.

The flavour tagger is trained using two statistically independent Monte Carlo (MC) sam-
ples: one sample for the event level and one sample for the combiner level in order to avoid
any bias from a possible statistical correlation. At each training step, one half of the sample
is used as training sample and the other half as a test and validation sample for an unbiased
evaluation of the performance against overtraining. The event level is trained first and each
category is trained independently. The FBDT and the MLP combiners are trained after-
wards. The training process, the choice of the categories and the choice of the discriminating
variables have been arranged in order to maximise the total effective efficiency ecg.

6.5.4. Performance. The performance of the Belle II flavour tagger has been evaluated
using Belle IT MC, as well as using Belle MC and Belle data within the Belle II soft-
ware framework. The MC events used for training and testing correspond to B°B° pairs

in which one meson (Bgig) decays to J/i) KO while B,?ag

according to the known branching fractions [69]. Only events where the decay channel

BY, = J/ [= ptp”] K2 [= 77| could be fully reconstructed and correctly matched with

the MC decay chain are selected for training and testing. After the selection, the size of the

decays to any possible final state

Belle IT and the Belle training samples is ca. 2 x 1.3 and ca. 2 x 1 million MC events, respec-
tively, and the size of the Belle II and the Belle testing samples is ca. 2.6 and ca. 2 million
MC events, respectively.

The test with Belle data is performed on a set of B°B? pairs, where the same decay channel
Bgig — JJp [= pt ) KO [— 7777] is reconstructed on the signal side. The reconstruction
applied on data events is the same as applied on MC events. A selection of signal events is
performed in the same way as in previous Belle analyses [71] using the full Belle data sample
which corresponds to 711 fb~!. The obtained signal yield is 8508 events.

The distributions of the thirteen combiner input values, which are derived from the outputs
Yeat Of the individual categories, are presented in Fig. 47. The large peaks at zero, which
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Fig. 46: Combiner input distributions for all categories.

Table 25: Performance of individual categories for the flavour tagging algorithm. All values

are given in percent considering only statistical uncertainties.

Belle II MC Belle MC
Categories Eeff £ 0ccft  Acer £ 0Aces Eeff £ 0ccft  Acer £ 0Aces
Electron 5.58 £ 0.01 0.25 +0.02 5.80+0.01 —0.04=+0.03
Int. Electron 1.40 £0.00 —-0.224+0.01 0.74 +£0.00 0.00 +0.00
Muon 5.64 +0.01 0.27 £+ 0.02 5.74 £0.01 0.08 £ 0.03
Int. Muon 0.30+£0.00 —0.02=+0.00 0.33+0.00 0.00 +0.00
KinLepton 11.44 £+ 0.02 0.43 +0.03 11.70 £0.02 0.08 £ 0.04
Int. Kin. Lep.  1.31+0.00 —0.11+£0.00 0.56 +0.00 0.00 +0.00
Kaon 21.194+0.02 —-0.76 £0.04 19.28 £0.02 —-0.294+0.04
Kaon-Pion 14.524+£0.01 —-0.2540.03 15.15£0.02 —-0.26 £0.04
Slow Pion 9.89 £+ 0.01 0.06 £ 0.02 9.274+0.01 —0.05+0.03
FSC 13.74+0.02 —-0.17+0.03 11.54+0.01 -0.11+0.03
Maximum P* 12.99 4+ 0.01 1.40 £ 0.03 11.96 £0.02 0.05+0.03
Fast Hadron 4.70 £0.01 1.14 +£0.01 1.54 £0.01 —-0.04 £0.01
Lambda 2.41 £ 0.00 0.62 £ 0.00 1.53 +0.00 0.24 +0.00
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are present in all the distributions apart from that belonging to MaximumP*, correspond to
events where the candidate selected as target is very unlikely to provide flavour information.

In general, a value close to zero indicates that the probability of finding a certain flavour-

0

tag inal state is very low. A value closer to £1 indicates a

specific signature within the B
more reliable flavour tag. In the case of MaximumP*, there is no peak at zero since this
category is inclusive for all tracks, .e. any event with tracks on the tag side provides flavour
information.

The output y = ¢ - r, which corresponds to the product of tagged flavour ¢ and the dilution
factor r, can be found in Fig. 47 (left) for the FBDT and the MLP combiners on MC.
Figure 47 (right) shows also a linearity check between the true dilution r\ic determined using
MC information and the mean (r) of the dilution provided by the combiners. The dilution
determined using MC information corresponds to e = 1 — 2wne, where the wrong tag
fraction wyc is determined by comparing the MC truth with the combiner output, i.e.
an event is wrongly tagged if guc # ¢ = sgn(q - r). The mean dilution (r) of the combiner
output is simply the mean of |q - r| for each r-bin. The linearity verifies the equivalence in
average between the output ¢ - » and the product gnic - rvc.

The results using Belle data and Belle MC are shown together in Figure 48 by superimpos-
ing the normalized ¢ - r output distributions for both combiners. Within the uncertainties,
the shapes of the normalized ¢ -r distributions for Belle data and Belle MC show good
agreement.

The effective efficiency e.g has been defined by sorting the tagged events into bins of the
dilution factor r adopting the same r-binning applied by the Belle experiment [72]. The
expression for the effective efficiency in Eq. 33 becomes then

o= L= D=k we a2 @
1 1

7

Ntag
N
where Ni,g is the number of taggable events. Since the flavour signatures are provided by

where the sum extends over all 7- bins, and the tagging efficiency corresponds to € =

tracks, all events that contain at least one reconstructed track on the tag side can be tagged.
The measured value of € on Belle data is 99.8 %, which is equal to the previous value measured
by Belle using the Belle flavour tagger [72] and is consistent with the value of 99.9% obtained
using the Belle II flavour tagger on Belle MC and on Belle IT MC.

For each individual category, an effective efficiency can be calculated if the corresponding
combiner input value geand - Yeat is taken as single flavour tag, ¢.e. if each category is consid-
ered as a “sub-tagger”. These effective efficiencies are presented in Table 25. Sub-taggers like
the lepton, the kaon and the pion categories provide relatively clean flavour signatures. These
sub-taggers have also a rather high occurrence, i.e. the corresponding flavour-specific decays
have a relatively high branching fraction. The intermediate lepton categories and the lambda
category provide additional tagging power. However, this additional power is relatively low
because of the difficulty to discriminate the respecting targets from the background.

The global performance of the flavour tagger is analysed considering the output of the two
combiner level multivariate methods independently. For each r-bin, the respective average
wrong tag fraction w is determined. In general, the fraction w can be extracted from the
combiner output y = ¢ - r through

I et ]
5

(44)
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Fig. 47: Results of FBDT and MLP combiners using a) Belle II MC and b) Belle
MC. Left: Distributions of the output ¢-r. Right: Correlations between the dilution
rmc = 1 — 2wpyc taken from MC truth and the mean absolute value of the combiner
output r = |¢ - r| in each r-bin. The errors on both axis are smaller than the bullet. The red
diagonal line is a guideline and the vertical grey lines correspond to the limits of the r-bins.

if the dilution r = |y| provided by the combiners is linear with respect to the true dilution
rve = 1 — 2wye determined using MC information. This linearity has been verified in aver-
age for Belle IT and for Belle MC as shown in Fig. 47 (right). For Belle data, this linearity
relation is assumed. The linearity checks on data will be performed using fully reconstructed
self-tagging BOB? events when Belle II will have collected enough integrated luminosity. In
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Table 26: Performance of FBDT and MLP combiners on MC. All values are given in percent
considering only statistical uncertainties.

FBDT Combiner on Belle II MC

r- Interval &4 Aeg; w; + dw; Aw; + §Aw; Eeff,i = 5695,1' AEeﬂ‘ﬂ; + 5A€eff7i
0.000 — 0.100 10.7 0.030  47.503 + 0.003 0.012 £ 0.005 0.0266 + 0.0001  —0.0001 % 0.0001
0.100 — 0.250 14.8 —0.289 41.353 +£0.003 0.011 £ 0.007 0.4409 £ 0.0007  —0.0188 £ 0.0015
0.250 — 0.500  20.7 0.004 31.282+£0.005 —0.070=+£0.010 2.9006 + 0.0038 0.0209 +£ 0.0075
0.500 — 0.625 11.5 0.060 21.810+0.003 —0.006 £ 0.006 3.6604 £+ 0.0062 0.0370 £ 0.0124
0.625 —0.750 12.3 0.087  15.639 £ 0.003 0.011 £ 0.006 5.7921 £+ 0.0095 0.0744 £ 0.0189
0.750 — 0.875 11.6 0.048 9.386 £0.003 —0.003 £ 0.006 7.6378 +£0.0129 0.0587 £ 0.0258
0.875 —1.000 18.3 0.096 2.323 £0.003 0.018 £0.005 16.6665 = 0.0215 0.1512 4+ 0.0429

Total Cef = ;€ - (1 — 2wi>2 =37.16 £ 0.03 Aeg = 0.32£0.06

MLP Combiner on Belle II MC

r- Interval €; Aeg; w; £ dw; Aw; + §Aw; Eoff,i £ 0cetr i Ao £ 6Aceq;
0.000 — 0.100 10.6 —0.089 47.514 +0.003 0.007 &+ 0.005 0.0263 £ 0.0001  —0.0006 £ 0.0001
0.100 — 0.250 144 —0.215 41.367 +=0.003 —0.001 % 0.007 0.4287 + 0.0007 —0.0130 + 0.0014
0.250 — 0.500  20.2 0.088 31.272+0.005 —0.05140.010 2.8342 + 0.0037 0.0381 £ 0.0075
0.500 — 0.625 11.5 0.123  21.806 £ 0.003 0.012 + 0.006 3.6377 £ 0.0062 0.0722 £ 0.0124
0.625 —0.750 12.5 0.108 15.603 4 0.003 0.006 % 0.006 5.9106 % 0.0096 0.0964 + 0.0191
0.750 — 0.875 12.7 —0.193 9.355 + 0.003 0.031 4+ 0.006 8.3673 £0.0134  —0.2743 4+ 0.0268
0.875 —1.000 18.0 0.214 2.639+£0.003 —0.189+0.005 16.1369 £ 0.0210 0.5016 £ 0.0420

Total Coff = D; € - (1 — 2w;)? = 37.38 £ 0.03 Acog = 0.42 4 0.06

FBDT Combiner on Belle MC

r- Interval g4 Aeg; w; + dw; Aw; + §Aw; Eeft,i = OCeft s Ager,; £ 6 Qe
0.000 — 0.100 15.4 0.060  47.605 %+ 0.003 0.003 £ 0.005 0.0354 4+ 0.0001 0.0002 £ 0.0002
0.100 — 0.250 16.1 0.007  41.498 + 0.004 0.016 £ 0.008 0.4667 +=0.0009  —0.0011 £ 0.0017
0.250 —0.500 20.0 —0.155 31.409+£0.006 —0.000 =+ 0.011 2.7591 +0.0042  —0.0410 % 0.0085
0.500 — 0.625 9.9 0.008 21.832+0.004 —0.013 +£0.008 3.1384 + 0.0067 0.0101 + 0.0134
0.625 - 0.750 104 0.139 15.639+£0.004 —0.013 £ 0.008 4.9015 £+ 0.0102 0.1380 £+ 0.0203
0.750 — 0.875 10.3 0.037 9.318 £ 0.004 0.034 £ 0.008 6.7843 + 0.0141 0.0418 + 0.0283
0.875 —-1.000 179 —-0.127 2.431 £ 0.003 0.024 £0.006 16.1464 +0.0244  —0.2362 £ 0.0487

Total Ceff = p_; € - (1 — Qwi)Q =34.26 £ 0.03 Ae.g = —0.09 £ 0.06

MLP Combiner on Belle MC

r- Interval &; Ag; w; + dw; Aw; & 6Aw; Eoff,i £ 0cemr i At £ 6Aceq;
0.000 — 0.100 15.0 0.001  47.603 + 0.003 0.000 =+ 0.005 0.0344 4+ 0.0001 0.0000 % 0.0002
0.100 — 0.250 15.4 0.060 41.479 +0.004 —0.007 £ 0.008 0.4480 4 0.0008 0.0045 4+ 0.0017
0.250 — 0.500 20.5 —0.047 31.334+0.006 —0.018 +0.011 2.8588 +0.0043  —0.0057 & 0.0086
0.500 — 0.625 10.3 0.003 21.850+0.004 —0.004 + 0.008 3.2515 4+ 0.0068 0.0050 + 0.0136
0.625 —0.750 10.5 —0.054 15.639 + 0.004 0.034 + 0.008 4.9710 4+ 0.0102 —0.0572 £ 0.0204
0.750 — 0.875 10.7 —0.203 9.300 £ 0.004 0.028 £ 0.008 7.06754+0.0144 —0.2744 £+ 0.0288
0.875 —1.000 17.5 0.207 2.692 +£0.003 —0.154£0.006 15.6597 4+ 0.0239 0.4823 + 0.0478

Total Coff = D; € - (1 — 2w;)? = 34.32 4+ 0.03 Acog = 0.15 4 0.06

this case the true fraction w will be determined using the flavour of the fully reconstructed
self-tagged B mesons.

Table 26 contains all the numbers that quantify the global performance of the flavour tagger
on MC for both combiner level multivariate methods. The FBDT combiner achieves a total
effective efficiency eog of (37.16 £+ 0.03)% on Belle II MC and of (34.26 £ 0.03)% on Belle
MC, and the MLP combiner achieves (37.38 + 0.03)% on Belle II MC and (34.32 + 0.03)%
on Belle MC. The performance of the flavour tagger on Belle data is presented in Table
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27. The FBDT combiner achieves a total effective efficiency of (33.6 + 0.5)% on Belle data,
while the MLP combiner achieves (33.4 4+ 0.5)%.

Table 27: Performance of the Belle II flavour tag-

gl 25 —+— Data
S - MC ger on Belle Data. All values are given in percent
<1.00 ! S L o
z i H i considering only statistical uncertainties.
S 0750 ! ! !
- ';, i‘+‘ '-1-' ;‘ FBDT Combiner
; 0.50 ';‘.1,_ #j#"’s‘*;?ﬁ#* ﬁ,ﬁﬁﬁiﬂiﬂ,ﬁ r- Interval €; w; + dw; Eoff,i T 0eft,i
‘E 025t + ¥ 0.000 — 0.100 15.19 47.64£0.04 0.034 £ 0.001
= 0.100 — 0.250 16.53 41.50 £ 0.06 0.477 £0.013
0.00% 05 0 05 1 0.250 — 0.500 20.28  31.39 + 0.09 2.803 4 0.066
(g 7)rBDT 0.500 — 0.625 10.04 21.74 +£0.06 3.204 + 0.105
0.625 - 0.750 11.07 15.63 £0.06 5.222 £0.162
— + 0.750 — 0.875 10.34 9.40 +0.06 6.807 £+ 0.218
312 e 0.875—1.000 16.38  2.33+0.05  14.863  0.366
<100 ' Total eop = > ;- (1 — 2w;)2 = 33.6 + 0.5
E :
2 ﬁ", :+—' MLP Combiner
= i 4 : . : ; .
20.50) ¥t 4 AT b + " r- Interval €; w; + dw; Eoff,i £ 0cem i
= F t 4
2 o i w*m Wiﬂ 0.000 — 0.100 15.13 47.58 +0.04 0.035 £ 0.001
E 0.25 0.100 — 0.250  15.48 41.47 £ 0.06 0.450 £ 0.013
0.00 _ _ 0.250 — 0.500 21.05 31.34+0.09  2.927 + 0.067
- A P ! 0.500 — 0.625 10.63 21.77+£0.06  3.382%0.107
o 0.625 —0.750 10.77 15.64 +0.06 5.076 + 0.159
Fig. 48: Normalized ¢-r distribu- 0.750 — 0.875 10.43 9.43 £ 0.06 6.857 +0.219
. Belle d q Belle MC 0.875 —1.000 16.34 2.69 £0.05 14.602 £ 0.360
tions on Belle data and on Belle Total e =5, ;- (1 — 2w;)? = 33.4£0.5

for FBDT and MLP combiners.

6.5.5. Comparison between the Belle Il flavour tagger and earlier algorithms used by Belle
and BaBar.

flavour tagger consist in: the inclusion of three complementary flavour signatures correspond-

The major improvements in the Belle II flavour tagger with respect to the Belle

ing to the Kaon-Pion, the FSC and the Maximum P* categories; the consideration of fast
kaons as targets in the Fast Hadron category (the Belle algorithm used only fast pions); the
use of more tagging variables within each category; and the employment of robust FBDT and
MLP multivariate methods. The Belle flavour tagger is based on multi-dimensional lookup
tables and considers 10 flavour signatures, which correspond to the same used by the Belle I1
flavour tagger apart from the three complementary signatures mentioned above. The flavour
signatures used by the Belle flavour tagger are sorted into four categories (Lepton, Kaon,
Slow Pion and Lambda). In comparison, the Belle II flavour tagger considers in total 13
flavour signatures. Furthermore, in the Fast Hadron category, fast pions and fast kaons are
considered together. Another significant difference is that in the Belle approach each parti-
cle candidate could be used only once as candidate within a certain category according to
a specific classification criterion, while in the Belle II flavour tagger each particle candidate
is used as candidate within all categories (disregarding the Lambda category). In the Belle
case, a true target particle that is classified as candidate of the wrong category is missing
as candidate of its true category. Thus, the approach of the Belle II flavour tagger is robust
against this kind of misclassification.
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In comparison with the previous Belle flavour tagger which reached an effective efficiency
of (30.1 £0.4)% on Belle data [2], the Belle II flavour tagger developed here reaches an
effective efficiency of (33.6 £ 0.5)% on Belle data. An additional increase of about 3% in
effective efficiency is observed with the Belle II flavour tagger on Belle I MC which is due
to the improved track reconstruction and the improved PID performance at Belle II.

The structure of the BaBar flavour tagger is similar to the currently used by the Belle 11
flavour tagger. It was based on 9 categories on the event level, and combined the outputs
of the single categories into a final ¢ - r output. The used multivariate methods were MLPs.
In comparison, the major improvements in the Belle II flavour tagger are: the inclusion
of four additional categories, the three categories considering intermediate leptons and the
Fast Hadron category; the use of more tagging variables within each category; and the
employment of the robust FBDT multivariate method. The MLP used in the Belle II flavour
tagger serves to perform a cross check. Only the output of the FBDT should be used in
future Belle II analysis. Regarding the effective efficiency, BaBar reached (33.1 +0.3)% on
the full BaBar data [2]. The performance of the Belle II flavour tagger on Belle data is
slightly better, corresponding to the improvements in the algorithm.

6.6. Full Event Interpretation

6.6.1. Physics Motivation. Measurements of decays including neutrinos, in particular rare
decays, suffer from missing kinematic information. The Full Event Interpretation (FEI)
recovers this information partially and infers strong constraints on the signal candidates by
automatically reconstructing the rest of the event in thousands of exclusive decay channels.
The FEI is an essential component in a wide range of important analyses, including: the mea-
surement of the CKM element |V,;| through the semileptonic decay b — wuv; the search for
a charged-Higgs effect in B — D7v; and the precise measurement of the branching fraction
of B — 7v, which is sensitive to new physics effects.

As an analysis technique unique to B factories, the FEI will play an important role in the
measurement of rare decays. This technique reconstructs one of the B mesons and infers
strong constraints for the remaining B meson in the event using the precisely known initial
state of the 7°(45). The actual analysis is then performed on the second B meson. The two
mesons are called tag-side By, and signal-side By, , respectively. In effect the FEI allows one
to reconstruct the initial 7°(4S) resonance, and thereby recovering the kinematic and flavour
information of Bg;y. Furthermore, the background can be drastically reduced by discarding
7' (4S) candidates with remaining tracks or energy clusters in the rest of event.

Belle already employed a similar technique called Full Reconstruction (FR) with great
success. As a further development the FEI is more inclusive, provides more automation
and analysis-specific optimisations. Both techniques heavily rely on multivariate classifiers
(MVC). MVCs have to be trained on a Monte Carlo (MC) simulated data sample. However,
the analysis-specific signal-side selection strongly influences the background distributions
on the tag-side. Yet this influence had to be neglected by the FR, because the training of
the MVCs was done independently from the signal-side analysis. In contrast, the FEI can
be trained for each analysis separately and can thereby take the signal-side selection into
account. The analysis-specific training is possible due to the deployment of speed-optimised
training algorithms, full automation and the extensive usage of parallelisation on all levels.
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The total training duration for a typical analysis is in the order of days instead of weeks.
In consequence, it is also feasible to retrain the FEI if better MC data or optimised MVCs
become available.

Fig. 49: Diagram of a signal decay tagged by the FEIL.

6.6.2. Hadronic, Semileptonic and Inclusive Tagging. As previously described, the FEI
automatically reconstructs one out of the two B mesons in an 1°(4S) decay to recover infor-
mation about the remaining B meson. In fact, there is an entire class of analysis methods,
so-called tagging-methods, based on this concept. In the past there were three distinct
tagging-methods: hadronic, semileptonic and inclusive tagging.

o Hadronic tagging solely uses hadronic decay channels for the reconstruction. Hence, the
kinematics of the reconstructed candidates are well known and the tagged sample is very
pure. Then again, hadronic tagging is only possible for a tiny fraction of the dataset on
the order of a few per mille.

o Semileptonic tagging uses semileptonic B decays. Due to the high branching fraction of
semileptonic decays this approach usually has a higher tagging efficiency. On the other
hand, the semileptonic reconstruction suffers from missing kinematic information due to
the neutrino in the final state of the decay. Hence, the sample is not as pure as in the
hadronic case.

o Inclusive tagging combines the four-momenta of all particles in the rest of the event
of the signal-side B candidate. The achieved tagging efficiency is usually one order of
magnitude above the hadronic and semileptonic tagging. Yet the decay topology is not
explicitly reconstructed and cannot be used to discard wrong candidates. In consequence,
the methods suffers from a high background and the tagged sample is very impure.

The FEI combines the first two tagging-methods: hadronic and semileptonic tagging, into
a single algorithm. Simultaneously it increases the tagging efficiency by reconstructing more
decay channels in total. The long-term goal is to unify all three methods in the FEI.

6.6.3. Hierarchical Approach. The basic idea of the FEI is to reconstruct the particles
and train the MVCs in a hierarchical approach. At first the final-state particle candidates
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are selected and corresponding classification methods are trained using the detector informa-
tion. Building on this, intermediate particle candidates are reconstructed and a multivariate
classifier is trained for each employed decay channel. The MVC combines all information
about a candidate into a single value, the signal-probability. In consequence, candidates
from different decay channels can be treated equally in the following reconstruction steps.
For instance, the FEI currently reconstructs 15 decay channels of the D°. Afterwards, the
generated D candidates are used to reconstruct D*? in 2 decay channels. All information
about the specific D° decay channel of the candidate is encoded in its signal-probability,
which is available to the D*0 classifiers. In effect, the hierarchical approach reconstructs
2 x 15 = 30 exclusive decay channels and provides a signal-probability for each candidate,
which makes use of all available information. Finally, the B candidates are reconstructed

and the corresponding classifiers are trained.
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Fig. 50: Hierarchy of the Full Event Interpretation algorithm.

6.6.4. Training modes. 'The FEI has to be trained on Monte Carlo data and is applied
subsequently on real data after an analysis-specific signal-side selection. There are three
different types of events one has to consider in the training and application of the FEI:

o double-generic events - eTe~ — 17'(4S) — BB for charged and neutral B pairs, where

both B mesons decay generically;
o continuum events - eTe” — c¢, s5, ch, uu;
o and signal events - ete™ — 1(45) — BB, where one B decays generically and the other

decays in an analysis-specific signal-channel like BT — 77 v.
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6 Physics Analysis Software

The final classifier output for the Bi,, mesons has to identify correctly reconstructed Biag
mesons in the signal events of the analysis and reject background Bias mesons from double-
generic, continuum and signal events efficiently. To accomplish a high efficiency for correctly
reconstructed By,e in signal events a training on pure signal Monte Carlo after the signal-side
selection would be appropriate, but in this scenario background components from double-
generic and continuum events would not be considered in the training and therefore could
not be rejected efficiently. On the other hand, a training on double-generic and continuum
Monte Carlo after signal-side selection suffers from low statistics especially for correctly
reconstructed Biae mesons, because the constraint that the reconstructed candidate has to
use all remaining tracks is very strict. Moreover, it is not clear if D mesons from continuum
background should be considered as signal in the corresponding trainings.

The background components are factorised into background from 7°(4S) decays and from
continuum events. It is assumed that the continuum events can be suppressed efficiently with
the ContinuumSuppression module, therefore no Monte Carlo data for continuum events is
used in the training of the FEI. Further studies have to be performed to test this assumption.

The FR of Belle was trained on double-generic and continuum Monte Carlo without
considering the signal-side selection. In consequence, the background distributions were fun-
damentally different in training and application. For example, most of the CPU time in the
training was used for events with more than 12 tracks, yet these events never led to a valid
B tag meson in an analysis with only one track on the signal-side like B — 7v. Therefore
the FEI employs two different training modes:

o generic-mode: the training is done on double-generic Monte Carlo without signal-side
selection, which corresponds to the FR of Belle. Hence, the training is independent of
the signal-side and is only trained once for all analyse. The method is optimised to
reconstruct tag-side of generic MC. e.g. in an inclusive analysis like B — X .. K.

o specific-mode: the training is optimised for the signal-side selection and trained on
double-generic and signal Monte Carlo, in order to get enough signal statistics despite the
no-remaining-tracks constraint. In this mode the FEI is trained on the RestOfEvent after
the signal-side selection, therefore the training depends on the signal-side and one has
to train it for every analysis separately. The method is optimised to reconstruct the tag-
side of signal MC. This mode can be used in many searches, e.g. BY — 7tv, BT — vy,
B — vv(y), B— K*vv, B — D*rv. Another advantage is that global constraints on
the mp. and AFE can be enforced at the beginning of the training.

6.6.5. Performance estimations. The performance of the FEI can be estimated by the
number of correctly reconstructed tag-side B mesons divided by the total number of 7°(45)
events. The current performance is summarised in table 28. Figure 51 shows the signal and
background distributions for both variables.

Another way of estimating the performances of the FEI without relying on MC truth
quantities is to perform a scan of the classifier output and evaluate the efficiency and purity
of the tag-side B mesons reconstruction (ROC curve) by fitting the M. distribution. In
detail, the fits are performed in the range [5.24,5.29] GeV/c? with an Argus function for
the combinatorial background plus a Crystal Ball function for correctly reconstructed B
candidates. Given Ng;y and Ny, the number of fitted signal and background events in the
My, window [5.27,5.29] GeV/c?, the efficiency is defined as %, where N5 is the number
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Table 28: Tag-side efficiency defined as the number of correctly reconstructed tag-side B
mesons divided by the total number of 7°(4S) events. The presented efficiencies depend on
the used BASF2 release (7.2), MC campaign (MC 7) and FEI training configuration.

Tag FR!Y @ Belle FEI @ Belle MC FEI @ Belle IT MC
Hadronic BT 0.28 % 0.49 % 0.61 %
Semileptonic BT 0.67% 1.42 % 1.45 %
Hadronic B° 0.18% 0.33% 0.34 %
Semileptonic BY 0.63 % 1.33% 1.25 %

of B meson pairs produced (B¥B~ + BYBY), and the purity is defined as % This
study makes use of BB and continuum events generated in the MC7 campaign, with and
without beam background, corresponding to about 100 fb~! of data each.

Figure 52 shows the ROC curves for Bt and B° candidates reconstructed with hadronic
tag. The points correspond to the scan of the FEI classifier output starting from 0.01 with
a step of 0.04.

In table 29 the hadronic decay modes included in the FEI are summarized. In addition to
the listed modes, two more channels have been considered in the Belle FR and are missing
in the FEI, B — D**D** (BR = 1.71%) and B° — D°z° (BR = 0.026%).

In conclusion, when comparing Belle II with Belle performances [73], we observe a much
higher efficiency for purities below 50% (75%) for charged (neutral) Biag reconstruction. This
can be possibly explained considering that the numerous additional modes included in the
FEI are less clean than the common modes, so that they contribute to the efficiency increase
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Fig. 51: Performance of BT candidate reconstruction with the FEI algorithm, including a
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and continuum suppression variables. Signal (signal) refers to correctly reconstructed B
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Fig. 52: Efficiency vs purity of charged B (left) and neutral B (right) candidates
reconstructed with FEI algorithm in hadronic modes.

Table 29: BT, BY and D decay modes included in the FEI. The modes listed in the lower
parts of the tables were not considered in the Belle FR.

BT modes BY modes DT, D*T, DF modes DY.D*Y modes

BT 5 DIt BY 5 Dt DY S K ntnt DY 5 Kt

BT = DYrtg0 BY 5 D atg0 DT —» K ntatz0 DY - K xtq0
Bt = DOrtr070 B 5 D rptatra— Dt 5 K K*trnt D K ntrta—
Bt —» DOrtrtr— B -~ Df D~ Dt 5 K~ Ktatg0 DO gt

Bt = DI DO BY » p*— gt Dt o Kot DO & p gt g0

Bt — D*0rt BY 5 D* pty0 Dt — K9t x0 D% — K970

Bt — D*0xt 70 BY 5 D" gtpta— Dt 5 Krtatn~ D% — KOrtr—

Bt = D0 tats— B 5 D atrta— 0 D*t — DOxt DY = KOrtn—x0
Bt 5 Drtrtr— 20 B - DItD- D*t = DT 0 DY 5 KKt

BT - DD BY - D D*~ Df - KtK? D’ 5 K~ KtK?
B* — D D*0 BY - Dt p*~ Df 5 Ktntn™ D*0 — pOr0

Bt —» DK™+ B » J K9 Df 5 KtK—nt D*0 — DOy

Bt - D ntrpt B = JWpKTnt Df - K"K ntr®

Bt - JWK™* B = JW Kntn~ DY — KtTK9ntrn™

BY = JW K atr Df -5 K K%trt

Bt = JWpK*x° Df 5> KtK rntata™

BY 5 D ntnatA0 BY 5 D nT 7070 Df —»ntatn”

BT - DVrtata— 70 B - D rtata 70 D;kJr - D;rﬂ—o

Bt —» DDt BY - DOrtr— DY 5 at40 DY - K7 t7040
BT — 50D+Kg B 5 D~ DK™ DT 5 atata~ DY 5 K ntntax0
Bt - D*°ptK? BY 5 D~ D*K+ Dt s atatax0 D 5 atata™
Bt - D°D*t K BY » p* DYkt Dt - KTKIK? D° — 7 at 7070
Bt - D*°p*t K0 BY » D DOkt D*t — DT DY 5 K~ Ktx0
Bt » D°DOK+ B 5 D~ DtK? D - K%t

Bt - D*pOK+ BY — D* DT K? DY — Kot 70

Bt - D°D*Ok+ B 5 D~ D*TKY Dt — DFr0

Bt - D*Op*0k+
Bt — D*0gt 7070

BY - D*~D*t K7
BY & D*gtg970

with low purity. A mode-by-mode study is nevertheless needed to quantitatively support
these final remarks. Furthermore, with the current knowledge of the machine background,
the similar trend observed between the machine-background-free ROC curve and the one
obtained considering the nominal machine background simulation (Figure 52) suggests that
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the detector performances and reconstruction algorithms are quite robust against machine
background, above all in the high purity range. Also in this case, a mode-by-mode study
would help in understanding the reason of the efficiency loss, on equal purity, between

background and background-free scenarios.

6.6.6. Calibration. An important systematic error in analyses using tag methods is the
efficiency calibration. Several techniques for calibration have been used in Belle, and are
described in turn.

o B — D™y calibration. Events are double tagged, where the signal side is reconstructed
in a known semileptonic decay mode, in bins of the tag quality variables. This has been
used in B — X, fv analyses. The systematic errors were approximately 4.5%, shared
between statistical (1.5%), reconstruction (2.7%), and branching fraction uncertainties
(3%). The detection uncertainties are mostly based on data driven techniques, while the
branching fractions are more difficult to improve in the future.

o B — X/v calibration. Events are also double tagged, however the signal side selected
only via the presence of a charged lepton originating from a semileptonic B decay.
This has been used in precision exclusive B — D®) ¢y decay analyses. The technique
is systematics limited but higher precision than the B — D®*) ¢y calibration approach.
The uncertainty can be controlled via the choice of tighter tag side criteria at a cost of
statistical power.

o Control mode calibration. An analysis sideband region is chosen that is enhanced in a
well known decay mode, and calibrated accordingly. This technique has been used by
rare decay analyses where it is useful to calibrate tag efficiencies with topologies similar
to the signal process.
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7. Theory overview

Section author(s): C. Hanhart, S. Hashimoto, T. Kaneko, E. Kou, A.S. Kronfeld, U. Nierste,
S. Prelovsek, S.R. Sharpe, J. Shigemitsu, S. Simula

7.1.  Introduction

The source of flavour violation in the Standard Model (SM) is the Yukawa interaction

between fermions and the Higgs doublet

¢+
o (o) »

Here H is the field of the physical Higgs fields, v = 174 GeV is the vacuum expectation value

(vev), and ¢, x are the pseudo-Goldstone fields related to longitudinally polarised W and
Z bosons. The quark Yukawa Lagrangian reads

Ly =-Q; Y;;Q Odpy, — Q;Yji e uy, +he., (46)

where j, k = 1,2, 3 labels the generation (repeated indices are summed over) and

(0 ;).

The right-handed quark fields v, d’,. are singlets of the electroweak gauge group SU(2),
while the left-handed quarks form SU(2) doublets:

The arbitrary complex 3x3 Yukawa matrices Y¢ give rise to the two quark mass matrices
M%d =Yy, To diagonalise these matrices we perform unitary rotations of the fields u’L7 Rk
d’LRk (called “weak eigenstates”) to a new basis of “mass eigenstates”: u’LRj = S}f’Rjk UL, Rks
dlL,Rj = S%,Rjk dr,Rk-

The unprimed fields correspond to the physical particles, and where convenient we write
UR = UR1, CR = UR9, and tgp = upr3 with an analogous notation for the left-handed and down-
type quark fields. The piece of E%,uk containing the —now diagonal— mass matrices reads:

Ly == muy, [Urjur; + Grjur]) — ma, [dijdr; + drjdLs)
= — Z Mg qq -
q=u,d,s,c,b,t
Here m,,, ; are the quark masses and we have introduced the usual four-component Dirac
field ¢ = qr + qr (recalling Grqr = qr.qr, = 0). The four unitary matrices Sz’% drop out
everywhere with one important exception: The Cabibbo-Kobayashi-Maskawa (CKM) matrix

vV =5usd (47)
appears in the couplings of the W boson to quarks:
Ly, = i [Viktar; v doe W,F 4+ Vi dpefur; W (48)

V2
CKM elements are commonly labeled with the quark flavours, so that e.g. Vo, = V4, = Vas.
L}, violates the discrete symmetries parity (P), time reversal (T'), and charge conjuga-

tion (C'). The parity transformation ¥ — —Z exchanges the left-handed quark fields in the
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Lagrangian (48) with their right-handed counterparts. Since the W boson does not couple
at all to right-handed quarks, P violation in the SM is maximal. The same is true for C
violation, because C' maps left-handed fermion fields onto right-handed anti-fermion fields.
However, the combination of the two transformations, C'P, does not change the chirality of
the fermion fields in Eq. (48):

Ur; YHd g WJ <£> dr ’y“uLj W; . (49)
Apparently LY, conserves CP if Vjj, is real. However, ImVj;, # 0 does not imply that CP
is violated: If we can make Vj; real by multiplying the quark fields with unphysical phase
factors, dj, — dj, exp(i¢q,) and u; — ujexp(i¢y,), CP is conserved as well. You may easily
check that this rephasing of the quark fields changes Vj;, in Eq. (48) to Vj;, exp(i¢q, — idy,). In
a world with just two fermion generations it is always possible to render Vj real. Kobayashi
and Maskawa realised that this is no more true once you add a third generation and thereby
correctly identified the dominant mechanism of C'P violation in flavour-changing transitions
[74]. A unitary 3 x 3 matrix involves 6 complex phases, five of which can be removed by the
re-phasing transformation described above. The remaining phase is a physical, C'P violating
parameter, the Kobayashi-Maskawa (KM) phase dku.

Flavour-changing transitions among fermions with the same electric charge are called
flavour-changing neutral current (FCNC) processes. The unitarity of the matrices Sz:%jk
and the CKM matrix V' in Eq. (47) leads to a dramatic suppression of FCNC transitions,
which is referred to as the Glashow-Iliopoulos-Maiani (GIM) mechanism. The tree-level
GIM mechanism renders the couplings of the neutral gauge bosons (Z, photon ~, gluon g)
flavour-diagonal. We exemplify this for Z coupling to right-handed down-type quarks here:

S - od
Z" dpgjyudp; = 2" deSRTkﬂuS?%jzde
= Z" dpyYud Rk

In the last step the unitarity relation S}?k ij‘l%jl = 0i; has been used. Historically, the aim
to understand the suppression of the FCNC process s — du™p~ led Glashow, Iliopoulos,
and Maiani to postulate the existence of a fourth quark, charm, to build an SU(2) doublet
Q2 = (c1,s1)T in analogy to Q1 = (ur,dz)”: The GIM mechanism only works if the gauge
interactions treat all fermion generations on the same footing, so that the described unitary
rotations are meaningful. While FCNC processes are forbidden at tree level, they nevertheless
occur through loop diagrams. Figs. 53 and 54 show two prominent examples, the Bg —Eg
mixing box and the gluon penguin diagrams. The GIM mechanism also affects such loop-
induced FCNC transitions: The diagrams of Figs. 53 and 54 involve contributions from
different quarks on the internal lines, namely u, ¢, and t. These contributions differ from
each other only by the CKM elements accompanying the W couplings and by the masses of
the virtual up-type quarks, e.g. for the penguin amplitude of Fig. 54 we may write

m2
A=Y ViVl (MS ) : (50)
g=u,c,t w

where My, is the mass of the W boson. Now CKM unitarity implies V;Vey = —V;Vig —
V2 Vua and we may eliminate V; V.4 from Eq. (50):

2 2 2 2
A= ‘QZth[f<]\7Z§)—f<]\7;§)]JFVJqud[f(]\TZg)_f(Egﬂ (51)
W W W W
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d u.c.t b

Fig. 53: Box diagram for Bg—§2 mixing.

QMY -

b W

u,c,t

q q
p—e—>

Fig. 54: Penguin diagram for the decay b — dqq with the curly line representing a gluon. For
q = u or ¢ = c there is also a tree diagram.

We observe the terms in square brackets vanish if the two masses involved are equal.
Nowadays this feature is usually meant when people refer to the GIM mechanism. Since
me — my, < My, the second term in Eq. (51) is GIM suppressed. We realise that the large
value of m; makes the first term unsuppressed. Historically, the unexpectedly large Bg-?g
mixing observed in 1987 at the ARGUS detector at DESY was the first hint of a heavy top
quark. The situation is different in charm physics: Here the quarks on the internal line are
d, s, b and moreover the diagrams with virtual ¢ come with the tiny CKM factor V;V,;. Thus
the SM predictions for FCNC transitions of charm quarks are tiny.

In summary, flavour physics probes the Yukawa sector of the Standard Model. Theories
going beyond the SM (BSM models) may contain a larger Higgs sector with new Yukawa
couplings or may involve flavour-violating parameters which are unrelated to Higgs-fermion
couplings. FCNC transitions are suppressed by a loop factor and small CKM elements.
In a large class of FCNC observables (including all FCNC charm transitions and FCNC
decays of charged leptons) there is an additional GIM suppression. These features make
FCNC transitions very sensitive to new physics, with the power to probe virtual effects of
particles with masses above 100 TeV (and the actual sensitivity depending on the considered
model). To date flavour physics is the only field in which C'P violation has been observed.
The Standard Model accommodates C'P violation in flavour-changing transitions through a
single parameter, the Kobayashi-Maskawa (KM) phase in the CKM matrix.
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Fig. 55: The unitarity triangle.
7.2.  CKM matriz and unitarity triangle
The CKM matrix is the 3 x 3 unitary matrix
Vud Vius Vub
V=| Vu Ve Vo |, VVI=1, (52)
Via Vis Vi

which can be parameterised by four free parameters. The flavour physics program at Belle
11, just like at its predecessors, will have an ability to over-constrain these parameters and
a potential to discover significant deviations from SM expectations.

The standard choice of the CKM matrix is obtained as a product of three rotation matrices
ordered as [75, 76]:

c12€13 512€13 s13e”"
_ 6 i
V = | —s12c03 — c12523513€"°  C12c23 — S12523513€" 523C13 (53)
i i
512523 — C12¢23513€"0  —C12523 — 512€23513€"  €23C13

where ¢;; = cos 0;;, s;; = sinf;; and d is the C'P violating phase. With experimental knowl-
edge of the hierarchy |Vip|> < |Vap|* < |Vus|?, an expansion was introduced [77]. By
defining [78]

S12 =\, So3 = AN, s13e” 0 = A)\S(p —in), (54)

where \ ~ 0.22, we can re-write the CKM matrix in terms of the four new parameters,
A A pym

1— 1\2 A AP e PN

V= ) — 12 AN? + 00\ (55)
Al = /p2 +12e)N3 —AN? 1
which is, up to O(\*), equivalent to the Wolfenstein parameterisation [77]. Notice that the

definition in Eq. (54) implies that the unitarity condition can be written in terms of A, A, p,n
at all order in A.
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Fig. 56: The current situation of the unitarity triangle constraints by CKMfitter (left) and
UTfit (right).

The unitarity condition of the CKM matrix leads to nine independent equations . The one
most relevant to B physics is:

VaaVus + VeaVey + ViaVp = 0 (56)
In order to form the unitarity triangle (UT), we divide this equation by Vcd‘/;’gll
VJqub + ‘/tz‘/;b

1+ " - =0 (57)
VeV VeaVh
and then, introduce new parameters [79]:
=1 i7 VudVab . ViaVit
= Judub = u'th 58
pHin= gy (P + 1) Vv (58)

which is related to p,n in Eq. (54) as'?
V1— A2)(p +in)
V1= A2[1 — A2\4(p + i7))

The unitarity triangle is then obtained by drawing Eq. (57) on the p — 7 plane (see Fig. 55).
The three angles are defined as:

p+in= (59)

v Vs ViaVir V.V
¢1 = arg [—ch} , @2 =arg [—Lti)] ,  ¢3=arg [_Lib] (60)
V;fd‘/tb Vudvub chdvvcb

These angles are also known as ¢1 = 8, 2 = a and ¢3 = 7.

The latest results of the global fit to UT parameters is shown in Fig. 56. Two sides of the
triangle are determined from measurements of decay rates |Vyp|/|Vep| and mixing AM;/AM;.

"' Note that V, Vi = —AN+ O()\7), but in practice we often assume that V.4V is real and
VeVl = AN

12 Note that the definition of p,# in Eq. (58) and the relation in Eq.(59) are to all orders in A. The
p, 7 here are equivalent to those in [78] up to O(\*).
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These constraints, as well those coming from indirect C'P violation measurements in Kaons,
€x, depend strongly on the hadronic parameter input. These will be reviewed in turn in the
next section. The bound from the |Vy3|/|Ve| constraint shown in these figures is obtained
through combinations of various measurements. However, as reviewed in chapter 8 there
are tensions between V,; determinations with exclusive and inclusive semi-leptonic b — ulv
decays in addition to a hint of a deviation from the SM in the tauonic pure-leptonic B — v
decay. New physics contributions can be different for these three types of processes (see
chapter 17) and improved Belle IT measurements will provide us with a more detailed picture.

The angles ¢1, g2 are determined from measurements of time-dependent C' P asymmetries,
as detailed in chapter 10. The angle ¢; has been measured from the interference between
By oscillation with b — cés decays, and was an outstanding success of the BaBar and Belle
collaborations. Contrary to the other oscillation parameter, AMy, most of the hadronic
uncertainties cancel out in this C'P violating observable and it therefore provides a very
clean and precise determination of ¢1. B, oscillation arises from a FCNC bd — bd coupling,
which is induced by the W-boson box diagram in the SM as shown in the previous section.
Various new physics models predict extra contributions to the bd — bd coupling, via either
tree or loop diagrams. For either process, we should keep in mind that there is correlation
between new physics contributions to ¢ measured in b — cés decays, and those to AM,
since both come from the bd — bd coupling. Currently there is reasonable agreement between
the average value of |V,;3], and ¢;. If we take for example the |V,;| value derived from inclusive
semi-leptonic decays or B — Tv, there is a tension. Belle II will clarify this situation.

The angle ¢o is measured from interference between the b — udu tree and the b — dqq
penguin (¢ = u, d) process, with the decays such as B — 77, 7p, pp. In minimal models, new
physics contributions to the b — dgg penguin loop diagram and bd — bd diagram can be
strongly correlated while there are many new physics models which contribute to only one
of them. The experimental error on ¢o is still very large and more precise measurements by
Belle I have the potential to reveal a deviation from the other UT fit inputs.

The third angle ¢3 is measured via the CP asymmetry which occurs due to the inter-
ference between different tree level diagrams (see chapter 11). Decay modes of the type
B — D®WK® and B — D®7 | where the D meson decays to a variety of final states, can
be used to obtain a very precise determination of ¢3. The theoretical uncertainty, which
comes from the loop diagrams, can be very well under control. The measurement of ¢3 is
highly statistics limited, and will be greatly improved in the era of Belle II. If ¢3 turns
out to be inconsistent with the other UT constraints, there is a possibility of new physics
contributing to tree level B — D®) K () processes. On the other hand new physics con-
tributions could be in the other measurements, especially those in loop induced observables
(see chapter 11 for more detail).

In summary, there is excellent potential at Belle IT to discover new physics through pre-
cision tests of the unitarity triangle. In order to clarify the significance of the agreement or
deviation, global fits may be necessary. A more detailed discussion on this aspect can be
found in chapter 18
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7.3.  Effective Hamiltonian

Flavour-changing amplitudes involve widely separated mass scales, ranging from Aqcp ~
350 MeV over m,. ~ 1.25GeV and my, ~ 4.3 GeV to My = 80.4 GeV and m; ~ 165 GeV. The
QCD coupling o = g2/(47) changes dramatically over this range of energies: While we can
use perturbation theory (i.e. calculate Feynman diagrams with quarks and gluons) for QCD
effects associated with scales of 77, and above, this is not possible for the dynamics associated
with the energy scale Aqgcp related to genuine non-perturbative effects like the confinement
of quarks and gluons into colourless hadrons. In a given calculation, we must separate the
physics of the different scales to apply different calculational methods to the different energy
regimes. To this end an important theoretical tool is the effective weak Hamiltonian. For the
description of the decay of b-flavoured hadrons we need the |[AB| = 1 Hamiltonian HIABI=1,
Here B denotes the beauty quantum number which changes by one unit if the b or b decays
into lighter quarks. HIAB=1 is constructed in a way that it reproduces the decay amplitudes
amplitudes of the full Standard Model up to corrections of order mg /MI%V An important
feature of the effective theory described by HIABI=! is the absence of W and top-quark
fields. To find the interaction vertices of HI2EI=! one contracts the lines with heavy W and
t lines in the SM Feynman diagrams to a point. For instance, to lowest order in QCD the
W-mediated decay b — cud is described by the effective operator QC“d L’yuu 7 cL’y“bg,
where a and § are colour indices. Beyond leading order in oy we can exchange a gluon

|AB|=1

between the b — ¢ and u — d quark lines. To accomodate this in H we need another

operator, Q% = d% L’yyu 1 C L’y“ba The piece of HABI=! responsible for b — cud decays is

cu 4G cu
Hb—eud — F Vi > CiQ8m. (61)
7j=1,2

Here the Fermi constant Gr and the CKM elements are factored out by convention. The
Wilson coefficients C; are the coupling constants of the effective operators ();. These coef-
ficient contain the full short-distance information of the theory, i.e. the full dependence on
the heavy masses My, and m;. The C} can be calculated in perturbation theory; the order
of a is referred to as “LO” (leading order), “NLO” (next-to-leading order), and so on. The
calculation involves two steps: Firstly, a given decay amplitude is calculated in the SM and
compared to the same amplitude calculated with the effective Hamiltonian (matching cal-
culation). Requiring both results to be the same up to terms of mgq /Ma, then fixes C; at a
chosen renormalisation scale, the matching scale uyy. This scale must be chosen of the order
of the heavy masses My and m; to ensure that the perturbative calculation makes sense
(i.e. that corrections decrease with the order of a;s). A physical process does not depend on
the numerical value of uy and the uy dependence of a given amplitude decreases order-
by-order in «y. Secondly, one calculates the C; at a low energy scale up, where f1, is of the
order of my which sets the energy scale for decays of b-flavoured hadrons. This second step
is called renormalisation-group evolution. The result can be written as

Clu) = U (s, o) C (1) (62)

where

50— [ Ciw)
C(u) = (C; (M)> : (63)
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As for the matching calculation we can use established perturbative methods to determine
the evolution matrix U (up, uw ). Let’s now apply this framework to a given physical process,
taking B~ — D%~ as example. The decay amplitude reads

G % - cu -
\—fFVCqudx > i) (D Q5™ (1) | B7).
2 j=1,2

An important feature of the effective Hamiltonian is the independence of the Wilson coeffi-

<D07T—|Hb—>cﬂd|B—> —

cients from the actual physical process. If we study other b — cid modes such as B — D7~
or Ay = A.m—, we will encounter the same coeflicients C;, with all process-dependence
residing in the hadronic matrix elements of the operators @12. The calculation of the
hadronic matrix elements from first principles is difficult. In our example we can express
<D07r_|Q§"?2d(Mb)|B_> in terms of the B — D form factor and the pion decay constant in
certain limits of QCD (considering either an infinite number N, of colours or an infinitely
heavy b quark). The corrections to these limts are not calculable with present techniques.
It is often possible to relate different hadronic matrix elements to each other by using sym-
metries of QCD like flavour-SU(3). This approximate symmetry connects matrix elements
which are related by unitary rotations of the three light quark fields u,d,s. Flavour-SU(3)
would be an exact symmetry, if these quarks had the same mass. The SU(2) subgroup related
to unitary rotations of (u,d)” corresponds to isospin symmetry and holds with an accuracy
of 2% or better. Most importantly, QCD respects the C'P symmetry. In our example this
entails (D7~ ’Q;ﬂd(ub)’B’> = <ﬁ0w+|Q;ﬂdT(ub)‘B+>. The CP symmetry of QCD is a key
feature allowing us to eliminate all hadronic matrix elements from the C'P asymmetries in
several “golden modes”. The full |AB| = 1 Hamiltonian needed to describe SM physics reads

H|AB|:1 — Hbﬁcﬁd + Hb%uéd + Hb%cﬂs + Hb%ués + Hb%s + Hbﬁd. (64)

Here terms describing the tree-level semileptonic decays b — qfv, q = u,c, { =e,u, T are
omitted, as the effective-Hamiltonian picture is not really needed to describe these decays.
(The relevant Wilson coefficients are equal to 1 at all scales.) The last two terms in Eq. (64)
are the most interesting pieces of HIABI=1 Most of the physics described in this report
involves H?7% or H* ¢,

7.4. Remarks about Resonances
Section author(s): C. Hanhart

7.4.1. Introduction. A detailed understanding of the concept of resonances and the non-
perturbative interactions of QCD at low and intermediate energies will be crucial for a
theoretically controlled analysis of various Belle II data. To see this observe, e.g., that they
not only shape the Dalitz plots of heavy meson decays — and therefore need to be controlled
quantitatively, e.g., for an effective hunt for C' P violation within and beyond the Standard
Model in these observables (for a recent discussion see Ref. [80, 81]) — but also are interesting
for their own sake: As of today we do not even understand what kinds of hadrons (=
bound systems of quarks and gluons) do exist in nature. While Belle played a crucial role
in establishing the existence of hadrons beyond the most simple quark-antiquark structure
with the discovery of the charged charmonium-like states Z;,(10610) and Z,(10650) in 2013,
as of today we understand neither the structure of those states nor under which conditions
they are produced — for details we refer to the chapter on quarkonia.
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Therefore, to lift the last mysteries of the SM and beyond in the years to come, high
precision data analysed with sophisticated theoretical tools are needed. In particular, the
simple Breit-Wigner description that parameterises the invariant matrix-element M for some
reaction in a given partial wave as

g”'gT
Mgp=—) =2 (65)

s — Sy

with s, = (M, —il',/2)? appears to be justified only under very special conditions, as
explained below. In this section the concept of resonances (as well as other singularities
of the scattering matrix) is introduced and possible parameterisations thereof are explained.

7.4.2. What is a resonance?. In a particle physics experiment in general transition rates
are measured between defined in and out states. Theoretically, e.g., transitions from the
states A, B to some multi-body final state are described by the so-called S-matrix (see, e.g.,
Ref. [82], Chapter 4)

out(P1P2-..[kakB)in = (P1P2...|S|kaksn) , (66)

where the particles in both the initial and final state are characterized by their three momenta
— all other possibly relevant quantum numbers like spin, charge etc. are not shown explicitly
to keep the notation simple. While the ’in’ and ’out’ states that appear on the left are defined
at some large negative and positive time, respectively, the states on the right may be defined
at any common reference time. As a consequence of the conservation of probability the S-
matrix is a unitary operator — ST = . It describes the full scattering process including the
piece where the two initial particles pass by without any interaction. It is useful to separate
the interesting, interacting part from the full S-matrix via

<p1p2...|S—““kAkB> =
(2m)* 6D (ka+kp—> _ps)iM(ka, kp—py) , (67)

where M denotes the invariant matrix element. Particles manifest their existence as poles
of the S—matrix or, equivalently, as poles of M. Thus one needs to map out the singularities
of the scattering matrix in order get access to the particle content of a given reaction. In
general it is assumed that the S—matrix is analytic up to

o branch points: On the one hand they occur at each threshold for a kinematically allowed
process (e.g. at the KK threshold in the 77 scattering amplitude) — these are called
right-hand cuts. On the other hand there might also be left-hand cuts, which occur
when reactions in the crossed channel become possible. Those are often located in the
unphysical regime for the reaction studied but can still influence significantly, e.g., the
energy dependence of a reaction. When a reaction goes via an intermediate state formed
by one or more unstable states, branch points can also be located inside the complex
plane of the unphysical sheet [83];

o bound states: They appear as poles on the physical sheet and are only allowed to occur
on the real s—axis below the lowest threshold. Narrow unstable states which correspond
to poles on the physical sheet for not the lowest threshold behave very similarly in many
aspects. Classic examples in this context are the fy(980) located on the physical sheet
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for the K K—channel which couples also to the much lighter 77 channel'® and Dy (2317)
and D, (2460) located on the physical sheet for the KD and K D* channels, respectively,
but decaying via isospin violation into Dsm and Dim, respectively;

o wirtual states: As bound states they appear on the real s—axis below the lowest threshold,
however, on the unphysical sheet. Probably the most famous example of this kind of
S—matrix singularity is the pole in S—wave proton-proton or neutron-neutron scattering
(as well as the isovector part of proton-neutron scattering). The corresponding pole is
located within about 1 MeV of the threshold giving rise to a scattering length of about
20 fm. However, in contrast to the isoscalar channel, where the deuteron appears as
bound state, in the isovector channel the interaction is too weak to form a bound state.
There is also evidence that the X (3872) is a virtual state [86];

o and last but not least resonances which appear as poles on an unphysical sheet close to
the physical one.

For a discussion of the analytic structure of the S—matrix with focus on scattering experi-
ments we refer to Ref. [83] and references therein. In what follows the focus will be on the
physics of resonances and how to parametrise them. For a detailed discussion on the subject
we refer to the resonance review in the Review of Particle Physics by the Particle Data
Group [76].

7.4.3. A comment on Breit-Wigner functions. A pole the S-matrix and thus any reso-
nance is uniquely characterised by its pole position and its residues. Thus a parameterisation
of the kind given in Eq. (65) appears natural and one may identify the couplings g, with the
residues res?, 4. This expression is nothing but a sum over Breit-Wigner functions, which is
not only commonly used in very many experimental analyses but also in recent theoretical
works — see, e.g. Ref. [87]. This kind of parameterisation in general allows for a high quality
description of data (as long as enough terms are included in the sum). However, it should
be used with care for it may introduce various uncontrollable systematic uncertainties into
the analysis as detailed below.

First of all Breit-Wigner functions with a constant width violate analyticity, since the ana-
lyticity of the S—matrix leads to the Schwarz reflection principle, S(s*) = S*(s). Therefore,
a pole at s = sq is necessarily accompanied by a pole at s = sj. As illustrated in Figure 57,
for narrow, isolated resonances it is only the pole in the lower half plane of the unphysical
sheet that is relevant near the resonance peak and it is this pole that it is accounted for by
the Breit-Wigner function in the vicinity of the pole. However, at the threshold clearly both
poles are equally distant and thus equally relevant. Thus, as soon as amplitudes are to be
described over a larger energy range the relevant cuts need to be included properly, e.g. by
the well known Flatte parametrisation [88] or variants thereof. However, there are resonances
where even this modification is not sufficient. An example is the fy(500) or o-meson which
has a line shape that deviates significantly even from that of a Breit-Wigner with an energy
dependent width [89]. In these cases more sophisticated forms need to be used. We come
back to this point below.

13 For a detailed discussion on this aspect of the fo(980), see Refs. [84, 85].

4 For simplicity we do not discuss possible angular distributions of the decay particles here which
may be included in a straightforward way. See, e.g., Ref. [76].
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Fig. 57: Sketch of the imag-
inary part of the scattering
amplitude on the unphysi-
cal sheet of the complex s—
plane close to the opening
of a threshold. The red solid
line shows the physical axis,
located on the physical sheet
very close to the lower part
of sheet. The red dots show
the possible location of the

resonance poles.

Second, a sum of Breit-Wigners necessarily violates unitarity. To see this we focus on
elastic two-body scattering. Then it is straightforward to derive from the unitarity of the

S-matrix
M — M* = 2icM*M (68)
where o denotes the two-body phase space. Furthermore, if we assume that
(1)\2 (2)\2
M=— (re; C (“ZS ) . (69)
S—Ml + M1 8—M2 + iMsI'y
we get
(M) —o| M2 = (resM)2(T My —o(res™M)?)  (res®)2(TyMa—o (res?)?)

(s—M7)>+M;T] (s—M3)*+M3T3
LR 20 (resMres(?))?
e .
(S—M12+iM1F1)(S—M22—iM1F2)

Unitarity requires this expression to vanish. While the first two terms might be removed
by choosing I';M; = ores®?2, which is the unitarity condition for a single resonance 1%, it
appears not possible to remove the interference term shown in the last line of Equation (70)
with constant residues. Thus using Eq. (65) for a single partial wave amplitude with two
(or more) resonances is justified only if My — My > (MT'y + MaD'9)/(M; 4+ Ms). Since the
production rate of the individual resonances depends on the source term the resonance
parameters extracted using Eq. (65) necessarily get reaction dependent.

Most experiments in particle physics are not scattering but production experiments. For
these the unitarity relation reads

[Ag — Af] =20 > M,00A . (70)

Since A and M have identical poles, also this relation can not be fulfilled by a simple
Breit-Wigner ansatz. Moreover, a channel and energy dependent production mechanism
might distort the line shape of a particular resonance significantly, such that any fit with

15 This implies that the residue is real — a condition already used to write Equation (70)

135/688



6
- 60 —
51 ©
=4 |
X+ 40 —
$or :
~
2 —
5 °r 20
1~ i
ol ‘ ol L v 14 1, ol L
04 06 08 10 04 06 08 10 04 06 08 10
Vs [GeV] Vs [GeV] Vs [GeV]

Fig. 58: The predicted signals individually for the currents (a) gy®q, (b) (au + dd)/2, and (c)
ss calculated for the kinematics relevant for the transition 7 — unm. In all cases the effective
coupling constant is set to 1 GeV~2. For the uncertainty bands reflect the uncertainty in the
form factor normalisation. The figure is adapted from Ref. [99].

a symmetric function (as a Breit-Wigner) will deliver channel dependent parameters. For
example, if one fits the two—pion invariant mass distribution of 7 — 77y (most recently
measured at KLOE [90]) with a Breit-Wigner amplitude, one can get a decent fit, however,
with a quite low mass parameter for the p-meson. What is often done in analyses to cure
this is to add to the p-Breit-Wigner distribution a contact term, which is then interpreted as
a non-resonant contribution. However, also this violates unitarity for then the phase of the
scattering amplitude, in the example above assumed to be given by the p—amplitude, deviates
from the phase of the production amplitude — in conflict with the Watson theorem [91] 6.
Note that the logic presented is not in conflict with the presence of a particle production at
tree level: As soon as the final state interaction (e.g. in from for a resonant rescattering) is
taken into account for this term the tree level term gets canceled. This is discussed within
a resonance model in Ref. [92] and in more general terms in Ref. [93].

The only sensible way to account for non-constant production operators is via multiplying
the p—distribution with, e.g., a polynomial — for the case of 7 — way this is discussed
in detail in Ref. [94]. This may be improved further by inclusion of the leading left—hand
singularity induced by the ay meson in the crossed channel [95]. An even more striking
energy dependence of the production mechanism can be induced by triangle singularities.
This is demonstrated on the example of 1(1405) and 1(1475) in Ref. [96] where both signals
are explained by a single pole accompanied by a triangle singularity (for a recent discussion
of triangle singularities see Ref. [97])17.

7.4.4. How to do better. One way to improve is to construct coupled channel models con-
sistent with the fundamental principles — especially multi-channel unitarity. This approach
is developed best for meson—baryon scattering as discussed in Ref. [100]. For the particular

16 The Watson theorem may be read off from Eq. (70) immediately: In the single channel case the
left-hand side denotes 2i times the imaginary part of A, which is purely imaginary. Accordingly the
phase of A needs to match the phase of M.

17 Triangle singularities can also enhance transition amplitudes in certain kinematic regimes as
discussed in Ref. [98].
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case of the very near threshold states Z;,(10610) and Z;(10650) the coupled channel equations
are solved analytically in Refs. [101, 102].

Alternatively one may use the unitarity relation presented in Eq. (70) as the basis for a
dispersion theoretical approach. In the single channel case there is a straightforward analytic
solution, the Omnes function, for the production amplitude in terms of the scattering phase
shift d(s) in the corresponding channel [103]

A(s) = P(s)02(s) (71)

with

2(s) = exp <5/d‘9/5(8,)> , (72)

m ) §'(s'—s—ie)

where the presence of the polynomial P(s) acknowledges the fact that the unitarity rela-
tion of Eq. (70) only fixes the amplitude up to a function that does not have a right hand
discontinuity. For the 7w P—waves, where the phase shifts show a prominent resonant struc-
ture driven by the p—meson, the resulting Omnes function resembles a pronounced p—peak
— see left panel of Fig. 58. Note that the two pion phase shifts are known very well due
to sophisticated analyses based on Roy equations and variants thereof [104, 105]. An illus-
trative example that using the Omnes solutions is not only theoretically more sound than
using Breit-Wigner functions but also beneficial in data analyses is presented Ref. [106]
where recent data on EZ /s — J/irm by the LHCD collaboration [107, 108] are studied. For
example for pion invariant energies up to 1 GeV the B? decays can be described with only
three free parameters equally well compared to the LHCb Breit-Wigner fit that required 14
parameters to analyse the same energy region.

As soon as the first relevant inelasticity enters the above solution no longer applies. Then
possible strategies are to match the low energy Omnes solution to a resonance description
of the N/D type at higher energies [93] or to solve the corresponding coupled channel prob-
lem [109]. In the isovector—vector channel (7w P wave) the first inelasticity formally enters
at the four pion threshold — however, in reality this channel provides a visible inelasticity
only well above 1 GeV [110]. The situation is different in the scalar—isoscalar channel, since
the mm—system couples strongly to K K. Chiral perturbation theory allows one to fix the
value of the light quark part of the pion scalar form factor at s = 0 to sufficient accuracy,
however, the normalisation of the strangeness pion scalar form factor is not that well known.
Figure 58 shows the results obtained for the modulus of the pion vector form factor, the
non-strange and the strange scalar from factor in panel (a), (b) and (c), respectively, here
shown as predicted for the BSM process 7 — pumm in Ref. [99]. The sensitivity due to the
uncertainty in the strange form factor normalisation is illustrated by the uncertainty bands.
The strange form factor exhibits a peak around 1 GeV, which is produced by the f;(980)
resonance. On the contrary in the pion scalar non-strange form factor the o or f,(500) meson
appears as a broad bump (notice the non-Breit—Wigner shape) around 500 MeV and the
f0(980) appears as a dip rather than a peak. The very different line shapes of the different
form factors shown in Fig. 58 can be exploited to disentangle different BSM source terms.
The ideas of Ref. [99] were generalised in Refs. [111, 112].

So far we discussed two hadron interactions only and largely ignored left—hand cut con-
tributions. The formalism can be extended by means of the Khuri-Treiman equations [113]
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to include also crossed—channel singularities as well as three-body dynamics [114-120], but
discussing this goes beyond the scope of this presentation.

7.5.  Lattice QCD

7.5.1. Introduction. The intensity frontier probes new physics through quantum loop
effects by a strict comparison between precise theoretical predictions and experimental mea-
surements. For many quantities, the accuracy of the comparison is currently limited by
the theoretical uncertainties from the hadronic matrix elements describing non-perturbative
QCD effects in the underlying processes. Moreover, as the heavy-flavour factories accu-
mulate high statistics data, many new quarkonium and exotic states have been observed.
Non-perturbative dynamics of QCD is also essentially important to understand their nature
including the spectra, quantum numbers and decay properties. Lattice QCD is a powerful
method to study non-perturbative aspects of QCD with controlled and systematically-
improvable accuracy. It is expected to play a key role to the success of the SuperKEKB /
Belle IT experiment by timely providing theoretical inputs with commensurate uncertainties.

Lattice QCD is a regularisation of QCD on a discrete Euclidean space-time lattice. On
a finite-volume lattice, the path integral is reduced into a finite-dimensional integral and
can be numerically evaluated by a Monte Carlo sampling of gauge field configurations on
a computer. This numerical simulation does not rely on the perturbative expansion, and
enables us to non-perturbatively study QCD.

In principle, uncertainties due to the lattice formulation and numerical simulation can
be systematically reduced by a large-scale simulation: namely, by generating many config-
urations on a fine and large lattice. While such a realistic simulation is computationally
intensive, continuous development of powerful computers and simulation techniques has led
to increasingly precise and wide applications of lattice QCD. These include physics of the
QCD vacuum, hadron spectrum and structure, QCD at finite temperature and density,
ab-initio nuclear physics, and simulations of theories beyond QCD.

For instance, the energy of a hadron stable under QCD can be calculated from the
asymptotic behavior of a two-point function

2
OO 0) — TEeE (1) (73

towards the large temporal separation t. Here Op is an interpolating field of the hadron,
and Zg=(0|Og|H) represents the overlap of Oy with the physical state |H). The low-lying
hadron spectrum calculated in this way is in impressive agreement with experiment [121]. The
permille-level neutron — proton mass splitting has been also reproduced by taking account of
the mass difference of up and down quarks as well as the electro-magnetic (EM) corrections [?
o

Precise study of flavour physics is one of the most important applications of lattice QCD
from its early stage. When a process has at most one hadron stable under QCD both in
the initial and final states, the relevant hadronic matrix element can be straightforwardly
extracted from correlation function. For the leptonic decays, for instance, the overlap factor
in (73) gives (0|A,|H) by using the axial current as Op. The matrix element (H'|Oiy|H)
for the semileptonic decays and neutral meson mixings can be obtained from three-point
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function
VA A
N t LH' 4
(O (1) O (1) O}, (0)) AEq Eq

where Oint represents the interaction operator. Recent realistic simulations can accurately

<H/|Oint|H>6_EH/(tl_t)_EHt (tv t, —t— OO), (74)

calculate these two- and three-point functions, and we refer to the relevant matrix elements
as “gold-plated”. A main thrust of recent lattice efforts is improving the accuracy of the
gold-plated quantities. We summarize the current status in Sec. 7.5.2, and make forecasts
for the future precision in Sec. 7.5.5.

We have to take account of the final state interaction to study hadronic decays. In this
case, however, the amplitudes of the correlation functions are not directly related to the
hadronic matrix elements as we discuss in Sec. 7.5.3. Theoretical framework to study the
hadronic decays is under active development, and is being applied to the quarkonium and
exotic states, which generally lie above thresholds (Sec. 7.5.4).

7.5.2.  (Semi)leptonic decays and mixing. The hadronic matrix element for the leptonic
decay is parametrised by using the decay constant

(0lAulB(P)) = PufBeys (75)

and vector and scalar form factors for the B— nfv and Dfv semileptonic decays
M3 — M? M3 — M?
OB = (ps = TEMG) fi)+ MM ), (10
"

where ¢?=(p’ — p)? is the momentum transfer. The B(5) meson mixing matrix element is
written by using the bag parameter as

= 8
<B?5)’(91|B?5)> = gf%(s)M%(s)BB(s)a (77)

where O1 = [b7,(1 — v5)q] [07.(1 — 75)q] and g=d (s) for B (Bs). Precise knowledge of these
gold-plated quantities is essential in the search for new physics at Belle II. Their accuracy
can be straightforwardly improved by a large-scale simulation accumulating high statistics
on a fine and large lattice at the physical point, where quark masses are set to their physical
values.

Such a realistic simulation is computationally so demanding, because the simulation cost
quite rapidly increases as we approach the continuum limit and decrease the up and down
quark masses to the physical point. Previous lattice simulations have often employed unphys-
ically heavy up and down quarks, and extrapolated their results to the physical point. This
procedure is referred to as the chiral extrapolation. However, thanks to recent advances in
computer power and improvements in simulation algorithms, gauge field ensembles including
effects of dynamical up, down, strange and even charm quarks are becoming available near
and at the physical point.

Typical lattice spacings are larger than or comparable to the Compton wave lengths of the
bottom quarks m;l. The control of discretisation errors arising from bottom valence quarks
is therefore an essential issue in the current and future precision study of B physics. We
note that the lattice action is not unique: it can be improved to have reduced discretisation
errors by, for instance, adding irrelevant operators. Heavy quark actions on the lattice have
been developed based on the heavy quark effective theory, non-relativistic QCD, and the
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so-called Fermilab formalism [122-124] to directly simulate m; at the currently available
lattice spacings and to describe the discretisation errors of simulation results. Another good
strategy is to compute suitable ratios of physical observables by using a relativistic lattice
action, and interpolate them between available heavy quark masses and their known static
limit [125].

As discussed in Chapter 8 in detail, the gold-plated quantities are now being calculated
with fully controlled errors. The B,y meson decay constants have been calculated with an
accuracy of a few percent, and confirmed by several independent calculations with different
actions [126]. The accuracies of the state-of-the-art studies of the B— v [127-129], B—
D™y [130? ~132] decays, and the By, mixing [133-136] are approaching to the same level,
although the number of such precision computations is rather limited.

Over the next decade, we expect more independent calculations with even better accuracies
by simulating the physical point on finer lattices. In Sec. 7.5.5, we make forecasts for the
future lattice precision, which is used in this report to discuss interplay between the precise
lattice calculations and Belle II measurements in the search for new physics.

So far, the B meson matrix elements have been usually calculated in the isospin limit with-
out the EM corrections. As the precision approaches the percent level, control of the isospin
corrections becomes increasingly important and is actively being pursued [137]. Recently, a
method has been proposed to compute the EM effects in hadronic processes where infrared
divergences are present [138]. The isospin corrections to the leptonic decay rates I'(m, K — (v)
have been successfully calculated [139]. We note that this method is applicable to heavy
meson (semi)leptonic decays.

The scope of the precision lattice calculation is expanding to other gold-plated processes.
For instance, B;— K/{v provides an independent determination of |V,;|, and B— K ()il
mediated by FCNC is sensitive to new physics. Simulation techniques for B — nfv can be
straightforwardly applied to these decays, and results with similar accuracies are becoming
available [127, 140-144].

The baryon decays also provide independent determinations of the CKM matrix elements
and constraints on new physics, but with systematics different from the meson decays.
The first lattice calculations for the A, —pfr, Afv, and Al¢ decays have been reported
in Refs. [145-147]. However, baryons are known to be more challenging in controlling the
chiral extrapolation and finite-volume effects. These issues can be addressed in the relatively
short term by more realistic and/or independent calculations.

The gold-plated quantities are important inputs to determine relevant CKM matrix ele-
ments from given exclusive decays. As is well known, however, there is a long-standing
tension between the exclusive and inclusive decays in |Vy| and [Vip| [76]. Although the
analysis of the inclusive decay rate employs the heavy quark expansion (HQE) and hence
has very different theory systematics from those for the exclusive decays, lattice QCD can
contribute to the inclusive determinations as well. In the HQE, the expansion coefficients
encode non-perturbative hadronic dynamics. Lattice calculation of the coefficients has been
pursued for more than twenty years [148-154]. Another interesting future direction is to
extract the inclusive decay rate on the lattice [155, 156]. In this approach, the relevant
structure functions are accessible through the scattering matrix element of two weak cur-
rents between single- B(,)-meson states <B(S)\T{JZJ,,}]B(S)>, which is gold-plated. While the
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numerical calculation of the relevant four-point functions is challenging, encouraging results
for the Bs— X v decay have been obtained in Ref. [155].

7.5.3. Hadronic decays. There are, however, many interesting observables that are not
gold-plated. These involve final states with more than one strongly-interacting particle,
e.g. K—nm, D—nm and B— DK decay amplitudes, or require the calculation of long-
distance contributions, e.g. D° D mixing. To calculate these using lattice QCD requires
new methods beyond those needed for gold-plated observables, and also requires, in general,
significantly more computational resources. Such quantities lie at the frontier of present
lattice efforts: some have been calculated with controlled errors, others are close to being
controlled, while for others the required theoretical formalism does not yet exist.

We first discuss the issues that arise when calculating decay amplitudes. The key theoretical
issue is that lattice calculations perforce are done in finite spatial volume V', so that the
multiparticle states, e.g. |DK)y, differ from the infinite volume out-states, | DK )y, that are
needed to define decay amplitudes. Thus while a lattice calculation can, in principle, calculate
matrix elements such as (B|Hyw |DK)y (with Hy the effective weak Hamiltonian), these
differ in an essential way from the desired amplitudes, e.g. (B|Hy |DK)out. One difference is
that the desired amplitude is complex (due to final state interactions) while the finite-volume
amplitude is real.'® A more significant difference is that multiparticle states such as |[DK )y,
contain a mixture of all the particle combinations that are accessible via strong interactions
at the energy of the initial particle. For the DK state with energy Mp, these combinations
include DK#m, D* K*, and many other possibilities. These “contaminations” are not small,
but rather are O(1) effects.

An additional, more practical, issue is that one must use a finite-volume DK state that
has the same energy as the initial B. This is therefore a highly excited state compared to the
ground state in which the D and K are at rest (assuming that the total momentum vanishes).
The signal for the ground state will dominate over that for the excited state by a factor of

e(MB_MD_MK)T

, where 7 is the Euclidean time. This problem can be overcome in principle by
using appropriate operators to couple to the DK system, tuned to avoid couplings to lighter
states. In this regard, it is encouraging that there have in recent years been tremendous
advances in the methodology for extracting excited state energies, for example [158, 159].

While these issues are challenging, substantial progress has been made, particularly in the
case of K — wm decays. This is based on seminal work by Liischer relating the spectrum of
two-particle finite-volume states below the inelastic threshold to the elastic phase shift [160,
161], and subsequent work by Lellouch and Liischer showing how to relate the finite-volume
matrix elements described above to the physical amplitudes [162].

This formalism has been successfully implemented in recent work by the RBC/UKQCD
collaboration. They finesse the issue of excited states using tuned boundary conditions so
that the lightest state is the desired one. They have a fully controlled result for the Al =
3/2 K — nmw amplitude [163], and a result at a single lattice spacing for the AI =1/2
amplitude [164]. Fully controlled results for the latter are expected soon. They also have
determined the imaginary parts of these amplitudes, albeit with larger errors, and thus can

18 This is related to the Maiani-Testa no-go theorem [157].
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provide the SM prediction for the direct C'P violation parameter Re[€'/e] [164]. A slight
tension with the experimental value [76] is of great phenomenological interest [164-166].

Subsequent to the work of Liischer and Lellouch, the theoretical framework for studying
two particle systems in lattice QCD has been generalised to a moving frame, to non-identical
particles with arbitrary spin, and to multiple two-particle channels [167-172]. These exten-
sions have been applied successfully in lattice studies of resonance physics (see Sec. 7.5.4).
They are, however, not yet sufficient to allow lattice simulations to study D or B decays,
because of the prevalence of states containing three or more particles. Producing the required
generalisation is an active area of research, with significant progress made for three parti-
cles [173-176], but further developments are needed to have a general theory. It is not
unreasonable to hope that such a theory will be available in 3-5 years.

We close this subsection by commenting briefly on prospects for lattice calculations of D? —
D mixing amplitudes. The short-distance contributions require gold-plated calculations
and are under good control [177, 178]. However, the mixing is dominated by long distance
contributions from many intermediate states, and for these new methodology is needed.
Significant progress has been made on the analogous, although simpler, case of K* — K°
mixing [179]. Here a new technique has been developed involving the insertion of two factors
of Hyy integrated over their relative time separation, and first results indicate that the
method works. The extension to D° mesons faces two major challenges: the need to control
many exponentially growing intermediate states with sufficient accuracy, and the need to
make a finite-volume correction. The latter will require the completion of the multiparticle
formalism discussed above.

7.5.4. Quarkonium and exotic states. High statistics data of the eTe™ collision at B fac-
tories brought about rich outcome for the spectroscopy of hadrons containing heavy quarks.
One of the most interesting news is the discovery of the exotic hadrons. Chapter 14 considers
lattice studies of interesting quarkonium-like states, while a brief summary of the status is
given here.

Lattice QCD is a powerful method to study heavy hadron spectroscopy from first princi-
ples: it can study properties of experimentally observed states, and can also provide valuable
reference spectra for yet-unobserved states.

Quarkonium spectra below open flavour thresholds are gold-plated, and recent precise
lattice calculations show good agreement with experiment. The main remaining uncertainty
for these comes from the omission of é or bb disconnected diagrams; these remain a great
challenge as they lead to intermediate states with multiple light hadrons.

Until recently, all quarkonium(-like) states above thresholds were treated as stable under
the strong interaction; the most extensive excited and hybrid charmonium spectrum with
this approach has been obtained in [180]. This unphysical assumption is now being removed
by developments described below.

Many interesting hadrons and in particular all candidates for the exotic hadrons lie near or
above thresholds. Properties of such unstable particles are not gold-plated and are encoded
in their scattering and transition amplitudes. Among those, lattice can most easily treat
hadrons that lie above only one two-particle threshold My, + Mpy,, or lie slightly below it;
such cases are (unfortunately) rare in Nature. The most rigorous way to extract the scattering
matrix S(E) for elastic Hy Hs scattering is based on the Liischer’s formalism discussed in
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Sec. 7.5.3. One determines energies of H1 H eigenstates F from a lattice simulation in a finite
volume. This gives the infinite-volume scattering matrix S(E) at that energy via Liischer’s
relation [181]. This leads to S(F) only for specific values of E' since the spectrum in a finite
volume is discrete. A hadronic resonance R — HjHs is inferred from the pole of S(E) on
the unphysical Riemann sheet. Likewise, the bound state is inferred from a pole on the real
axis below threshold as discussed in Sec. 7.4.1.

This approach has been extensively verified on elastic resonances like p and K*, where
it leads to masses and widths close to the experimental values. In the quarkonium sec-
tor, for instance, the mass and width of the vector charmonium (3770) were extracted
by considering DD scattering [182]. An experimentally-established charmonium-like state
X (3872) seems not to fit into the simple quark model but its existence is theoretically con-
firmed from lattice QCD [183, 184]. It is found as a pole in DD* scattering just below
threshold. For X(5568), reported by the DO collaboration [185], a lattice simulation of the
relevant Bsm™ scattering [186] does not find any evidence in accordance with the recent
LHCb measurement [187].

The radiative and weak transitions (Hg|J#|H;) for Hj 2 that are strongly-stable are gold-
plated. Considerably more challenging are transitions where initial or final hadrons are
strongly decaying resonances. The general strategy to treat those was proposed, for exam-
ple, in Ref. [188]. This has been employed only for (p|J&,|7) transition [189, 190], which
in practice implied the determination of the mm — 7y amplitude and its evaluation at the
p-meson pole.

Most of the interesting and exotic hadrons actually lie above two or more thresholds, i.e.
they can decay to several two-hadron final states. The rigorous way to address this problem
is via generalised Liischer formalism [174]. Each energy of the lattice eigenstate E leads
to one equation with several unknown S%(F). The direct extraction of S%(E) becomes
practically impossible. The Hadron Spectrum Collaboration managed to extract 2 x 2 [191]
and 3 x 3 [159] scattering matrices by parametrising S%(E) as a function of E using certain
number of parameters. The S matrix was continued to the complex plane: its poles on the
unphysical Riemann sheet indicate masses and widths of the resonances, while poles on the
real axis indicate bound states. This challenging strategy was applied only for “non-exotic”
channels when the scattering particles did not carry spin. Most of the exotic hadrons have
J =1 and involve scattering of particles with spin, which brings additional complications.

One can expect rigorous results in the next 5 years for hadrons that can decay via few (two
or three) two-hadron final states. That applies for example to Z1(3900), while Z7 (4430)
and Zlf lie above many more two-hadron thresholds and it is difficult to envisage rigorous
progress along these lines there. Many interesting hadrons can strongly decay also to three-
hadron final states, which presents an even greater challenge. Theoretical framework to
address those is being constructed [174-176], but no QCD simulations employed it so far.

Another possibility to extract S(F) is the HALQCD approach [192], which starts by deter-
mining the two-hadron Bethe-Salpeter wave function and two-hadron potential from lattice
QCD. The scattering matrix S(F) is then obtained using the Schrédinger equation for given
two-hadron potential. This approach has not been verified on conventional resonances yet.
Recently the HALQCD collaboration employed the coupled-channel version of this approach
to determine the 3 x 3 matrix S(E) relevant for the Z.(3900) channel [193].
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The Born-Oppenheimer approach may be applied for the systems with heavy quarks @,
where the static heavy-quark sources are surrounded by the light degrees of freedom. The
potential V(r) is calculated as a function of distance r between a static pair Q(0)Q(r) or
Q(0)Q(r) in the presence of the light degrees of freedom. The potential V() is used in the
Schrodinger equation to search for bound states and resonances. This has been considered
for low-lying bottomonia, quenched hybrids [194], BB®) and recently also for closed-bottom
BB™) [195]. Many interesting Born-Oppenheimer potentials [196] remain to be explored.

7.5.5. Current lattice inputs and forecasts for future precision. In this subsection, we
summarise the current lattice inputs and make forecasts for the future lattice precision,
which are used in this report to discuss the Belle II sensitivity to new physics.

Assumptions for forecasts. We provide the following five types of the lattice inputs:

o “current”: As the current lattice input, we quote the world average by the Flavour
Lattice Averaging Group (FLAG) in Ref. [126], where available. Note that Table 30 lists
the updated average for the decay constants and mixing parameters by including recent
precise results in Refs. [136, 197]. For details, we refer the readers to the web update of
the FLAG review in http://itpwiki.unibe.ch/flag .

o “5 yr w/o EM”: We assume a factor of 2 reduction of the lattice QCD uncertainty in
the next five years and that the uncertainty of the EM correction is negligible (e.g. for
processes insensitive to the EM correction).

o “5 yr w/ EM”: The lattice QCD uncertainty is reduced by a factor of 2, but we add in
quadrature 1% uncertainty from the EM correction®’.

o “10 yr w/o EM”: We assume a factor of 5 reduction of the lattice QCD uncertainty in
the next ten years. It is also assumed that the EM correction will be under control and
its uncertainty is negligible.

o “10 yr w/ EM”: We assume lattice QCD uncertainties reduced by a factor of 5, but add
in quadrature 1% uncertainty from the EM correction.

Note that recent precision lattice calculations start to provide their estimate of the QED
uncertainty. The entries “5 yr w/ EM” and “10 yr w/ EM” suggest that the control of this
uncertainty will become increasingly important in the future.

Leptonic decays and By meson mizing. The hadronic matrix elements for the B,
meson leptonic decays and mixing are parameterised by using the decays constants fp
and bag parameters Bp_, as Eqgs. (75) and (77). These gold-plated quantities have been
calculated in Ny=2+1 QCD, which includes degenerate up and down sea quarks as well
as strange sea quarks. Results with dynamical charm quarks are also available for fp .
Table 30 summarises the current lattice inputs and the forecasts. We note that there are
several definitions for the bag parameters in the literature. Here, as in the lattice papers,
the same definitions as for kaons are used (see, e.g., Ref. [136] and references therein).

19 The latest review quote Bp=1.30(0.10) and Bp,/Bp=1.032(38), which have slightly larger
uncertainty than those in Table 30 due to a change in estimating the correlation among different
calculations.

20 For the B— D* form factor in Table 38, we assume 0.5 % uncertainty estimated in Ref. [130].
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Table 30: Lattice inputs for decay constants fp ,, and bag parameters Bp ,, in the SM. The
current average of fp, for Ny=2+1 and 2+1+41 are obtained from Refs. [135, 198-201]
and Refs. [197, 202], respectively. The average of Bp,,, is obtained from Refs. [133, 135, 136].

IBe, \/ﬁ(s) is in units of MeV.

Nf input fB [MGV] fBS [MGV] fBS /fB
current 188(3) 227(4) 1.203(0.007)

(
5yrw/o EM  188(1.5) 227(2.0) 1.203(0.0035)
2+1+1 5yrw/ EM 188(2.4) 227(3.0) 1.203(0.013)
10 yr w/o EM  188(0.60) 227(0.80) 1.203(0.0014)
10 yr w/ EM 188(2.0) 227(2.4) 1.203(0.012)
current 192.0(4.3)  228.4(3.7) 1.201(0.016)
5yr w/o EM 192.0(2.2) 228.4(1.9) 1.201(0.0080)
2+1 5yrw/ EM 192.0(2.9) 228.4(2.9) 1.201(0.014)
10 yr w/o EM  192.0(0.86) 228.4(0.74) 1.201(0.0032)
10 yr w/ EM 192.0(2.1) 228.4(2.4) 1.201(0.012)
Ny input fsvBs  fs./Bp, ¢
current 225(9) 274(8) 1.206(0.017)
5yrw/o EM  225(4.5)  274(4.0)  1.206(0.0085)
241  5yrw/EM  225(5.0)  274(4.8)  1.206(0.015)
10 yr w/o EM  225(1.8)  274(1.6)  1.206(0.0034)
10yrw/ EM  225(2.9)  274(3.2)  1.206(0.013)
Ny input Bg Bg, Bg./Bs
current 1.30(0.09)  1.35(0.06)  1.032(0.036)
5yrw/o EM  1.30(0.045) 1.35(0.030) 1.032(0.018)
241  5yrw/EM  1.30(0.047) 1.35(0.033) 1.032(0.021)
10 yr w/o EM  1.30(0.018) 1.35(0.012) 1.032(0.0072)
10 yr w/ EM  1.30(0.022) 1.35(0.018) 1.032(0.013)

In the SM, only the matrix element (77) contributes to the mass difference AM,) between
the B(,) meson mass eigenstates. Beyond the SM, however, AM receives contributions
from additional four operators

Oy = b%(1 — v5)q0°(1 — y5)¢", Oz = b*(1 — 5)¢"0°(1 — 5)q", (78)
Oy = b1 — 75)qb° (1 + 75) ¢, Os5 = b"(1 — 75)¢°°(1 + v5)¢"%, (79)

where a and b denote color indices, and g=d (s) for B (Bs). Their matrix elements can be
parametrised as

_ Mp. . \?
(B(y|Oi|Bly) = ci{(()> +di}f§<s)M§(s)BB(s) (80)
with

(c2,d2) = (=5/3,0), (c3,d3) = (1/3,0), (c4,ds)=(2,1/6), (c5,d5)=(2/3,3/2). (81)
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These bag parameters have been calculated in Ref. [134] (N; =2, namely only with dynamical
up and down quarks) and Ref. [136] (Ny=2+1). As seen in Table 31, however, there is a
tension in B§35<)s) between Ny = 2 and 2+1, the cause of which has to be understood in the
future. We use results for Ny=2 + 1 to make the forecast.

Table 31: Lattice inputs for bag parameters beyond the SM from Ny=2 [134] and 2+1 [136]
QCD. fg,., Bgiz"”’(‘r))} is in units of MeV.

Ny input fo\BY  f/BY  is/BY  fsy/BY
current 169(8) 200(19) 197(7) 190(9)
5yrw/o EM  160(4.0)  200(9.5)  197(3.5)  190(4.5)

241 5yrw/EM  169(4.3)  20009.7)  197(4.0)  190(4.9)
10 yr w/o EM 169(1.6)  200(3.8)  197(1.4)  190(1.8)
10yrw/ EM  169(2.3)  200(4.3)  197(2.4)  190(2.6)

2 curent 160(3) 177(17) 185(9) 229(14)

Ny input f5/BY  f/BY fp/BY  f5y/BY
current 205(7) 240(16) 231(7) 222(8)
5yrw/o EM  205(3.5)  240(8.0)  231(3.5)  222(4.0)

241 5yrw/EM  205(4.1)  240(8.4)  231(4.2)  222(4.6)
10 yr w/o EM  205(1.4)  240(3.2)  231(1.4)  222(1.6)
10yrw/ EM  205(2.5)  240(4.0)  231(2.7)  222(2.7)

2 current 195(7) 215(17) 220(9) 285(14)

N;  input BY BY BY BY

2+1 current 0.76(0.08)  1.07(0.22)  1.04(0.09)  0.96(0.10)
5yrw/oEM  0.76(0.040) 1.07(0.11) 1.04(0.045)  0.96(0.050)
5yrw/EM  0.76(0.041) 1.07(0.11)  1.04(0.046) 0.96(0.051)
10 yr w/o EM  0.76(0.016) 1.07(0.044) 1.04(0.018) 0.96(0.020)
10 yr w/ EM  0.76(0.018) 1.07(0.045) 1.04(0.021) 0.96(0.022)

2 current 0.72(0.03)  0.88(0.13)  0.95(0.05)  1.47(0.12)

Ny input BY BY BY BY

241 current 0.81(0.06) 1.10(0.16) 1.02(0.07)  0.94(0.07)
5yrw/oEM  0.81(0.030) 1.10(0.080) 1.02(0.035) 0.94(0.035)
5yrw/EM  0.81(0.031) 1.10(0.081) 1.02(0.036) 0.94(0.036)
10 yr w/o EM  0.81(0.012) 1.10(0.032) 1.02(0.014) 0.94(0.014)
10 yr w/ EM  0.81(0.014) 1.10(0.034) 1.02(0.017) 0.94(0.017)

2 current 0.73(0.03)  0.89(0.12)  0.93(0.04) 1.57(0.11)

Semileptonic decays. The B(,)— H/{v semileptonic decays have been studied in Ny=2 +
1 QCD. If the daughter meson H is pseudoscalar, only the weak vector current contributes
due to parity symmetry, and the matrix element (76) is parametrised by the vector and scalar

form factors, which depend on the momentum transfer ¢?. In Ref. [126], FLAG fits available
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lattice data into a model independent parametrisation of the ¢?> dependence proposed by
Bourrely, Caprini and Lellouch [203]

f+(@®) = B+tq2) 7;] ab {z” — (1) N ]\% zN*}, (82)
No—1
fo(¢?) = Z a, z" (83)

The Blaschke factor B (o) is chosen as B (9)(¢*) =1 — ¢*/Mpoje +(0), if there exists the lowest
resonance in the vector (scalar) channel with its mass M,e 4(0) below the threshold \/7} =
Mp,,, + Mpy. For B—nlv, this factor is set to Bo(¢?)=1. The expansion parameter z is
defined as

Vi@ - VI

2
z(q°,t = , 84
() Vie =@+ Ve =1 ™

where tg = (Mp,,, + Mg)(\/Ms,., — VMu)*. The FLAG analysis employs Ny =Ny =3. The

expansion coeflicients a?o 1,2} and a {0,1} are fit parameters, whereas aJ is expressed in term

of all remaining coefficients to impose the kinematical constraint f1(0)= fy(0).
In this report, we quote the current inputs for the coefficients a#’o} and their correlation
matrix, and make forecasts for a{Jr %) Those for the B—smfv and Bs— K{lv decays are

summarised in Tables 32— 35.

Table 32: Current input for B — m/v obtained from Refs. [127, 129].

al,  “current” correlation matrix

§0.404(13) 1 0.404 0.118 0.327 0.344
T —0.68(13) 0.404 1 0.741 0.310 0.900
ag —0.86(61) 0.118 0.741 1 0.363 0.886
ad 0.490(21) 0.327 0.310 0.363 1 0.233

a) —1.61(16) 0.344 0.900 0.886 0.233 1

Q

Q

Table 33: Forecasts for B — wfv.

forecast ag af ag ad ay

5yrw/o EM  0.404(0.0065) —0.68(0.065) —0.86(0.31) 0.490(0.011) —1.61(0.080)
5yr w/ EM 0.404(0.0077) —0.68(0.065) —0.86(0.31) 0.490(0.012)  —1.61(0.082)
10 yr w/o EM  0.404(0.0026) —0.68(0.026) —0.86(0.12) 0.490(0.0042) —1.61(0.032)
10 yr w/ EM  0.404(0.0048) —0.68(0.027) —0.86(0.12) 0.490(0.0065) —1.61(0.036)

Due to imperfect knowledge of the resonance spectrum, the Blaschke factors are set to
By 0y =1 for the B— D{v decay. We list the lattice inputs in Tables 36 and 37. Results for
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Table 34: Current input for Bs— K /v obtained from Refs. [127, 140].

“current” correlation matrix

ag 0.360(14) 1 0.098 -0.216 0.730 0.345
f —0.828(83)  0.098 1 0.459 0.365 0.839

a; 1.11(55) -0.216  0.459 1 0.263 0.6526

a8 0.233(10)  0.730 0.365 0.263 1 0.506

a)  0.197(81) 0.345 0.839 0.652 0.506 1

Table 35: Forecasts for Bs — K/{v.

forecast ag ay ag af af

5yr w/o EM  0.360(0.0070) —0.828(0.042) 1.11(0.28) 0.233(0.0050) 0.197(0.041)
5yrw/EM  0.360(0.0079) —0.828(0.042) 1.11(0.28) 0.233(0.0055) 0.197(0.041)
10 yr w/o EM  0.360(0.0028) —0.828(0.017) 1.11(0.11) 0.233(0.0020) 0.197(0.016)
10 yr w/ EM  0.360(0.0046) —0.828(0.019) 1.11(0.11) 0.233(0.0031) 0.197(0.016)

the ratio Rp =Br(B — D7v)/Br(B — D/lv) are available in Refs. [131, 132]. Their average
is

R(D) = 0.300(8). (85)

Table 36: Current input for B— D{v obtained from Refs. [131, 132].

“current” correlation matrix

ag 0.909 (14) 1 0.737 0.594 0.976 0.777
aj —T7.11(65) 0.737 1 0.940 0.797 0.992
ay 66 (11) 0.594 0.940 1 0.666 0.938
ad 0.794 (12) 0.976 0.797 0.666 1 0.818
a) —2.45(65) 0.777 0.992 0.938 0.818 1

1
anp,

Table 37: Forecasts for B— D{v.

+ + + 0 0
forecast ag ay a, ag ay

5yrw/o EM  0.909(0.0070) —7.11(0.33) 5)  0.794(0.0060) —2.45(0.33)
5yrw/EM  0.909(0.011) —7.11(0.33) 5)  0.794(0.010)  —2.45(0.33)
10 yr w/o EM 0.909(0.0028) —7.11(0.13) 66(2.2) 0.794(0.0024) —2.45(0.13)
10 yr w/ EM  0.909(0.0095) —7.11(0.15) 3)  0.794(0.0083) —2.45(0.13)

The B— D*fv decay rate receives contributions both from the weak vector and axial-
vector currents. However, modern lattice calculation [130] focuses on the zero recoil point,
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where the matrix element reduces to a single form factor F from the axial current

(D*|Au|B) = i\/AMpMp-e, F. (86)

Here € represents the polarisation of D*. The current input and forecasts are summarised in
Table 38, where we assume 0.5% uncertainty of the EM correction estimated in Ref. [130].

Table 38: Lattice inputs for B— D*fv from Ref. [130].

input current 5yrw/oEM 5yrw/EM 10 yrw/o EM 10 yr w/ EM
F 0.906(0.013) 0.906(0.0065) 0.906(0.0079) 0.906(0.0026)  0.906(0.0052)

The Ay — plv and Ay — A lv decays provide an independent determination on |Vip|/|Ves|.
So far only one modern, unquenched calculation exists for the relevant form factors [146]
leading to |Vip|/|Vep| =0.083(0.004)ex (0.004)14¢. As mentioned in Sec. 7.5.2, baryons are more
challenging in controlling the chiral extrapolation and finite-volume effects. While these
systematics have to be checked by independent calculations, these issues can be addressed
in the relatively short term.
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8.1. Introduction

In this chapter, we consider leptonic and semileptonic B meson decays that proceed in the
Standard Model via a first-order weak interactions and are mediated by the W boson. B
meson decays involving electrons and muons are expected to be dominated by the tree-level
W boson decays and any new physics contributions are expected to be highly suppressed
with respect to the Standard Model. Semileptonic decays involving light leptons therefore
provide an excellent laboratory for measurement of the magnitudes of the CKM-matrix
elements V;, and V.. They are fundamental parameters of the SM and have to be determined
experimentally. The magnitude of V,, normalises the Unitarity Triangle, and the ratio of
magnitudes of V,; and V,; determines the side opposite to the angle ¢; (5). Thus, they
play a central role in tests of the CKM sector of the Standard Model, and complement the
measurements of C'P asymmetries in B decays. Leptonic and semileptonic decays involving
the heavier 7 lepton provide additional information on SM processes and can also be sensitive
to non-SM contributions such as charged Higgs bosons.

The rest of the chapter is structured as follows. In this introduction, we briefly present
an overview of the experimental techniques used in studies of B decay modes involving
neutrinos or missing energy in general. Then, in Sec. 8.2, we establish notation for matrix
elements appearing in leptonic and semileptonic B decays. In the remainder of the chapter,
we present the Belle II prospects for measuring various observables in purely leptonic B
meson decays (Sec. 8.3), leptonic decays radiating a hard photon (Sec. 8.4), favoured and
suppressed semitauonic decays (Sec. 8.5), exclusive favoured and suppressed semileptonic
decays (Sec. 8.6), and inclusive favoured and suppressed semileptonic decays (Sec. 8.7) and
discuss their potential to uncover new physics. The Belle II prospects are partly based on
studies performed on simulated Belle II and Belle MC samples and partly on estimates
obtained by projecting existing results obtained by Belle and Babar taking into account
improvements in the detector and software algorithms. The beam-induced background (see
Sec. 4) is expected to be much higher in Belle IT compared to Belle or BaBar, which represents
a more challenging environment for studies of decays with missing energy. One of the major
goals of all studies performed on Belle II MC samples that are presented in the rest of the
chapter is to show that we can successfully and effectively suppress the much higher beam-
induced background with the improved capabilities of the upgraded Belle II detector (see
Chapter 3).

Ezxperimental techniques. Semileptonic and leptonic decays have at least one neutrino
in the final state, which escapes the detector undetected, and limits the use of kinematic
constraints to reject background, e.g. the beam-energy-constrained mass, My, (Eq. 191),
and the energy difference, AE (Eq. 192), which are constructed from the measured momenta
and energies of visible decay products. Semileptonic and leptonic decays or other B meson
decays with missing energy can nevertheless be measured at the B factories, due to the
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8 Leptonic and Semileptonic B Decays

unique experimental conditions: known production process of BB pairs and the fact that the
detector encloses the interaction region almost hermetically. These two properties allow us to
infer the 4-momentum of undetected particles, such as neutrinos, from measured momenta
and energies of all other particles produced in the ete™ collision (except for the neutrino)
and imposing energy-momentum conservation. Such a measurement technique is commonly
referred to as an untagged measurement. In the case where in addition to the signal B meson
(denoted as Biig), the other B meson (denoted companion Beomp meson) is reconstructed
in the event, two powerful constraints can be constructed and exploited to suppress the
background or to identify signal decays.

o Missing mass squared is defined as.

Mr%liss = (pt?*e* — PBy, — chomp)27 (87)

where pe+.- is the known 4-momentum of the colliding beams, and the pp_ and pp_,.,
are the measured 4-momenta of the reconstructed signal and companion B mesons,
respectively. In the case of semileptonic decay of the signal B meson, such as B — wlv

or B — D{v, only one neutrino is missing and hence the M2. = = m?2 peaks at zero. Note

miss
that in this section ¢ typically denotes e or .

o Extra energy in the calorimeter, Feytra, is defined as the sum of the energy deposits
in the calorimeter that cannot be directly associated with the reconstructed daughters
of the Beomp or the Bgg. For signal events, Eextra (or Egcr,) must be either zero or a
small value arising from beam background hits and detector noise, since neutrinos do
not interact in the calorimeter. On the other hand, most background events (whether
B decays or gg continuum) are distributed toward higher Feyi;a due to the contribution
from additional clusters, produced by unassigned tracks and neutrals from the mis-

reconstructed companion and/or signal B mesons.

Measurements of leptonic and semileptonic decays have in the past been performed using
three different experimental techniques, differing only in the way that the companion B
meson in the event is reconstructed. In untagged analyses, the missing energy and momentum
of the whole event are used to determine the 4-momentum of the missing neutrino from the
signal (semi)leptonic decay as described above. Measurements where the companion B meson
is reconstructed in well-defined decays are commonly denoted as tagged measurements. Semi-
leptonic tagging involves partial reconstruction of a Beomp — D™y, decay as the tagging
mode. In this case, two neutrinos are present in the event and the 4-momentum of the
By cannot be fully constrained. In full reconstruction tagging, a hadronically decaying
Beomp meson is reconstructed, against which the signal decay recoils. The improvements
to the detector acceptance, efficiency of particle detection, and the companion B meson
reconstruction efficiency expected in Belle II have a large impact on physics potential. The
slightly reduced beam energy asymmetry at Super KEKB compared to KEKB leads to a
small increase in solid angle coverage. Improved particle identification, and K g reconstruction
efficiency improves separation between b — v and b — ¢ — s transitions. Dedicated low-
momentum tracking algorithms will improve tagging efficiencies and identification of events
that have slow pions from D* decays. The latter is also very important for b — ¢ background
rejection in inclusive b — ufv analyses. See Sec. 6.6 for more details on companion B meson
reconstruction and expected performance at Belle II.
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Fig. 59: Feynman diagrams of purely leptonic B* decays, mediated by a charged weak boson
(left) or a charged Higgs as predicted in new physics models (right).

8.2.  Matrix Elements of Electroweak Currents

Author: A. S. Kronfeld (th.)

As hadronic matrix elements in exclusive leptonic and semileptonic decays are used in
Chapter 9, as well as here, it is convenient to standardise notation by collecting the neces-
sary formulae in one place. To keep the notation general, we write the definitions of decay
constants and form factors using B mesons in the initial state decaying to either pseu-
doscalar mesons (P = D, m, K) or vector mesons (V = D*, p, K*) in the final state. The
CKM elements for the tree-level decays will be abbreviated Vg, where g = ¢, u.

8.2.1. Leptonic Decays BT — {Tv and B — ¢T¢~. At leading order in the electroweak
interaction, the amplitude for the leptonic decay contains a hadronic factor

(0[A*[B(p)) = ip" fB, (88)

where A* is an axial-vector current (for the charged current, A* = by"~+>u — at Belle II, B}
decays will not be studied), and the decay constant fp is a useful parametrisation, because
the only Lorentz structure available is the B-meson 4-momentum p*. By conservation of
angular momentum, the only other non-vanishing matrix element for B — no hadrons is
OIPIB() = —i—2 (50
P = my +my
where P is the pseudoscalar density (here P = by5u), Mp is the B-meson mass, and m;, and
m,, are renormalised quark masses.?! The decay constant fg is the same in Eqs. (88) and (89)
owing to the partial conservation of the axial-vector current (PCAC), 9 - A = i(my + my,) P,
which holds when A, P, and the masses are renormalised consistently. These considerations
apply amplitudes both to the charged-current decay BT — ¢*1, and to the flavour-changing
neutral-current (FCNC) decay B?S) — (¢~ . In each formula in this section, Mp and fp are
the mass and decay constant of the B¥, B, or B, meson, as the case may be. Feynman
diagrams of SM and beyond SM leptonic BT decays are shown in Fig. 59.
The partial width for either decay is (assuming axial contributions only)

Mp, 2. Ab
I['(B = lily) = —|G|* feCia~%» (90)
im M2

21 We use lower case m for masses of elementary particles (quarks and leptons) and upper case M
for hadron masses.
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8 Leptonic and Semileptonic B Decays

where G contains couplings and (for FCNCs) loop factors, m; and mg are the lepton masses,

and
Ao = (M% — m% — m%)2 — 4m%m%, (91)
(m3 —m3)?

G2 =mi +m3 — (92)

M2
where m; and mo are the masses of the final-state leptons. These formulas do not hold when
the final-state leptons’ masses differ unless the interaction boils down to V' + A. In a general
setting, |G|%¢12 must be replaced with a more complicated expression. Processes such as
B — ;7T have unmeasurably small rates in the Standard Model, so the general formula

is not important.
In the Standard Model (SM), one finds

G = i;/gvub, (my, — 0), charged-current decay BT — ¢ty (93)
GEmiy,
G =L VViVieCa, FCNC decay B,y — (10", q € {d, s}, (94)

where G is the Fermi constant, V' is the CKM matrix, my is the W-boson mass, and C4
is the Wilson coefficient obtained from integrating out the massive W, Z, and top quark.
Reference [204] contains results for C'4 including QED corrections.

The factor of the lepton mass in the leptonic-decay amplitude arises because the lepton
has to flip its spin to conserve angular momentum. This helicity suppression (for ¢ = e, 1)
does not apply to the radiative leptonic decay BT — £T1yy. This feature is relevant for
D(J;) — pFvu(y) and important for BY — ptw,(y) [205]. (For the D) decay, Ref. [2006]
estimates a 1% effect for photon cuts used in existing measurements.) Once measurements
of the B™ — u*w, branching fraction are made with a precision of a few percent, theorists
should revisit the radiative corrections; for light mesons these issues are under control [207].
As discussed in Sec. 8.4.1, when the photon is hard, E, ~ %MB, these decays can be used to
extract information about B-meson structure that can be used in the theory of non-leptonic
decays [208].

8.2.2.  Semileptonic Decay to a Pseudoscalar Meson. The amplitudes for the semileptonic
decays B® — P~ (Tv, and Bt — P%Ty,, at leading order in the electroweak interaction,
contain the hadronic factor

2 2

wwwwmngmwh- qOﬁw%+M2f@WhW% (95)

where V# is the vector part of the weak current (V* = by u for B — 7 and B, — K, and

M2 — M3
2

VH# = bytcfor B — D and By — D). Two 4-vectors appear in this process, and, hence, two
form factors, which are functions of ¢? (where ¢ = p — k). The vector (scalar) form factor
f+ (fo) arises when the v/ system has J& =17 (07). At ¢*> =0, fo(0) = f.(0).

Beyond the SM, scalar and tensor currents can mediate these decays. Such contributions

to the decay amplitude entail the scalar and tensor form factors
M2
P(k)|S|B
(P()IS|B(p) = m_%f() (96)
2

(P(K)|T"[B(p)) = m

(k= p"k*) fr(q?), (97)
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Fig. 60: Feynman diagrams of semileptonic B decays, mediated by a charged weak boson
(left) as well as mediators predicted in new physics models: a charged Higgs (middle), and

a leptoquark (right).

where S and TH are scalar and tensor currents (here S = bg, T = bioc"q, q = ¢, u). The
scalar form factor in Eq. (96) is the same as that Eq. (95), owing to the partial conservation
of the vector current (PCVC), i0 -V = (mp —my)S. Feynman diagrams of SM and beyond
SM semileptonic B decays are shown in Fig. 60.

The doubly differential partial width for B — P¢*v, (assuming no scalar or tensor current)

is [209]

d’T 2GRV N2 NY [0 a5 Mo o N A
et —m2_m2_ 212 9) 2
dq? dcos by Calnew| (27)% 8M3 ¢ [(q my —my e cos > q2|f+| + (98)
M2 — M2)2 A1/2 )\1/2 .
+ C12W|f0|2 F2(mf —m3)(Mp — M,%)?% cosOR(f+ )1 s

where Cy = 1/2 for 7Y and 1 otherwise,?? ngw is an electroweak correction discussed below,
A12 and (12 are obtained from Eqgs. (91) and (92) by substituting M% — ¢2, and

A= (Mg + Mp — ¢°)? — AMEME, (99)
2 _1 . .
cosf = 4\"1/2 (1 - TZ;) (pBZszq —PB -p4> ) (100)

the last being the angle in the centre-of-mass of the #¢ system between the B meson and
lepton 1 with charge +1. Quantities such as A, A2 are sometimes known as the Kallén
functions.

Integrating over cos @,

dr GH[Vp 2 N2 M) (M2 — M2)?
a2 Cqlmew |’ {27_‘_;13 PRV ;5 {A512|f+\2 + ClquQPIfolz} , (101)
where
m? +m2 A12
Bra=1- 1¥ 2_3fT (102)

22 This factor stems from the fact that a b — u current produces only the #u component of the 7°.
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8 Leptonic and Semileptonic B Decays

For a massless neutrino,

2 2
my 2 my
_ _ T I 103
ﬁfO < q2 ) 3 + 3(]2) ) ( )
m2
o= (1- 7). (104
1/2 2
Ao < m4>
—— = - — . 105
= = (105)
The kinematic factors for £t/ are obtained by setting ms = m; = my:
2 m?
B =3 (1 - qf) : (106)
Cor = Zmz, (107)
1/2 9\ 1/2
A 4m
o 4

These formulas hold for a V — A lepton current; in general the pattern of lepton masses
and couplings is more complicated. Of course, any measurable signal with lepton flavour
violation, i.e., mj # ma, is a major discovery whatever the V' and A couplings are.

When the scalar and tensor currents contribute (beyond the SM), the expression for dI' /dg?
becomes very complicated. See Ref. [210] or the arXiv version of Ref. [211] for the full formula
(written for D — K/v decay). See also Ref. [212].

The decay amplitude has two interesting corrections. In Eq. 98, ngw denotes the leading
logarithmic contribution of two-loop electroweak diagrams:

« MW 2 MI%V MZ
=14+ —|ln— +tan“6 1
mew =1+ p + tan WM%_M%/ " |

(109)

where p is a scale separating this contribution and contributions that depend on hadron
structure. In the leading-logarithmic approximation, the same hadronic matrix elements
arise, so the correction is multiplicative; in this context, it is reasonable to set y = Mp. In
Egs. 98, 101, and 120 (below), G is defined via the muon lifetime. Second, final states with
two charged particles have a Coulomb attraction that increases the rate. For a discussion,
see Ref. [213]. More theoretical work may be needed, but it is clear that experimental results
must be reported separately for B — P~¢*v and BT — P/t v.

8.2.8. Semileptonic Decay to a Vector Meson. Last, let us consider the amplitude for the
semileptonic decay BT — V¢, at leading order in the electroweak interaction. Now there
are three 4-vectors in the process, so the decomposition of the amplitude into form factors
reads (912 = +1)

(V) QEHPUTpo kT

VN - — A A A
Vi VB = i 2 g2, (110
P gt Pip+ k-
(V)1 3(9) = ) [ 200 T A0 () + (s ) (7 = T ) )
+ k) 122
B \%4
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with the same vector current, V#, as above and the axial current A* = by*~y%u or by +oc.
(V) denotes the polarisation vector of the final state. Note that M]23 — M‘z, =q-(p+
k). Sometimes Az is eliminated in favour of a form factor Ay via 2My As = (Mp + My )A; —
(Mp — My)Az. At ¢* =0, Ap(0) = A3(0).

It is more useful to decompose the amplitude according the helicity of the virtual W [209].

Here, €

There are several notations of form factors in the literature. Whatever one chooses on the
right-hand-side of Egs. (110) and (111), it is straightforwatd to relate the matrix elements
to the helicity amplitudes.

Being off shell, the W has four polarisations: scalar (spin 0), longitudinal, and two trans-
verse (the last three spin 1). In the frame with the B at rest and the V flying out along the
+2z axis, the polarisation vectors, respectively, are (¢" = Mp — Ey, Ey = p-k/Mp)

1
ng) = T = quOaOa 7|k| = La (112)
V¢ ( ) V¢
1
€ = N (Ik1,0,0,—4") , (113)
W =L 0,41,-4,0), (114)

€
V2

where k is the three-momentum of the final-state vector meson in the rest frame of the B.
The subscript ¢ denotes the J = 0 partial wave (for historical reasons), and 0 and £ denote
the J, component of the J = 1 partial wave. Similarly

1

ey = 2 Ukl 0,0, Ev), (115)
|4

V) = (0,71,-1,0 (116)

€ =
V2

provide the polarisation vectors for the final-state vector meson. In Egs. (110)—(111), a bar

on a polarisation vector denotes complex conjugation in Minkowski space, and complex

conjugation of only the spatial components in Euclidean space (useful in lattice QCD).
The helicity amplitudes H, = (V(k, E(V))|€£LW) -(V —A)|B(p)) are then

Hy(q%) = === Ao(), (117)

VA (ME + 3M — ¢°)
2My (Mp — My)

Ho(q%) = — A1) - As(q?), (118)

A\1/2

Hi(¢?) = —(Mp + My)Ai(¢°) £ m‘“@ﬂ%

(119)

where the Kéllén function A is the same as before, except with My, instead of Mp. In Hy and
Hy, the final-state vector meson has J, = 0; in H4, it has J, = 1. Note that in lattice QCD,
it is most straightforward to compute Ay, V, and two more linear combinations of Ag, A1,
and As. The full amplitude is then proportional to ), ¢"®L,H, = L,H, — LoHy — L. H, —
L_H_,a€ {t,0,+,—}, with lepton helicity amplitudes L, = a(v)y - e((lW)(l —5)v(¥).

The triply differential rate (in ¢3, cos #, and ¢, which is the angle between the decay planes
of B and V) for the semileptonic decay B* — V%*1, can be found in Refs. [209]. Integrating
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8 Leptonic and Semileptonic B Decays

over all angles,

I _ o e CEIVanl” A2 AL
~ 5 — NIEW

dq? 1 (2m)3 AM3P ¢?
where C; = 1/2 for p° and 1 otherwise, 12 and (12 are obtained from Egs. (91) and (92) by
substituting M% — ¢%, and

{8 [|H 2+ | B + | Hol?| + Gual HL2} . (120)

m2 + m2 )\12
o= 1- TS 2 (121)
Note that the differential rate for the semileptonic decay Bt — P%*y;, is the same after
dropping the Hy terms.?? These formulas again hold for a V — A lepton current; in general
the pattern of lepton masses and couplings is more complicated.

Beyond the SM, the pseudoscalar and tensor currents can mediate these decays, in addition
to the SM vector and axial-vector currents. The matrix element for the pseudoscalar follows
in analogy to Eq. (89):

A1/2

2M
Ve g A (q?) = ———Ao(q?), (122)

V(k,eY)|P|B(p)) =
(V(k, " )|P|B(p)) S -

(V)

with the last equality holding only in the polarisation, namely (V) = €y ~, with a nonzero
amplitude. The tensor current has the matrix element

7} V- o T o TM2 _M2
(V(k, éV)|TH|B(p)) = ic" UTGEV"{QP (p+k)Ti(¢%) — 9"°q “ligg“li[JH(QZ)“JE(QQX
(p+k)7q" 2 2 s 2
P T 4 T (%) - To(q?) — ~— T .
+4q 2 1(q°) — Ta(q”) MZ M2 3(q7)

(123)

In penguin amplitudes, the combinations ¢, 7" and e***8 ¢, Tw3 appear, leading straightfor-
wardly to additional terms in the helicity amplitudes. See also Ref. [212].

The discussion of electroweak and Coulomb correction in the paragraph with Eq. 109
applies here too.

8.3.  Leptonic B decays

Authors: G. De Nardo (exp.), M. Merola (exp.), R. Watanabe (th.)

The branching fraction of B~ — ¢~ 1y, By, is proportional to the mass squared of the
charged lepton, cf. Egs. 90 and 92. Hence, B;, B,,, and B, are hierarchical in the respective
lepton mass in the absence of new physics. We take |Vip| = (3.55 4 0.12) x 1073, deter-
mined from exclusive semileptonic B decays by HFLAV [214], and fp = (186 &+ 4) MeV from
Ref. [202], which is the only entry in the 2016 FLAG [126] average with four active flavours.?*
The predicted values for the SM are then found to be

B, = (7.7£0.6) x 107°, B, =(354+0.3)x107", B.=(8.1+0.6) x 1072, (124)

This class of decays is of interest not only to test the SM but also search for new physics at
Belle II.

*In B — Plv, Ho(q*) = (\/¢*)"/?f1(¢°) and H, = [(Mg — M3)/\/4?] fo(¢?).
2 FLAG will update its averages in 2018. For decay constants, the most significant new result is
fB=189.4 £ 1.4 MeV from Ref. [215].
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Past measurements of B(B~ — 7~ v;) by Belle and BaBar were performed with two inde-
pendent approaches to reconstruct By,g: using semileptonic and hadronic decays [216-220].
At present, no single experiment finds a significance greater than 5¢0. Combining the mea-
surements by Belle and BaBar, the world average is given as (1.06 + 0.19) x 10~ [214], which
has over 50 significance. This is consistent with the prediction (B, = (7.7 £ 0.6) x 107°) at
20.

The light-leptonic modes B~ — ¢~y for £ = e, u are two-body decays, which implies that
the charged lepton momentum in the rest frame of By, is mp/2. Thus, this unique 2-body
decay topology can be exploited in search analyses. The light-leptonic modes have not yet
been observed [221, 222]. The upper limit on By, is then summarised as < 1 x 1075 at 90%
CL, whereas that on B, is also given as < 0.98 x 107° [69].

The above summary shows that the present branching fraction measurement of B~ — 771,
and upper limit of B~ — pu~ 7, are already close to their SM predictions. We expect that
these processes will eventually be observed with more than 50 significance at SuperKEK-
B/Belle II. The decay B~ — e~ 7, can be observed only if new physics greatly enhances its
decay rate.

In the absence of new physics, purely leptonic decays can provide direct determinations
of |Vip| with relatively small theoretical uncertainty. Since discrepancies amongst the |V|
determinations from exclusive and inclusive processes are long standing, leptonic decays can
provide important orthogonal information as is done in the determination of |V 4| and |Vs|.

The presence of new physics with different chiral structure would primarily be observed
through modifications to B~ — ¢~y rates. Namely, we can describe the branching fraction
as.

B(B_ — E_ﬂg)Np = B(B_ — E_DE)SM X ‘1 —I—Tle\lp‘z, (125)

for the new physics model. Comparing the current data and the SM reference values shown
above, we can see the present constraints as

|14+ r%p| =1.17£0.12, [1+1§p| < 1.7 (90% CL), |1+ rkp| < 348 (90% CL). (126)

Theoretical uncertainties are not taken into account in the latter two results as they are
considered negligible.

8.3.1. B —T1U,.

Belle II Full Simulation Study. The study presented here aims at estimating the precision
of Belle IT on the measurement of the branching fraction of B — 7v, with 1, 5 and 50 ab~!
of data respectively. The analysis is performed on the MC5 Belle II production (see Sec. 4)
corresponding to 1 ab™! of generic BTB~ /BB, wai, dd, s3, c¢ background processes and
100 x 10° signal events. In these samples the expected machine background (see Sec. 4) is
superimposed with the simulated primary collision events.

The analysis strategy exploits the high efficiency of the hadronic tag method through the
Full Event Interpretation (FEI) algorithm (Sec. 6.6). It makes use of thousands of B meson
decay modes and builds up a multivariate discriminant to assign to each B candidate a
probability of correct reconstruction. In order to reject mis-reconstructed By, candidates,
a criterion is placed on the FEI discriminant corresponding to purities of 49% and 93% for
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correctly reconstructed B mesons in the background and signal samples, respectively. In
the case that multiple candidates are reconstructed in the event, the one with the highest
FEI discriminant value is chosen. The purity of the samples is evaluated after continuum
background rejection by means of a fit to the M. distribution. The Mp. distribution is
modelled with an Argus function for the combinatorial background plus a Crystal Ball
function for the correctly reconstructed B candidates. The number of events under the
Crystal Ball is then counted above an M, threshold of 5.275 GeV /c?.

After the reconstruction of the By, side, the presence of only one additional track in the
event is required, consistent with a 1-prong 7 decay. Particle identification criteria (PID) are
applied to select four 7 decay modes: uvv, evv, mv, and pr. The PID criteria are based on
the likelihood ratio L(particle)/(L(e) + L(u) + L(m)), where the definition of the likelihood
function L is described in detail in Sec. 5.5. Candidate charged p mesons are required to
originate from the pair 77¥ in the mass window 0.625 < Mo < 0.925 GeV/c?; in turn the
70 candidates are reconstructed by pairing two neutral clusters and applying the invariant
mass cut on the vy pair of 0.12 < m,, < 0.16 GeV/ 2. Mis-reconstructed Byag candidates
are suppressed at this stage applying the following criteria on the beam-energy constrained
mass, My, and energy difference AFE respectively: 5.275 < My, < 5.290 GeV/c? and —0.20 <
AFE < 0.04 GeV.

Due to the high level of machine background in Belle IT (expected to be a factor 20 more
than in Belle) a dedicated study has been performed on MC simulated events to optimally

select the photon candidates from e™

e~ collisions (from now on called “physics” photons)
and reject beam induced background photon candidates (from now on called “background”
photons). Several cluster-related discriminating variables have been exploited for this pur-
pose, among which the most important are the cluster energy, the cluster timing and the
ratio between the energy deposited in a 3x3 and in 5x5 square of crystals around the
centre of the cluster, E9/E25. Physics photon candidates are required to satisfy a minimum
energy threshold since they have a harder energy spectrum than background photons. Beam-
induced photon production is not correlated with bunch crossings, and so the cluster time
distribution shows a uniform distribution for background photons and a peak near the bunch
crossing time for physics photons. A tight time window is selected corresponding to a 90-95%
efficiency for physics photons. Physics photon candidates are expected to have a relatively
narrow E9/E25 distribution consistent with a single photon, while beam induced photon
showers exhibit a larger spread of energy deposits. As background photons are expected
to have large impact on the forward region of the detector, different selection criteria are
imposed for the forward, barrel and backward detector regions. These photon candidates

are used in 70

reconstruction and for determining the remaining energy deposition in the
calorimeter from physics photons, denoted Fgcr,.

In order to reduce contamination from continuum background events (mainly ete™ — ¢q),
several topological variables (Sec. 6.4) have been considered: normalised second Fox-Wolfram
moments, cosfy,, CLEO Cones and KSFW moments, exploiting the different topology
of events with spherical symmetry as BTB~ over events with back-to-back symmetry, as
¢~ and, to a lesser extent, ¢q. Keeping only the variables that are weakly correlated
with Egcr, two multivariate discriminants using Boosted Decision Trees (BDTs) have
been trained on continuum background and signal B — Tv, events, in the signal window

5.27 < My, < 5.29GeV/c? and Egcr < 0.3GeV, using the TMVA toolkit [223]. Leptonic
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Fig. 61: Top left and right: BDT discriminant distributions for the B — 7v analysis, depicting
the signal (red), BB background (blue) and continuum events (green), in the hadronic
(left) and leptonic (middle) 7 decay channels. Bottom: BDT discriminant distribution for
signal events, showing separately the contribution of the four decay modes. The events are
normalised to an integrated luminosity of 1 ab™!. labels are impossible to read

and hadronic 7 decay modes are trained separately, since the latter are most affected by
continuum background. Continuum events are rejected by placing a threshold on the BDT
discriminant at the maximum point in the figure of merit (FOM) S/+/S + B, where S and
B are the number of signal and background events, respectively. The thresholds are found
to be BDTy,q > 0.2 corresponding to 99% continuum rejection and 47% signal efficiency,
and BDT}ep, > 0.04, corresponding to 93% continuum rejection and 65% signal efficiency.
Figure 61 shows the BDT discriminant output for signal and background events, separated
by hadronic and leptonic modes.

A characteristic feature of B — 7v decays is the presence of two or three neutrinos in the
final state. This property can be used in the analysis by requiring that a significant amount

s > 12(GeV/c?)?, and
less for the hadronic channels, M2, < 12( GeV/c?)?. In addition the reconstructed momen-
tum of the m and p on the signal side in the CMS frame is required to satisfy Dig > 1.6 GeV/e.
The thresholds listed for My;s and p;‘ig have been chosen based on FOM optimisation. It
should be noted that Belle used Mg in the signal yield fit, however we have taken a
simplified 1-D fit approach for this sensitivity study.

In Fig. 62(a), the Fgrcr, distribution is shown after applying all selection criteria. The
comparison of signal Egcy, distribution of this analysis with the one obtained by the Belle
Collaboration measurement with hadronic tag [218] is also shown in figure 62(b). The extra
energy resolution at Belle II is slighlty better than Belle despite the increased beam back-
ground levels. The one-sided 68 percentile of the Ercr, distribution is found to be 0.22 GeV
for Belle IT and 0.28 GeV for Belle.

The signal efficiencies and expected signal and background yields in two Egcr, windows
are reported in Table 39 for this analysis and compared to the Belle MC from hadronic tag

of missing energy and momentum is present for leptonic channels, M2

measurement [218].

In order to estimate the expected precision of the B — 7v, branching fraction mea-
surement, a toy MC study has been performed generating a high-statistics sample of
pseudo-experiments. For each experiment, a pseudo-dataset has been generated according
to the signal and background MC expectations, and a binned maximum likelihood fit is
performed using a two-component parameterised function where the Egcr, distributions for
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(b) Comparison of signal EFgcy, distribution for this analysis
(red) and the Belle measurement with hadronic tag (blue).
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represent the signal and background fit functions (templates
from simulation). The events correspond to an integrated
luminosity of 1 ab™!.

Fig. 62: Fgcy, distributions for signal and background in the analysis of B — v .

signal and background events are taken from simulation. In Fig. 62(c) an illustrative plot of
the fit to one pseudo-dataset is shown.
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Table 39: Expected Belle II yields of signal and background events in 1ab~! for two different
FEgc1, windows, compared to Belle MC.

Frcr, <1GeV < 0.25GeV
Background yield [events] 7420 1348
Belle IT  Signal yield [events] 188 136
j Signal efficiency (%o) 2.2 1.6
Background yield [events] 2160 365
Belle  Signal yield [events] 97 60
Signal efficiency (%o) 1.2 0.7

Assuming a branching fraction of 0.82x10™* (December 2016 result from the CKMfitter
group [79]) the mean uncertainty is found to be ~29%, with 1 ab™! of equivalent inte-
grated luminosity. A high-statistics sample of pseudo-experiments has been generated to
estimate the expected significance of the branching fraction measurement, according to the
following procedure: a likelihood ratio test statistic @) has been defined and evaluated on
pseudo-datasets sampled from signal plus background (S+B) and background only Egcr,
distributions. Then the p-value of the background null hypothesis is evaluated as the ratio
between the number of pseudo-experiments which give a value of Q lower than the expected
test statistics (for a S+B hypothesis), and the total number of pseudo-experiments. The
calculation led to a p-value in the background-only hypothesis of 3.8 x 10~* corresponding
to a statistical significance of 3.40.

Systematic uncertainties. Based on Belle measurements [218], the main sources of sys-
tematic uncertainties are the signal and background FEgcr, PDFs, the uncertainty on the
relative contributions from B decays that peak near zero Fgcr, (i.e. peaking background),
the tagging efficiency, and the Kg veto efficiency, followed by the minor uncertainties due
to the number of BB pairs, the signal efficiency (PID efficiency, 7 branching fractions, 7°
efficiency and tracking efficiency), and MC sample sizes used for background PDFs.

The uncertainties on PDFs and tagging efficiency are limited by statistical precision in the
B — D*9¢v control sample on data, and so are expected to scale with luminosity similarly
to the statistical uncertainty. The uncertainty on peaking background components is esti-
mated by varying their branching fractions within the experimental uncertainties, and will
become an important uncertainty to control with the Belle II data set. We expect to reach
a systematic uncertainty of better than 3% from this contribution. The uncertainty on the
K% veto efficiency is obtained from control samples in data, comparing yields of ¢ — KgKg
to g - K~K* in a DY — ¢Kg sample. Such calibrations were found to be very large in
Belle, where data and MC efficiencies differed by approximately 40%. The discrepancy is
attributable to the inaccuracy in modelling hadronic interactions in the KLM. GEANT4,
which Belle II will use instead of GEANT3 as in Belle, may provide more accurate simulation,
but given the calibration is large it may be difficult to improve the systematic uncertainty
to better than 2% on the B — 7v, branching fraction.

The uncertainty on the signal efficiency is expected to scale with luminosity as in the case
of the statistical uncertainty. The uncertainties due to the 7 branching fractions (> 0.6%)
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Table 40: Yields of expected signal and background events in the B — 7v study for two
different Fgcr, windows, with and without beam background, with a data set of L =1 ab™ 1.

FErcr, <1GeV < 0.25GeV
Background yield [events] 12835 2062
without background Signal yield [events] 332 238
Signal efficiency (%o) 3.8 2.7
Background yield [events] 7420 1348
with background Signal yield [events] 188 136
Signal efficiency (%o) 2.2 1.6

are not expected to improve substantially. Finally, the uncertainty on the number of BB
pairs is expected to be limited to about 1%.

The expected systematic uncertainty on the B — v, branching fraction with an integrated
luminosity of 1ab~! is calculated to be 13%, based on a scaling of the uncertainties of the
Belle measurement with hadronic tag [218].

Anticipating the results detailed in Table 41 the luminosity needed to reach a 5o discovery
of B — 7, including statistic and systematic uncertainties is about 2.6 ab~!.

Beam background. In order to estimate the impact of machine background on the branch-
ing fraction measurement, the analysis is repeated on a MC5 Belle II production where no
machine background is superimposed on physics events. Continuum background suppression
and the signal side selection have been re-optimised for this configuration and the statistical
evaluation with toy MC is performed as above. The results are shown in Table 40, compared
to the case including the expected machine background, and in Figure 64. The higher selec-
tion efficiency in absence of beam background is due to higher B-tag reconstruction efficiency
(see Figure 63) and that, in order to maximise the FOM, a looser selection is applied on
the signal side. It may also be due to a greater abundance of fake tracks in the presence of
beam background, which must be further studied at Belle II. For a more general discussion
of the FEI tagging performance we refer to Sec. 6.6. The mean uncertainty on the B — 7v,
branching fraction is found to be ~20% with 1 ab™! of equivalent integrated luminosity,
corresponding to a statistical significance of approximately 5o.

Summary. Table 41 summarises the results and projections of the uncertainties on the
branching fraction measurement with 1, 5 and 50 ab~! data sets, using hadronic and semilep-
tonic tagging respectively. These approaches are statistically independent. The projections
of measurements using semileptonic tags are based entirely on Belle measurements [224],
since no dedicated studies have been performed with Belle II simulation.

8.3.2. B — uv,. There have been several searches for the B — ui, decay to date and
the most recent ones [222, 225, 226] are summarised in Table 42. At the the present time
the most stringent limits are set by untagged searches.

The expected branching fractions and event yields in the full Belle data set as well as
expected Belle II milestones using the value of |Vg,| x 10% = 3.55 £ 0.12 from the 2016
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Fig. 63: B-tag ROC curves with (BGx1) and without (BGx0) nominal beam background in
the B — 7v study. The points correspond to a scan of the FEI discriminant output. The
efficiency is evaluated as the ratio between the B-tag reconstructed candidates (i.e., passing
the FEI discriminant cut) and the total generated candidates, and the purity as the ratio
between the correctly reconstructed B-tags and the total reconstructed candidates. The
curves are evaluated on BTB™ events requiring the presence of only 1 track and PID quality
criteria on the signal side.
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Fig. 64: Egcy distributions for the B — 7v study without machine background. The events
correspond to an integrated luminosity of 1 ab™!.

HFLAV report [214] and fp = 186 +4 MeV from Ref. [202], which is the only entry in
the 2016 FLAG average [126],2* are shown in Table 43. The process B* — /FVM may be

observed with evidence level (30 with around 2 ab™!, whereas the B* — e*

Ve process is not
measurable even with the Belle II data set, and only an upper limit is expected for SM-like
scenarios.

The clean environment of an ete™ machine, where only one BB pair is expected in an
event, allows for two main search approaches: untagged and full reconstruction. The latter

leads to very good purity at the cost of very low efficiency. In the untagged analysis the
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Table 41: Expected uncertainties on the B — 71, branching fraction for different luminosity
scenarios with hadronic and semileptonic tag methods.

Integrated Luminosity (ab™!) 1 5 50
statistical uncertainty (%) 29 13
hadronic tag ~ systematic uncertainty (%) 13 7
total uncertainty (%) 32 15
statistical uncertainty (%) 19 8

semileptonic tag systematic uncertainty (%) 18 9
total uncertainty (%) 26 12

Ot Ot W | O Tt =~

Table 42: The results of searches for the decay B~ — u~v,.

Experiment Upper limit @ 90% C.L. Comment

Belle [225] 2.7 x107° Fully reconstructed hadronic tag, 711 fb™!
Belle [226] 1.1 x 1076 Untagged analysis, 711 fb~!
BaBar [222] 1.0 x 1076 Untagged analysis, 468 x 10 BB pairs

Table 43: The branching fractions for leptonic B decays in the SM calculations, and the
respective event yields with the full Belle data sample and the expected Belle II data sets.

4 B 711 fb1 5ab! 50 ab~!

r  (7.714£0.62) x 107° 61200 4 5000 430000 =+ 35000 4300000 =+ 350000
po (3.46+£0.28) x 1077 275+ 23 1930 + 160 19300 + 1600

e (0.81140.065) x 10~*  0.0064 + 0.0005 0.0453 + 0.0037 0.453 £ 0.037

products of the signal decay are selected first and the rest of the event is used to build various
shape or topological parameters that discriminate B-meson decays from other hadronic
modes. The efficiency of the untagged method can be rather high.

A 2014 Belle study [225] searched for the B — u,, process using one fully reconstructed B
meson as a tag. In the signal B-meson rest frame the momentum of the p is monochromatic
due to two-body decay kinematics, with good momentum resolution of ~ 14 MeV that
separates the signal from other B decays. This analysis demonstrated the drawback of the
method — extremely low signal selection efficiency of ~ 1072 which leads to the result shown
in Table 42 and only ~ 21 signal events with the full Belle II integrated luminosity are
expected.

The most recent untagged analysis of B — u, with Belle data has much higher signal
selection efficiency of ~ 0.39 but suffers from much higher background. It can be used to
anticipate results with the Belle II data set. To separate signal from background events
a simple neural network has been developed and trained using various event kinematic
parameters. The projections of the muon momentum pj, in the centre-of-mass frame and
the neural net output variable for the full Belle data set in the signal enhanced region
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Fig. 65: The distributions of the muon momentum pj, in the centre-of-mass and the neural
net output variable NNy, in the signal enhanced region N Ny > 0.84 and 2.6 GeV/c <
p;, < 2.85 GeV /e, respectively based on Belle MC and equivalent to the full Belle data of
711 b~ L.

is shown in Fig. 65. For 2.6 GeV/c < p;, <2.85 GeV/c and NNoy > 0.84 the figure-of-
merit is FOMpelle = Nsig/+/Nsig + Nbkg = 31.5/4/31.5 + 300 ~ 1.73 and can be scaled to

the full Belle II statistics as FOMpejer1 = FOMBelte X \/50 ab_1/0.711 ab™! ~ 14.5 or ~ ™%
statistical precision in the branching fraction. Naively, to reach 50 significance Belle II should

collect approximately 6 ab™!. A toy MC study of a two dimensional fit to the N Ny vs D
distribution shows better separation than naive event counting, and statistical precision is
expected to be better than 5% with the full Belle II data set. With a much larger data set at
Belle II, systematic uncertainties will be as good or better than the statistical uncertainty
in this channel.

8.3.83.  Sensitivity to new physics. In the following, we will consider the scenario that new
physics only measurably affects the tau mode, that is, rp = r$p = 0. The dominant sources
of theoretical uncertainty in B~ — ¢~ are fp and |Vy|, therefore to mitigate them, we
can form ratios to light leptonic modes defined as.

TRo B(B_ — T_ﬂ-,-)
TB- B(BO — 7T+f717£)7

B~ RZ
Ry — B(B™ — 17 0;) (127)

s = BB~ — p )

The former has the advantage that B® — 77/~ 7, is experimentally well known, whereas the
latter has a very precise theoretical prediction in the SM. On the other hand, R, still includes
theoretical uncertainties from fp/f;, while Ry has not been measured yet. Predictions for
these ratios are calculated in Ref. [227] and are as follows,.

2

RYY = (0.539 £ 0.043)[1 + rip|”, (128)
m2

2 (1= m2/m3,)?

m2 (1 — 771,%/7712]3)2

RYP = 11+ rp|” =~ 222.37 |1 + i [*. (129)

The current experimental constraints on B~ — 7~ 7, [69] and B — 74~ 7, [214] result in
Rps? = 0.73 £0.14. This is compared with Eq. 128 to find the following constraint on r{p:
|1+ r{p| =1.16 £0.11 (from Rys). (130)

We find that Rps provides a slightly tighter bound than the direct branching fraction
measurement. The present experiment uncertainty in Rps’ of 0.14 is expected to improve sub-
stantially, as discussed in Sec.8.3.1. Such a reduction allows for a more stringent test for new
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Table 44: Expected 95% CL limits on r{p from R, and Ry at Belle II with 5ab~! and
50ab~! of accumulated data. The new physics contribution is assumed to be real and no
larger than the SM contribution (|r{p| < 1).

Luminosity Ry R,
5ab~! [~0.22,0.20] [-0.42,0.29]
50ab~!  [-0.11,0.12] [-0.12,0.11]

physics in B~ — 77 .. The purely muonic mode has only upper limits on B(B~ — p~7,)
and thus Ry, is constraining for new physics in 7 modes but is still useful for searches in u
modes. The upper limit is approaching the SM prediction, and we expect that the muonic
mode will be precisely measured at Belle II. Therefore, R, may also play an important role
for new physics searches in B~ — 7~ ;. The following study discusses the future sensitivities
of Rps and Ry to new physics contributions, r{p, with 5ab~! and 50 ab~! of Belle II data
respectively.

To determine the sensitivity to new physics through r{p, we assume that experimental
central values of the ratios are at the SM expectation and that new physics contributions
are no greater than the SM contributions (|r{p| < 1) unless otherwise stated. The expected
experimental errors on Rps and Ry, are then determined by taking the Belle II estimates of
B™ =1t v;,, BT = u v,, and B — 7fv with luminosities of 5ab~! and 50ab~!.

R3PT = 0544011, RO = 0.5440.04, (131)
RO =222476, RV =222+ 26. (132)

With the use of the above expected constraints, the 95% CL expected limits on r{p are given
in Table 44. We see that the new physics contribution to B~ — 777, with r{p 2 O(0.1) can
be tested at 95% CL. The observable R has low sensitivity at 5ab~ !, but with 50ab~!
it will be comparable with R,s. Further improvements in the sensitivity of R, may be
achieved through direct measurements of the ratio to cancel some experimental systematic
uncertainties.

8.4. Radiative Leptonic

8.4.1. B — lyyy. Authors: F. Metzner, M. Gelb, P. Goldenzweig (Exp.)

The radiative leptonic decay BT — ¢ v, yields important information for the theoretical
predictions of non-leptonic B meson decays into light-meson pairs. The emission of the
photon probes the first inverse moment Ap of the light-cone distribution amplitude (LCDA)
of the B meson. This parameter is a vital input to QCD factorisation schemes for the non-
perturbative calculation of non-leptonic B meson decays [228, 229] (see Section 12.3.2). The
importance of BT — {71,y decays in the empirical determination of the parameter A can be
found in Refs. [208, 230], where detailed theoretical calculations of the decay are presented.

The partial branching ratio AB is given by the integral of the differential decay width over
the photon energies relevant for the considered selection, multiplied by the lifetime of the B
meson Tg:

dI’
AB(B* - t*upy) = 73 / g, 2 (133)
Selection dE"/
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Fig. 66: Dependence of the theoretical prediction for the partial branching fraction AB(B* —
{Tvpy) on the value of the QCD factorisation parameter Ap for two signal photon selection
criteria: the threshold with lower theoretical uncertainties E, > 1.7GeV (lower, dashed);
and the threshold E, > 1.0 GeV which yields a significantly higher efficiency [230].

where photon energies below 1 GeV are considered as unsafe since the factorisation approach
for the calculation of the form factors requires the condition 2E, ~ my,. Thus, only photons
with energies above this threshold were considered in the most recent Belle analysis [231].
The theoretical relation between the value of Ap and the respective partial branching ratio
for two selection criteria for the signal photon energy is shown in Fig. 66.

Belle obtained limits of AB(BT — £*1y) < 3.5 x 107% and Ap > 238 MeV (90% C.L.)
for photons above 1 GeV with the full 7(4S) dataset of 711fb~! [231]. In preparation for
Belle II, a new analysis has been prepared with Belle MC in the BASF2 framework, where
the signal-specific FEI is employed (Sec. 6.6). To enable a comparison of the two analysis
methods, the expected yield (determined from MC with a partial branching fraction of
AB(B* — £*vpy) = 5.0 x 1075) for both methods is displayed in Table 45. The new tagging
algorithm results in three times the expected signal yield with the same dataset. The yield is
extracted from a simultaneous fit to the squared missing mass distributions of the electron
and muon channels. The results for the improved analysis are shown in Fig. 67.

Further constraints on the energy of the neutrino would enable the experimental exami-
nation of the difference between the axial and vector form factor, and thus the impact of
the power-suppressed contributions to the decay width (see [208, Eq. 3.3]). However, the
selection required for this study—the neutrino has to receive the majority of the B meson’s
energy—reduces the statistics significantly, rendering it unfeasible with the Belle dataset.
However, with the large Belle II dataset, this aspect of the decay will also be addressed.

In addition, a toy MC study is used to estimate the expected statistical error with 5ab™?
and 50 ab~! of Belle IT data. The statistical errors are expected to be significantly reduced
with the increased dataset. The results can be found in Table 46.
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Table 45: Expected signal yields determined with Belle MC for the new analysis using the
signal-specific FEI in basf2 (Nyew). The values are compared to the expected yields in the
published Belle analysis (Npuplished) [231]. Both MC studies assume a partial branching

fraction of AB(BY — (Tupy) = 5.0 x 1075, to enable a comparison of the expected yields
with the different analysis frameworks.

Bt = etvey BT — pfy,y  Combined
NNew 24.8 25.7 50.5
Npyblished 8.0 8.7 16.5
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Fig. 67: The Belle MC squared missing mass distribution for B* — etv.vy (left) and Bt —

ptv,y (right) of the new analysis using the signal-specific FEI in basf2. The signal yield
(NNew) is reported in Table 45.

Table 46: Expected statistical error in 1076 for Belle and Belle II for a simulated partial
branching fraction of AB(B+ — ¢*v,y) = 5.0 x 1076,

Belle Belle II  Belle II
New analysis 5ab™! 50ab~!

+1.48 +0.56 +0.18

-1.39 -0.53 -0.17

8.5.  Semitauonic decays

8.5.1. B — DWry. Authors: S. Hirose, Y. Sato (exp.), M. Tanaka (th.), R. Watanabe
(th.)
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The decays B — D™ 7 are described at the quark level as b — crv tree-level transitions
that proceed in the SM through the exchange of a virtual W boson. The ratios, defined as

Br(B — D®Wru,)
Br(B — D®{ly,)’

Rpe = (134)
are useful observables to test for new physics (NP) as theoretical uncertainties in form
factors and |V largely cancel out. First measured by Belle [232], these ratios have since
been precisely measured by BaBar [233], Belle [234], and LHCb [235]. The combination of
these measurements shows a tendency towards larger values than SM expectation with a
deviation of nearly 40. A better understanding of these anomalous results is of high priority
at Belle II, because the discrepancy could be due to NP contributions. In addition to R(D(*)),
measurements of the polarisations of the 7 lepton and the D* meson respectively are also
good probes for the NP. They are defined by.

rt—-r-

P(D®)y = —__— 135

T( ) F++F_7 ( )
I'n

Pp. = L 136

b I'L+Tr (136)

where I'*(=) and ['r(y are the decay rate with the 7 helicity +1/2 (—1/2) and that with
the longitudinally (transversely) polarised D*, respectively. In the future Belle II should also
be able to perform precise differential measurements in ¢, and will measure decay angles
(64, By, x) as was done for B — D™)(v decays at Belle and BaBar. It will be challenging
to reconstruct ¢, and x in the 7 channels, but there will be some experimental sensitivity.
Below, the current status and future expectations for these measurements are reported both
from theoretical and experimental points of view.

SM predictions. Compared to the two-body decay of B — Tv, processes of the type
B — D™ 7y have a richer phenomenology that can be used to probe the nature of any NP
contributions. For example differential distributions, such as the momentum transfer to the
lepton pair, ¢> = (p; +p,)? = (pB — pp-)? can be modified in the presence of a charged
Higgs. Form factors of B — D) transitions and the CKM matrix element V,;, are extracted
through measurements of B — D) v for £ = e, . The differential decay rates are described
in Secs. 8.2.2 and 8.2.3 and the form factors f, (¢?) for B — D and V(¢?) and A;(¢?) for
B — D* can be determined from experimental data combined with results from lattice QCD.
(For notation, see Eqs. 95, 110, and 111.) The differential decay rates of B — D®) 7 decays
contain additional form factors, fo(¢?) and Ag(q?), from terms proportional to m?2. These
additional form factors can also be computed with lattice QCD. At present, there are lattice-
QCD results for f, (¢?) and fo(¢?) [131, 132], while the calculations of the ¢> dependence of
the B — D* form factors is underway [236]. Despite this, the theoretical uncertainty is still
substantially smaller than the current experimental constraints.

Various SM predictions for Rp) have been calculated [131, 132, 233, 237-242]. The SM
expectation determined in Refs. [241, 242] are as follows:

RIM = 0.299 + 0.003, (137)
R = 0.257 4 0.003. (138)

170/688
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Table 47: Summary of experimental measurements of semitauonic B decays. 1 Mainly based
on Frcr,. I Mainly based on cos0p_p+¢: further description in the text.

Exp. Tag method 77 decays Observables Fit variables
Belle [232] Untagged e Ve, vy B(BY = D*fr i) Mg
Belle [244] Untagged (~vop, v, B(B~ — DWOr—p)) MET™ and ppo
Belle [234] Hadronic L vy Rp, Rp-, ¢°, |p}| M2, and Onpt
Belle [245] Semileptonic 77 Rp-~, |p}| [p}- Egcr, and Ozt
Belle [246] Hadronic h™v, Rp-, Pr(D¥) FEgrcr, and cos O
BaBar [233, 247] Hadronic s Rp, Rp-, ¢* M2, and py

The 7 and D* polarisations are expected to be [238, 243]

P;(D) = 0.325 + 0.009, (139)

P;(D*) = —0.497 4+ 0.013, (140)

Pp. =0.458 + 0.009. (141)

Ezxperimental data. The strategy of Rp) measurements is to evaluate the ratio of the effi-

ciency corrected yields of B — D™ 7 and B — D™/, events. The experimental approach
for measuring B — D™ v, decays is similar to that used in B — 7v,, owing to the presence
of two or more neutrinos in the final state. Three different methods are used: hadronic tag,
semileptonic tag and untagged (or inclusive tag). The experimental methods at the B-factory
experiments are summarised in Table 47.

In the untagged method, the most important variable to extract signal events is the
beam-energy constrained mass of the companion B meson, M. *. In the Belle analy-
sis of B — D®ru. with a hadronic tag, the most important variables are related to the
and the extra energy in the ECL, Egcr. The Mr%nss dis-

tribution is used to separate B — D) ru, signals from B — D®)/fy,. In the higher M?

miss

missing momentum such as Mﬁliss
region, where the B — D®)7u. signals are distributed, a multivariate classifier is formed
using several input variables such as Egcr,, the lepton momentum, py, and so on, to further
distinguish signal events from background processes. In the analysis with the semileptonic
tag for B® — D*rv., FEgcr, is used to separate B — D*rv, and BY — D*{v, from other
background, and a multivariate analysis is performed using the signal-side cosfp.p-y, and
other signal-side variables, to compose a neural network classifier Onp for discrimination
between B — D*7tv, and B — D*{v; events. In the BaBar analysis, the lepton momentum,
pye, is used for the fit as well as Miiss; FErcr, is used only for background suppression prior
to the final fit.

In the above analyses, the leptonic 7 decay modes are chosen since they have better
background rejection. The most important background in these studies originate from B —
D**fv,, where D** mesons are excited charmed mesons higher than the D*(2010). If we fail
to reconstruct particles (mainly 7%’s) from D** in the B — D**{v, decay, such events can
mimic the signal. The identification of B — D**/v, background is critical. However, we have
limited knowledge of the branching fraction to B — D**fv, and the D** decay itself. At
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Table 48: Results of Rp-) measurements by BaBar, Belle and LHCb. The correlation column
lists the statistical, systematic and total correlations respectively. The averages have been
calculated by HFLAV [214]. For Belle and BaBar, the analysis method and the 7 decay are
indicated: Had for the hadronic tag, SL for the semileptonic tag, £~ for 7= — £~ v, and

h™ for 7™ — h7v,.

Rp

Rp-

Correlation

BaBar (Had, ¢7)
Belle (Had, ¢7)
Belle (SL, ¢7)
LHCb

Belle (Had, A7)
Average

0.440 £ 0.058 £ 0.042
0.375 £ 0.064 + 0.026
NA
NA
NA
0.397 £ 0.040 £ 0.028

0.332 + 0.024 £ 0.018
0.293 4 0.038 4 0.015
0.302 + 0.030 & 0.011
0.336 & 0.027 4 0.030
0.270 + 0.03570:028
0.310 4 0.015 4 0.008

—0.45/ — 0.07/ — 0.27
—0.56/ — 0.11/ — 0.49
NA
NA
NA
—0.23

P.(D¥)
0.21
—0.38 £0.0517 74

Belle (Had, A7)

Belle II it is of paramount importance to measure B — D**{y, branching ratios to control
this background process.

In the latest Belle analysis of B — D*rv, [248], hadronic 7 decay modes 7~ — h™ v,
h™ =m~, p~) have been used, which are statistically independent from the other measure-
ments and can be determined with useful precision. The main background originates from
hadronic B decays. The hadronic decays of B — D*r+ X, where X consists of one or more
unreconstructed ¥, 1, v or pairs of charged particles, can mimic signal events if X is miss-
ing. Large uncertainties in branching fractions of the exclusive hadronic B decay modes may
introduce a sizeable systematic uncertainty. Nevertheless, it is advantageous that B — D*1v,
is measured with a different composition of systematic uncertainties with respect to all other
measurements using 7~ — £~ v, To extract the signal yields, a similar approach to the

previous hadronic-tag analysis with 7= — ¢~ 7y, has been employed; MI%I and Fgcr, are

1SS
used for determination of the B — D*fv, and the B — D*rv, yields, respectively. Another
advantage of this analysis is the capability to measure P.(D*) using kinematics of two-
body 7 decays. P;(D*) is measured using the distribution of cos ], the cosine of the angle
between the momentum of the 7-daughter meson and the direction opposite the momentum
of the Ty, system.

The current experimental results for Rp, Rp- and P.(D*) are summarised in Table 48.
Typical figures for the B — D7r,; mode in the hadronic tag analysis with 7= — ¢y,
are shown in Fig. 68. In addition to Belle and BaBar, LHCb has also demonstrated its
capability to measure Rp- at the Large Hadron Collider. The world-average Rp shows
about 40 deviation from the SM predictions. The result of P;(D*) is consistent with the SM
prediction and excludes Pr(D*) > +0.5 at 90% C.L. NP effects can be thoroughly probed
in kinematic distributions as well as the total branching fraction. So far, only the measured
¢® spectrum and the momenta of the D* and the charged lepton have been compared to
NP scenarios. The spectra are generally consistent with SM predictions although they are
highly statistics limited at this stage.
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Table 49: Composition of the systematic uncertainty in each Belle analysis. Relative uncer-
tainties in percent are shown. The analysis method and the 7 decay mode are indicated in
the parentheses; their meaning is explained in the caption of Table 48.

Belle (Had, ¢=) Belle (Had, £~) Belle (SL, £7) Belle (Had, h™)

Source Rp Rp- Rp- Rp-
MC statistics 4.4% 3.6% 2.5% +59%
B — D**y, 4.4% 3.4% 9% 2.3%
Hadronic B 0.1% 0.1% 1.1% TI3%
Other sources 3.4% 1.6% 3% 5.0%
Total 7.1% 5.2% % %%

Table 49 shows the composition of the systematic uncertainties in each recent Belle mea-
surement of Rpc. Currently, the dominant source of systematic uncertainty is the limited
MC sample size, which affects the estimations of reconstruction efficiency, the understand-
ing of small cross-feed component, and the description of the PDFs used in the fit. These
uncertainties are clearly reducible using larger MC sample sizes.

Apart from MC sample size, a significant systematic uncertainty arises from branching frac-
tions of the decays of B — D**{v, and D** for the analyses with 7= — ¢~ 41, and hadronic
B decays for the analysis with 7= — A~ v,. Belle and BaBar take different approaches to
determine the yields of B — D**fv,. In the BaBar analysis, the yield of B — D**fv, back-
ground is constrained with control samples in which an additional neutral pion is required
with respect to the nominal event selection. This approach assumed that the D** branching
ratio is saturated by D** — D®) 1 modes (i.e. single pion transitions), which was not cor-
rect. On the other hand, in the Belle analyses, the yield of B — D**fv, background, where
D** decays to a variety of allowed modes, is floated in the fit for the signal sample. For
precision measurements at Belle II, dedicated measurements of B — D**{v, and hadronic B
decays with a large data sample are essential. Other non-negligible systematic uncertainties
arise from the form factors of B — D®)¢/7v decays, background from B — X.D®) and
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large cross-feed from B — D*{/1v to B — D{/7v. Ultimately Belle II must also constrain
B — D**1v, through dedicated measurements.

Theoretical interpretation. Model independent approach
In the presence of NP, semitauonic decays B — D**1v,. can be described by the most
general effective Lagrangian of b — crv:

—Leir = 2V2GFVy[(1 + C1,)Ov, + Cy, Oy, + Cs,05, + Cs,0s, + CrO7), (142)

where the four-fermion operators are defined as

Ov, = ey"br, TLyuve, (143)
Ov, = erY"brTL VL, (144)
Os, = ¢rbrTrYL, (145)
Os, = ¢rbr, TrRVL, (146)
Ot = cro"'by TROWw VL, (147)

and the Cx terms (X = Vj2,512,T) denote the Wilson coefficients of the operators, Ox,
which represent possible NP contributions. The SM condition requires that C'x = 0 for all
X types.

Here we will consider NP scenarios where only one Cx at a time is non-zero. In addition,
two scenarios of non-vanishing Cg, = £7.8Cr, predicted by the S{J Qor R%Q leptoquark
model [210, 249], are considered. The BaBar study in Ref. [233] showed that the anomalous
values of the ratios are unlikely to be explained by a type II 2HDM charged Higgs, corre-
sponding to the S scenario (Cg, # 0) above (it of course also disfavours the SM). Their
study showed that the acceptance and the measured shapes of the kinematic distributions
are affected by the existence of NP effects: most notably the presence of a charged Higgs
influences the ¢ spectrum in B — D7v. They did not fully evaluate systematic uncertain-
ties for the differential spectra so we cannot conclude too much from that experimental
information.

Constraints on the other scenarios, based on a rough-estimate comparing the existing Rp
and Rp+- measurements in Table 48, are presented in Fig. 69. In each scenario, shaded regions
in (light) red are allowed at 68(95)% CL. The allowed regions are well away from the SM
points in all cases (Cx = 0), implying that the current experimental data favour a large
contribution from NP.

Model dependent study

Since semitauonic B decays are mediated by tree-level processes in the SM and the current
experimental values differ quite significantly from the SM predictions (at the level of 20%
for the Vi scenario as can be seen in Fig. 69), BSM physics close to the weak scale is
required in order to explain the deviations if the NP is perturbative. There are two classes
of models which can give the desired effects at tree level: (i) models with an extended Higgs
sector providing a charged scalar and (i) models with leptoquarks. Dedicated analyses of
constraints on these models are described in 18, with projections for future constraints
expected at Belle II. Here, phenomenological aspects of models relevant for Rp and Rp- are
briefly reviewed.
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Fig. 69: Current constraints on NP scenarios based on measurements from Belle, Babar and
LHCDb. The (light) red regions are allowed at 68(95)% CL. The “V; scenario” means that
Cy, # 0 and all other C'x = 0.
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Due to the heavy 7 lepton in the final state, tauonic B decays are sensitive to charged Higgs
bosons, which contribute to the scalar effective operators (Og, , ). (See for instance Refs. [250—
254].) However, a simultaneous explanation of Rp and Rp- is only possible for the Sy scenario
with a sizeable contribution (Cg, ~ —1.5). The 2HDM of type II generates a dominant
contribution to Og, (for large tan 3). It can neither explain Rp and Rp- simultaneously [233]
nor Rp- alone without violating bounds from other flavour observables [255]. Other 2HDMs
such as I, X (leptospecific), Y (flipped), and aligned type also cannot accommodate the Rp)
anomaly within other flavour constraints. A comprehensive study of flavour constraints for
the 2HDMs with natural flavour conservation is given in Refs. [256-258]. The 2HDM of
type III is still capable of explaining the data, because a charged Higgs contribution to Og,
can be sizeable if the coupling of the third-generation quark doublet to a right-handed c
quark is large, see, e.g., Refs. [259-261].

The current results for Rpe turn out to be RP/RIM ~ RTP/RIM within uncertainty.
Such a relation is naturally given in scenarios that contain a non-zero contribution to Oy,
i.e. a left-handed current. A straightforward realisation of the left-handed current is given
by a W’ boson implemented in a new SU(2); gauge group. This class of model can also
address the R anomaly (lepton flavour non-universality in B — K{1/¢7), as well as Rp),
see Refs. [262-266]. Some types of leptoquark models can also induce Oy, [210, 264, 267-271]
and explain Ry and Rp.) at the same time [264, 265].2°

25 LHC constraints on these models are obtained from the process bb — 777~ [272]. The result
suggests that the Z’ model must have a large total decay width to avoid the LHC direct bound. In
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Table 50: Expected precision for Rp. and P-(D*) at Belle II, given as the relative uncer-
tainty for Rp and absolute for Pr(D*). The values given are the statistical and systematic
errors respectively.

5ab~! 50 ab—!
Rp (£6.0£3.9% (£2.0+2.5)%
Rp-  (£3.0+£25)% (£1.0+2.0)0%
P, (D*) +0.184£0.08  =+0.06 & 0.04
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Fig. 70: Expected Belle II constraints on the Rp vs Rp- plane (left) and the Rp« vs P.(D*)
plane (right) compared to existing experimental constraints from Belle. The SM predictions
are indicated by the black points with theoretical error bars. In the right panel, the NP
scenarios “Scalar”, “Vector” and “Tensor” assume contributions from the operators Og,,
Oy,

1

and Orp, respectively.

Future prospects. Based on the existing results from Belle and the expected statistical
and experimental improvements at Belle II, we provide estimates of the precision on Rpe
and P,(D*) in Table 50 for two integrated luminosities. In Fig. 70, the expected precisions
at Belle II are compared to the current results and SM expectations. They will be compara-
ble to the current theoretical uncertainty. Furthermore, precise polarisation measurements,
P, (D*), and decay differentials will provide further discrimination of NP scenarios. In the
estimates for P;(D*), we take the pessimistic scenario that no improvement to the sys-
tematic uncertainty arising from hadronic B decays with three or more 7%, n and ~ can
be achieved. However, although challenging, our understanding of these modes should be
improved by future measurements at Belle II and hence the systematic uncertainty will be
further reduced. As shown in Fig. 68, the Belle analyses of B — D®) 7, largely rely on the
FErcr shape to discriminate between signal and background events. One possible challenge
at Belle II is therefore to understand the effects from the large beam-induced background
on Fgcr,. From studies of B — 7v, shown earlier in this section, Fgrcr, should be a robust
observable.

the leptoquark model, a small deviation in Rp) from the SM prediction is favoured by the LHC
bound [266]
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Fig. 71: On the left is the B — D7v ¢? distribution in the hadronic tag analysis and 7= —
¢~ vgv, with the full Belle data sample [234]. On the right is the projection to the 50 ab™! of
the Belle II data. In both panels, the solid histograms show the predicted distribution shape
with the 2HDM of type II at tan 3/my+ = 0.5 (GeV/c?)~!. In the right panel, pseudo-data
are shown based on the SM hypothesis.

With the Belle II data set NP scenarios can be precisely tested with ¢2, and other distri-
butions of kinematic observables. Figure 71 demonstrates the statistical precision of the ¢
measurement with 50 ab™! data based on a toy-MC study with the hadron tag based anal-
ysis. A quantitative estimation of the future sensitivity to a search for NP in B — D®rp
is shown in Fig. 72 [273]: it shows the regions of C'x that are probed by the ratios (red)
and the ¢? distributions (blue) at Belle IT with 5. ab™! (dashed lines) and 50 ab™! (solid
lines) respectively, at 95% CL.26 One finds that the distributions are very sensitive to all
NP scenarios, including those with new scalar or tensors mediators. NP contributions that
enters in C'x can be described as

N 1 99’
2V2G PV MEp'

where g and ¢’ denote the couplings of new heavy particles to quarks and leptons respectively

Cx (148)

(at the NP mass scale Myp). Assuming couplings of g, ¢’ ~ 1, one finds that the Belle II NP
mass scale reach, Myp ~ (2\/§GFVC(,CX)_1/2, is about 5-10 TeV.

8.5.2. B — mwrv. Authors: R. Watanabe (th.), F. Bernlochner (exp.)

As is presented above, discrepancies between the measurement and SM predictions of the
branching fractions in b — c7v transitions have been found. It is therefore natural to expect
that the b — urv processes may also provide hints of NP.

A limit on the branching fraction of B — 77 has been determined by the Belle collabora-
tion, Ref. [274]. They observed no significant signal and obtained the 90% CL upper limit as
B(B — 71v) < 2.5 x 10~%. Alternatively, one obtains B(B — w7v) = (1.52 £ 0.72 £ 0.13) x
10~%, where the first error (along with the central value) is statistical and the second is
systematic (8%).

26 To see how small a NP contribution that can be probed, the central values of the experiment are
assumed to be those of the SM while the experimental errors, extracted from the BaBar data [247]

for ¢* distributions and given as the world average [214] for the ratios, are luminosity scaled. See
Ref. [273] for further details of the analysis.

177/688



Im(Cy,)
Im(Cs))
Im(Cs,)

o
o

ImCy,)
o
o

0.1 0.2 -02 -01 0.0 0.1 0.2 ) -15 -10 -05 0.0 -15 -10 -05 0.0
Re(Cy,) Re(Cy,) Re(Cs) Re(Cs)
1.0, J ‘

0.2,

04l 05— 7

+7.8Cr)
-7.8Cr)

Im(Cr)

0.0+

Im(Cs,
Im(Cs,

|
o
3l

-0.1]

0%1 00 o1 o0z 03 03 0z o1 00 01 02 45 16 05 0o

Re(Cr) Re(Cs,=+7.8Cr) Re(Cs,=—7.8Cr)

Fig. 72: Expected sensitivity of Belle II to constrain NP coefficients, C'x at 95% CL. Regions
inside the boundaries in red and blue can be probed at Belle II by measurement of the ratios
and the distributions, respectively, with 5 ab™! (dashed lines) and 50 ab™! (solid lines).

Evaluation of the form factors for the B — 7 transition have been performed using QCD
predictions and experimental data. In the recent lattice studies of Refs. [129, 144], the authors
have computed the vector and tensor amplitudes for B — 7 defined earlier in this chapter.
In their studies the form factors are parametrised in the model independent BCL expansion
approach [129, 144], defined by the formulas

N.—1
folg®) = > =", (149)
n=0
1 N n
i) = =&/, > o {Zn - (—1)n_NzﬁZNz ; (150)
* n=0 z

for j =+ and 7', where Mp. = 5.325 GeV, b?f“T are expansion parameters, and N,(= 4) is
the expansion order. The analytical variable z is defined as

Vi PV 151)
Vi — @+ Vi Tty
where tg = (Mp + My)(v/Mp — /M;)? and t, = (Mp + M,)?. The expansion parameters
have been determined in fits to lattice simulations and experimental data on light leptonic
modes B — mwly,y [275-278]. The scalar form factor, present in 7 modes, has been obtained
in lattice QCD via the vector matrix element; cf. Eqs. 95 and 96.
We consider the ratio of branching fractions to test for NP contributions:

B(B — mtv.) B
=22 TV Br 152
k B(B — 7T€I/g) By ( g )

where |V,;5| cancels out. Possible new physics scenarios can be described by
—Leog = QﬁGFVub (1+ Cy,)Oy, + Cy, 0y, + Cs,0g, + Cs,05, + CTOT] , (153)
similarly to the b — ¢ case above, where Cx (for X =V} 2,512, and T') indicates a new

physics contribution in terms of the Wilson coefficient of @ x normalised by 2v/2G ¢ Vip. The
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differential branching fractions for each tau helicity, A, = F1/2, are then written as [227]
aB-

2
dq2 = NB‘(l + CV1 + CVQ)\/ q2HM+ + 4CT’I’I”L7-HT} R (154)
B N 2
dq; = TB U(l +Cv, + Cv,)mrHy 1 +4Cpy QQHT’
2
+3‘(1 + Oy, + Cv)meHyg + (Cs, +CSZ)\/q2Hg’ ] (155)

with
2
TpGLV2 m?2
Np = —=2-"2/ (1—-=) , 156
B ]_927T3M?3 Q+Q q2 ( )
where Q1 = (Mp + M;)? — ¢*> and the quantities H contain the hadron transition form
factors. The differential branching fractions for B — wfv, are given by

- - +
4B, _ db; By (157)
dq? dq? ) da2 :

m,—0,Cx=0 q
Finally, R; is given as
Sk (dB} + dB;) /dg?
= 2 (158)

foqﬁjax dB[/dq2
where ¢2,. = (Mp — M)

Given the above formula and input for bg’+, the SM predicts RSM = 0.641 + 0.016, whereas
the experimental data suggests Ry~ ~ 1.05 £ 0.51 by using B(B — wfi;) = (1.45 £ 0.05) x
10~ [69]. Thus, at present the experimental result is consistent with the SM prediction
given the large uncertainty. We can place loose bounds on NP scenarios from R;. In Fig. 73,
the constraints on Cy,, Cy,, Cs,, Cs,, and Cr are shown, where it is assumed that the NP
contribution comes from only one effective operator Ox for X = Vi, V5, S1, Sy, or T'. As
can be seen, the current data have already constrained the NP contributions to be roughly
|Cx| < O(1), which implies that a contribution larger than that of the SM (2v/2G Vi) is
already disfavoured.

A key reason for measuring B — w7v is that the tensor type interaction of new physics
that affects b — urv cannot be constrained from B — 7v. The current results for b2 for the
tensor form factor still have large uncertainties [144]. Nevertheless, the constraint on Cy is
comparable to the other new physics scenarios. Improvements in the evaluation of the tensor
form factor will be significant for the future search in this process at Belle II.

The following study determined the future sensitivity of R, to NP scenarios with 5ab™?
and 50 ab™! of Belle IT data respectively, based on Ref. [227]. In order to estimate exclusion
limits on the Wilson coefficient Cx, it is assumed that the experimental central value is
identical to the SM prediction and the expected experimental errors at 5ab™! and 50ab~!
are extrapolated from the Belle measurement [274]. The expected constraints from Belle II
are therefore

R =0.64 4 0.23, (159)
R%P™" = .64 4 0.09. (160)

The above values are compared with each NP scenario to determine constraints on Cx, as
shown in Fig. 73. Focusing on the vicinity of the origin of Cx, we see that |Cx| 2 O(0.1)
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Fig. 73: Allowed regions for Vi, Vo, S1, So, and T scenarios based on the measurement of
R. The light grey region is allowed from the measurement of R, by the Belle experiment at
95% CL. The V; and V3 (S7 and S2) scenarios have the same region since their contributions
are identical. The dark (darker) gray regions with black dashed curves denote a possible
reach of 95% CL constraint expected at the Belle II, when £ = 5ab™! (50ab™!) data is
accumulated. For these results, the theoretical uncertainties given in Refs. [129, 144] are
taken into account. The thick dashed red lines for the tensor case show the exclusion limit
when the theoretical uncertainty is reduced by a factor of two.

can be tested by the R, measurement for vector and tensor scenarios. A large negative
contribution to Cy, ~ —2 for example, will always be allowed within the uncertainty. For
the tensor case, we expect to constrain |Cr| to be less than ~ 1. This can be improved if
the theoretical uncertainties are addressed. In the figure, a scenario where the theoretical
uncertainty is reduced by half is also presented, indicating improved sensitivity to tensor
interactions. As for the scalar scenarios, B — 7v has better sensitivity than B — 7w7v due
to the chiral enhancement of the pseudoscalar contribution in the purely leptonic decay.

8.5.3. B — X.tv. Authors: F. Bernlochner (exp.), J. Hasenbusch (exp.), Z. Ligeti (th.)

Introduction. The anomalously large rates of B — D™ 7v measured by BaBar, Belle and
LHCb demand additional, independent measurements of b — crv transitions. The measure-
ment of inclusive B — X.7v decay could provide such additional information. This rate has
not been directly measured, except for the related LEP measurements usually quoted as the
average rate of an admixture of b-flavoured hadrons to decay semileptonically to 7+ X [76]

Bb— X7tv) = (2.41 £ 0.23)%. (161)

The LEP analyses selected large missing energy events in the hemisphere opposite to a b-
tagged jet, so the measurements constrain a linear combination of b — X7v, 70, Xvv, and
X717 [279, 280], of which, in the SM, the X .77 rate dominates by far. It should be noted
that the approaches for modelling semileptonic B decays, and the associated uncertainties,
has evolved since the LEP measurements were performed. This is particularly pertinent for
the problematic B — D**{v processes, which easily mimic the signal. ALEPH for example,
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claims the most precise constraint by far on R(X,.) yet does not explicitly quote any uncer-
tainty for the B — D**{v background. Eq. (161) is nevertheless in good agreement with the
SM, as a recent update of the SM prediction for R(X.) yields [269].

R(X.) = 0.223 £ 0.004, (162)

which, combined with the world average, B(B~ — X.er) = (10.92 £+ 0.16)% [214, 281], yields
the expectation [269]

B(B™ = X.m0) = (2.42 £ 0.05)%. (163)

This prediction is rather precise, thus the inclusive measurement can provide information
complementary to the exclusive channels.

There is a tension between the exclusive and inclusive measurements (161) [269], as the
isospin-constrained fit for the branching ratios [233]

B(B — D*rv) + B(B — Dtv) = (2.78 4 0.25) %, (164)

is above the rate in Eq. (161). This tension is further exacerbated by the 0.15% SM prediction
for the branching fractions to the four D**70 modes [282].

Measuring the inclusive rate should be possible using the existing B factory data, and
especially using future Belle IT data. Uncertainties of the individual B — D®*) 7 branching
ratios are expected to be reduced to about 3% with Belle II data. Clearly, both inclusive
and exclusive measurements should be pursued.

Theoretical results. Here, we briefly discuss the SM predictions for differential distri-
butions in inclusive B — X .77 decays, including 1 /m% and «g corrections. These results
can improve the sensitivity of b — c¢7v related observables to BSM physics. The inclusive
B — X 70 decay rates can be computed model-independently in an operator product expan-
sion (OPE) just like for B — X U, see Sec. 8.7. The perturbative and nonperturbative
corrections can be systematically incorporated, and are modest if one measures the total
inclusive rate without substantial phase space cuts (or large variations of the efficiency).
We outline here how these corrections become large near endpoint regions of these spectra.
The triple differential B — X7 distribution has long been known, including the leading
nonperturbative corrections of order 1/m? [283-285]. Until recently [286], the theoretical
predictions were not available using a well-defined short-distance quark mass scheme.
One often uses the dimensionless kinematic variables

2
. 2F. 2F
q2:q U.q:ru q7 Yy = Ta T = Va (165)
mb my my my

where ¢ = p; + p, is the dilepton momentum, v = p/Mp is the four-velocity of the B meson,
and E;, are the 7,v energies in the B rest frame. The mass ratios

pr=mi/mi,  p=mZ/mj (166)

are also needed.
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Fig. 74: The b — crv Dalitz plot for free quark decay. The solid orange boundary comes
from the first 6 function in Eq. (167), the dashed blue boundary from the second one [286].

The triple differential decay rate in the B rest frame is

1 dr’
Lo dg?dydv-q

=240[2v- G-y )y — ¢ 0[¢° — (2v-G—y-)y-]
{2 = W+ 200 ) = 8+ ] W
+ 2[q2(y - v Q) - pPrvU- Q] Wi’) + pT(qAQ - pT) W4 + 2PT(27} ' Cj - y) W5}: (167)
where

my
19273

Lo = [Va|*GE (168)

is the tree-level free-quark decay rate. The W; are the structure functions of the hadronic
tensor (283, 287], which in the local OPE to A%cp/mj contain §, &', and §” functions of
(14 4% —2v-§— p). The key kinematical difference between zero and nonzero lepton mass
arises from the fact that

1
ve = 2 (v Vi —0r). (169)

which enters the phase space boundaries in Eq. (167), simplifies in the m, — 0 limit: y; — y
and y_ — 0 (in general, y+y_ = p;). In the massive lepton case, the appearance of the second
nontrivial § function in Eq. (167) sets a lower limit on ¢%. For fixed ¢ and v - g,

G-+ 2rdy <y < s +ard, (170)

where ¢+ =v-§++/(v-§)%—¢2 At the parton level, v-§= (144> —p)/2 gives the
partonic phase space in the ¢ — y plane at tree level. The limits on ¢? for fixed y are

p
yf(l—
-y

This is illustrated in Fig. 74, where p = (1.3/4.7)? and p, = (1.777/4.7)? were used.Beyond
tree level, the lower limit of the §* integration and the lower limit of y integration for

¢* < @3 =\/p-[1—p/(1 = /pr)] is replaced by ¢* > p, and y > 2,/p-.

) §Q2§y+<1— >’ (171)

L —yy
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8 Leptonic and Semileptonic B Decays

Integrating over ¢2, the limits on y are

2\p, <y<1l+pr—p. (172)
Integrating over y, the limits of §2 are
pr < i< (1- Vo). (173)

These are the partonic phase space limits which enter the OPE calculation, while the physical
phase space limits are determined by the hadron masses.

Besides the total rate, the ¢> and E, spectra have been studied in detail [286]. The OPE
breaks down for large values of E.. Similar to B — X,y and B — X[ (see Sec. 8.7), the
terms in the OPE that are enhanced near the endpoint can be re-summed into a nonpertur-
bative shape function. The shape function expansion can be rendered valid away from the
endpoint region as well, such that it smoothly recovers the local OPE result [288-290]. One
obtains at leading order [286]

1 dl’
—— =2/y?% — 4p7/d®me(mbo§ +mp —myp)

FO dy
< By~ 20001 = B)(1 — R {ypt
+ (14 2R [y — &y — 2p,] (2—y—d})}. (174)

where T'g = |Vp|2G%m3 /(19273) is the tree-level free-quark decay rate, R, = p/[(1 — y+ —
W)(1 —y-)], and F(k) is the leading order universal shape function. The endpoint region of
the E; spectrum is given by 1 — y; ~ Aqcp/my. For smaller values of E;, the usual local
OPE is reliable.

The order 1/m} corrections reduce the B — X.7¥ rate by about 7-8%, concentrated
mainly at higher values of §?, dominated by the terms proportional to Ao. As for large values
of E;, the OPE also breaks down for large values of ¢>. Near maximal ¢2, the Ay terms

behave as (¢2,,, — G2) /2

, and the differential rate becomes negative. This breakdown of the
OPE occurs because the hadronic final state gets constrained to the lightest few hadronic
resonances, which are not calculable in the OPE. Thus, integration over some range of Ag?
is necessary near maximal > to obtain a reliable result.

It is well known that the pole mass of a heavy quark is not well defined beyond perturbation
theory. This manifests itself, for example, in poorly behaved perturbation series. Including
both the finite m. and m. mass effects, the corrections to free-quark decay for the total rate
were computed to O(as) [291], O(a?By) [292], and O(a?) [293]. The O(as) correction to
dl'/d§* was calculated analytically in Ref. [294], while the corrections to the lepton energy
spectrum can be obtained by integrating d°T"/dydg? calculated in Ref. [295]. The fractional
corrections at order ay to both dI'/dg* and dI'/dy are remarkably independent of ¢ and y,
and so have little effect on the shapes of these spectra, except very close to their endpoints.

Restoring the dimensions of the variables, the phase space limits are
2

2 2
my —mg +m;

m; < E; < ,mi < ¢? < (my —me)?. (175)

2my

One can see using my. = mpp — A+ O(AéCD/miC) that the difference of the upper limit
of ¢? at the parton level, (mp — m.)?, and at the hadronic level, (mp — mp)?, is suppressed
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Fig. 75: The OPE predictions for dI'/dE; in B — X 70 [286]. Left: the dotted green curve
shows the free-quark decay result, the dashed blue curve includes O(as) corrections, and the
solid orange curve includes both a; and 1/m? corrections. The dot-dashed dark red curve
combines O(a, 1/m?) with the leading shape function. Right: the solid blue curve shows the
fractional uncertainty due to the variation of més by +50 MeV, the dashed light blue curves
show that of dmy. by 20 MeV, the solid green curves show the p variation between my/2
and 2my, and the solid red (dotted light orange) curves show the variation of Ay (A1) by
+25%. The dot-dashed dark red curve shows the correction from the leading shape function.
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Fig. 76: Fraction of events above a given 7 energy threshold dI'/dE;,. The curves are as in
Fig. 75. The shaded band shows the total uncertainty.

by AéCD. However, the lepton energy endpoint receives an O(Aqcp) correction, although
numerically only about 100 MeV (it is ~ 300 MeV for B — X,ev).
Writing m,

= mll,s — dMgpe, and treating dmp. = mp — me as an independent parameter is
practical, as it is well constrained by measured B — X .fU spectra, and is the dominant
source of formally O()\;/m?) corrections [296]. We use a conservative £20 MeV uncertainty
on dmpe. We also use A\; = —0.3 GeV? and Ay = 0.12 GeV?, and vary both by 25% to account
for uncertainties and higher order effects.

Figure 75 (left) shows the predictions for dI'/dE; in the 1S mass scheme for the b quark.
The 1/m? corrections are negligible at low values of E, (and ¢?), while their effects become
important for larger values. The peculiar shape of dI'/dE; including the O(1/m?) terms is
due to the fact that near the endpoint both the A\; and Ay terms are large, and the A\; term
changes sign. The dot-dashed (dark red) curve combines the O(a,) and O(1/m3) corrections
with the tree-level leading shape function result in Eq. (174). For this, the fit result from
15
b

Ref. [297] was used (and for consistency also m,~, with a conservative £50 MeV uncertainty).
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8 Leptonic and Semileptonic B Decays

The theoretical uncertainty of dI'/dE. becomes large for E; 2 2.3 GeV, where the result
including shape function effects starts to differ markedly from the local OPE result. For
E; < 2.2 GeV the local OPE gives a reliable prediction of the spectrum.

Figure 75 (right) shows the fractional uncertainties from varying the parameters. The
variations from my = (4.71 + 0.05) GeV keeping dmy. = 3.4 GeV fixed (solid blue curves) and
ompe = £20 MeV (dashed light blue curves) dominate at low and high values, respectively.
Varying the renormalisation scale, p, between my/2 and 2my, is shown by the solid green
curves, and varying the coefficients of Ao and A; are shown by the solid red and dotted light
orange curves, respectively. The dark red dot-dashed curve shows the relative corrections
due to shape function effects.

Since the spectrum cannot be calculated reliably near maximal FE., Fig. 76 shows the rate
above a cut, normalised to the total rate, I'(Eeyt) = (1/T) /. g, AU'/dE:, at different orders
in the OPE. The O(a;) corrections have a negligible effect on these distributions since they
affect the shapes very mildly. The yellow band shows the total uncertainty obtained by
adding all uncertainties in quadrature. In these normalised event fractions, the my and p
variations mostly cancel. The total uncertainty mostly comes from dms. and Aq 2. The dot-
dashed (dark red) curve shows the effect of including the leading shape function. The local
OPE result starts to become unreliable beyond E.y 2 2.3 GeV.

Ezperimental challenges. The analysis of B — X7 at the B-factories is a tremendous
challenge, even at Belle II. Here we discuss the main experimental considerations.

To study B — X7v, tagged samples are a big advantage, particularly tags that are fully
reconstructed in hadronic decay modes. Furthermore, it is useful to restrict the analysis to
7 — fvv modes, as the background level is lower than the hadronic modes. An important
discriminant is the lepton momentum in the rest frame of the decaying B meson, which can
be determined from the kinematics of the hadronic tag. The lepton momentum is lower for
B — Xr7v signal events compared to B — X /v events as the latter produces higher energy
prompt leptons and thus separates this background very well. However, background from
hadronic B decays, producing secondary leptons (B — D — /) or hadrons faking leptons,
will contribute with similar momenta to the signal.

Another important property of the signal are the three undetectable neutrinos in the decay
which carry away momentum and energy. From the known initial eTe™ state kinematics and
under the assumption that the tag side decayed in a hadronic decay mode, the missing
energy and momentum can be derived. Most of the relevant background contributions are
expected to have less missing momentum and energy than the signal decay, which is typically
probed using the missing mass squared m?2 ;. observable. All major background contributions
peak at vanishing missing mass as they decay with a single neutrino. The long tail of the
distribution towards higher missing masses arises due to lost tracks. The signal, however,
resides in the tail regions, only. Combined, the lepton momentum and missing mass squared
can provide a powerful two-dimensional discriminant. This is a high statistics analysis with
an overwhelmingly high background level. Thus, even small deviations between data and
MC cannot be treated as statistical fluctuations and need to be well understood. This leads
directly to the challenges and needs of this analysis.
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o The analysis relies heavily on the modelling of signal and background semileptonic B
decay processes, particularly at low lepton momentum. Mis-modelling of the inclusive
semileptonic B decay spectrum can significantly bias the result, demanding accurate
form-factors for all semileptonic decay contributions and accurate composition of the
X. components. The biggest challenge is to describe the poorly measured high mass
excited charm state modes, which can behave similarly to the signal. However, even the
well known B — D*{v decay is a source of uncertainty since it is the largest individual
contribution to the lepton momentum spectrum.

o The modelling of secondary leptons must also be accurate. Secondary leptons that arise
through upper vertex cascade transitions (B — D — /) will have similar momenta to the
signal and therefore pose a challenge. Furthermore, hadronic B decays where hadrons
fake leptons may contribute through a diverse set of decay chains of hadronic B decays.
Such hadronic decays are typically not well constrained. Further work must be done
to reduce the hadron fakes by improving lepton identification separation power at low
momentum regions.

o The analysis is sensitive to the accuracy of detector modelling. This leads to slight
efficiency differences that become significant in tails of missing mass distributions.

In addition to the above, Belle II should consider strategies to isolate B — D**rv decay
modes by first reconstructing a D or D* and looking for an additional mx component. It will
be challenging due to the lower rates of these modes, and the lower efficiency of explicitly
reconstructing the charm mesons.

8.6. Ezclusive semileptonic
8.6.1. B — D™y, Authors: A. S. Kronfeld (th.), C. Schwanda (exp.)

Ezxperimental status. The decays B — D*fv and B — D/{v are currently the preferred
modes for determining the CKM element magnitude |V,;| using exclusive decays. The exper-
iments measure the differential decay rate of B — D®) /v as a function of the recoil variable
q? or, equivalently, w = (M3 + M12)<*> —¢?)/2MpMp). The formulas for differential decays
rates in ¢? (and cos®, which is an angle between the hadrons and the charged lepton) are
given in Sec. 8.2.

The experimental analyses have to date used a simplifying parameterisation of these form
factors, due to Caprini, Lellouch and Neubert (CLN) [298]. For the form factor and f. (¢?)
and A1(q?), this parametrisation reads®’

b
=
—
Q
no
~—
Il

A1(q2a) [1 — 8phez + (53pD. — 15)2% — (231pF. — 91)2%], (176)
F+(@®) = f+(gmax) [1 — 80Dz + (51p — 10)2% — (252p], — 84)2°], (177)
where

_VeFi-v3

Z_\/w—l—l—&-\@’ 1)

27 The literature on heavy-to-heavy transitions often introduces notation for quantities proportional
to Ay and fy.
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8 Leptonic and Semileptonic B Decays

Table 51: Measurements of ngwF(1)|Ve| and of p%. in the CLN parameterisation of the
form factor [298].

Experiment  ngpwF(1)|Ve|[1073] 0-

BaBar [300] 34.4 £ 0.3gtat = 1.1yt 1.191 % 0.048¢a¢ £ 0.028y
BaBar [301] 35.9 £ 0.24at & 124yt 1.22 £ 0.025¢at £ 0.07syst
Belle [302] 34.6 £ 0.2gtat == 1.05ys¢  1.214 4= 0.0345¢at &= 0.009ys¢

Table 52: Measurements of ngwG(1)|Vep| and of p?, in the CLN parameterisation of the form
factor [298].

Experiment  npwG(1)|Ve| [1077] D

Belle [299] 42.29 4 1.37 1.09 £ 0.05
BaBar [301] 43.1 £ 0.84at + 2.3gyst 1.20 & 0.04¢a¢ £ 0.07gyst
BaBar [303] 43.0 £ 1.94a¢ + 1dgyst  1.20 £ 0.095¢at 3= 0.04gyst

and ¢2,.,. = (Mp — Mp)? corresponds to w = 1 and z = 0. The CLN parametrisation for
the other form factors (or, equivalently, helicity amplitudes) for B — D* reads

Ri(w) = Ri(1) — 0.12(w — 1) + 0.05(w — 1)?, (179)
Ro(w) = Ro(1) + 0.11(w — 1) — 0.06(w — 1), (180)

for certain form-factor ratios. It is important to bear in mind that the numerical coefficients
in Egs. 176, 177, 179, and 180 are estimates with (omitted) uncertainties. Before using
CLN in future work, the coefficients would have to be reevaluated with modern inputs and
their uncertainty propagated. It is advisable, however, to move to a model-independent
parametrisation; see below.

Tables 51 and 52 summarise the most significant measurements of B — D*fv and
B — D{v. They report newF (1)|Val|, ph., newG(1)|Va|, and p?,, where F(1) o A1(q2.y),
G(1) o f1(q2.)- Due to the cleanliness of the D** — D+ D — K~z signal, untagged
analyses of B — D*{v yield the most precise results on 1 (4S) datasets of order 1 ab™1.
The systematic uncertainty in ngwF(1)|Vep| is five times larger than the statistical one,
with leading systematics arising from tracking, lepton and hadron identification efficiencies.
Background uncertainties are not a leading source of uncertainty. For B — Dfv however,
background is a major concern. On B factory data sets the most precise analyses used
hadronic tagging and a large number of reconstructed D modes. In the most precise anal-
ysis [299], statistical and systematic uncertainty are of similar size, with the leading source
of systematic uncertainty being the hadronic tag calibration. This can be controlled further
at Belle II if high purity tag side decay modes are used.

The Heavy Flavour Averaging Group (HFLAV) has performed a fit to these measure-
ments [214] and obtains for D*(v,

newF (1)|Va| = (35.61 4 0.43) x 1073, (181)
p3. = 1.205 £ 0.026, (182)
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and for D/lv,

newG(1)|Vip| = (41.57 4 1.00) x 1073, (183)
p3 = 1.128 £ 0.033. (184)

To convert these results into measurements of |V|, theory input for the form factor nor-
malisation at zero recoil (w = 1) is needed. Using the most recent lattice-QCD calculatons
from the Fermilab Lattice and MILC Collaborations [130, 131] for (1) and G(1), HFLAV
obtains.

[Vep| Doty = (39.05 =+ 0.47 e £ 0.58,) x 1073, (185)
Veo| pew = (39.18 £ 0.94exp, + 0.364,) x 1072 (186)

There is thus a good consistency between |V;| determined from B — D*/v and B —
D/v decays but the exclusive measurement is at odds with the inclusive determination of
|Vep| (Sect. 8.7) by about 3¢ (3.20 for |V| from B — D*fv and 2.40 for V| from B — D{v),
which clearly calls for further studies at Belle II.

As discussed in Sec. 8.5, lattice QCD already provides the full kinematic dependence
of the B — D/lv form factors [131, 132, 240], and corresponding work for B — D*fv is
underway [236]. Instead of CLN, these works use the parametrisation of Boyd, Grinstein
and Lebed (BGL) [304], which uses the same variable z but with no assumptions on the
coefficients, apart from mild constraints stemming from unitarity in quantum mechanics.

There are the indications that a change from CLN to BGL might indeed resolve the
inclusive/exclusive discrepancy. Note that reporting only the CLN parameters, instead of
the form factors bin-by-bin, impedes a simultaneous fit with lattice QCD data at w > 1.
This is especially problematic for B — D/v where the experimental rate approaches zero
at zero recoil with A\3/2 instead of A'/2; cf. Egs. 101 and 120. In Ref. [299], it was shown
that the change from CLN to BGL together with the inclusion of lattice-QCD results at
w > 1 changes new|Ve| from (40.12 £ 1.34) x 1073 to (41.10 £ 1.14) x 1073, i.e., towards
the inclusive result. See also Refs. [131, 132, 240] for similar results. Further, Ref. [305]
presents a reanalysis of the preliminary Belle data of Ref. [306] and found that a change from
CLN to BGL changes the fit result for |V,,| from (38.2 & 1.5) x 1073 to (41.7 £2.0) x 1073,
again compatible with |V| inclusive.

Opportunities at Belle 1. The goal of Belle II for exclusive |V,;| is to see whether fits to
lattice QCD and experiment of the full kinematics agree in shape and, if so, obtain a robust
determination. With 7'(4S) data sets of order 1 ab™!, the limitation has been systematic. So,
unless the detector performance is better understood at Belle II, the experimental uncer-
tainties cannot be reduced. This is feasible, but requires careful examination of tracking
efficiencies and particle identification. Recently a tagged analysis of B — D*{fv using the full
Belle data set has become available, although its results are still preliminary [306]. Here, the
experimental uncertainty in |V is 3.5% compared to 2.9% in Ref. [302]. It should be noted
that the main systematic uncertainty in the latter paper was on tracking efficiencies, which
has since been improved threefold at Belle. In any case the tagged analysis of B — D*{v
is approaching the precision of untagged measurements but it was also found to be lim-
ited systematically (calibration of the hadronic tag). In summary, a reduction of systematic

188/688



8 Leptonic and Semileptonic B Decays

uncertainties at Belle II, namely of the hadronic tag calibration for tagged measurements, is
required to improve current measurements of |V| exclusive. In this way, Belle II’s analyses
of B — D¢y can address the discrepancy between |V, inclusive and exclusive.

Beyond SM tests, these modes can be precisely probed for new physics currents that may
modify angular distributions or introduce phenomena such as lepton flavour universality
violation. Dedicated studies by experiment are yet to be performed, despite the rich offering
of experimental information in these high rate, high purity decay modes.

8.6.2. B — D**{v. Authors: G. Ricciardi (th.) The study of semileptonic decays to
excited charm modes was an ongoing challenge in the B-factories, yet knowledge of their
contribution to the total decay width is a limiting uncertainty in |V;| and semitauonic B
decays.

The orbitally excited charm states D;(2420) and D3(2460) have relatively narrow widths,
about 20-30 MeV, and have been observed and studied by a number of experiments (see
Ref. [307] for the most recent study). The other two states, Dg(2400), D} (2430), are more
difficult to detect due to their large widths, about 200-400 MeV [308-312]. The theoretical
expectation is that the states with large width should correspond to j; = 1/2% states, which
decay as Dj; — D™ through S waves by conservation of parity and angular momentum.
Similarly, the states with small width should correspond to j; = 3/27 states, since D} —
D™ and Dy — D*r decay through D waves. Decays such as D; — D*m may occur through
both D and S waves, but the latter are disfavoured by heavy-quark symmetry.

The spectroscopic identification of heavier states is less clear. In 2010 BaBar observed
candidates for the radial excitations of the D°, D*0 and D*T, as well as the L = 2 excited
states of the D and D7 [313]. Resonances in the 2.4-2.8 GeV/c? region of hadronic masses
have also been identified at LHCb [314-317].

Most calculations, using sum rules [318, 319], quark models [320-323], OPE [324, 325] (but
not constituent quark models [326]), indicate that the narrow width states should dominate
over the broad D** states. This is in contrast to experimental results: a tension known as
the “1/2 vs 3/2” puzzle. One possible weakness common to these theoretical approaches is
that they are derived in the heavy-quark limit and corrections might be large. For instance,
it is expected that 1/m, corrections induce a significant mixing between D; amd D}, which
could soften the 1/2-3/2 puzzle at least for the 1 states [327]. However, no real conclusion
can be drawn until more data on the masses, widths, and absolute branching ratios of the
orbitally-excited D meson states become available. The other puzzle is that the sum of the
measured semileptonic exclusive rates with a D®*) in the decay chain is less than the inclusive
one (the “gap” problem) [312, 328]. Decays into D) make up ~ 70% of the total inclusive
B — X, I rate and decays into D™ 7 make up another ~ 15%, leaving a gap of about 15%.
In 2014 the full BABAR data set was used to improve the precision on decays involving
D®x ¢y and to search for decays of the type D™z wfv. Preliminary results assign about
0.7% to D®x wl v, reducing the significance of the gap from 7o to 30 [329].

The theoretical description of B — D**fv channels have been investigated in Ref. [282].
Lattice-QCD studies are in progress with realistic charm mass, while preliminary results on
B — D**{v form factors are available [330-332].

The charge for Belle II is clear. Belle II must precisely isolate all four orbitally excited
modes and characterise their sub-decay modes as well as possible, to ultimately constrain the
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branching ratios. Form factors must be determined in all modes through precise differential
measurements. Complementary information on the decay rates of orbitally excited modes
should be extracted from hadronic B decays and include multi-pion and other light quark
meson transitions.

8.6.3. B — mlv. Authors: A. S. Kronfeld (th.), M. Lubej (exp.), A. Zupanc (exp.) The
aim for Belle II is to reach one percent-level determinations of |V,;| through a variety of
experimental and theoretical approaches. In the case of B — wfv, the challenge is that
the experimental branching fraction measurements are most precise at low ¢2, whereas the
lattice-QCD form factors are best determined at high ¢2. Interpolating the results will rely
on constraining form factor parameterisations. Ultimately, to obtain the best possible |V,;|
the numerical lattice-QCD form-factor data must be extended to the full kinematic range,
while the experimental measurement is expected to greatly improve with improved statistical
power. An order of magnitude more data from Belle II will allow precise tests of these lattice-
QCD predictions for the ¢ dependence. If the ¢ shapes of experiment and lattice QCD
agree, it is straightforward to fit the relative normalisation to obtain |V,

Measurements of decay rates of exclusive B — X, fv, decays, where X, denotes a light
meson containing a v quark, such as 7, p, w, 77(/), etc., and £ an electron or muon, have in the
past been performed using three different experimental techniques that differ only in the way
the companion B meson in the event is reconstructed: tagged hadronic, tagged semileptonic,
or untagged. In the rest of this subsection, we present results of sensitivity studies on the
determination of |V,;| through exclusive B — 7¢*v, decays using the untagged and hadronic
tagged reconstruction techniques of the Beomp performed with the Belle II MC5 sample.

Untagged measurement To reconstruct signal B candidates, good pion and lepton candi-
dates are selected based on the responses of particle identification sub-detectors and by
requiring that their momenta in the laboratory system exceeds 1 GeV/c. Improved K/x
separation in Belle II allows for better b — ¢ — s rejection than in Belle or BaBar. The
two charged daughter particles are required to originate from the same point by keeping
only pairs with the confidence level of the vertex fit exceeding 0.001. Under the assumption
that the neutrino is the only missing particle, the cosine of the angle between the inferred
direction of the reconstructed B and that of the Y = 7/ system is

2E5EL — M3 — M2
2pLPy

cosfpy = , (187)
where E* and p* are energy and 3-momentum magnitude in the CMS system of the B and
Y, respectively. The energy and momentum magnitude of the B meson are given by energy-
momentum conservation and can be calculated as Ej = Ecyg/2 and pj; = ,/Eg2 — M%.
Correctly reconstructed candidates should strictly populate the interval |cosfpy| <1,
although due to the detector resolution, a small fraction of signal is reconstructed out-
side this interval. Background processes usually have more than one missing particle and
therefore the angle is not constrained between —1 and 1. Due to detector resolution effects
we require —1.2 < cosfpy < 1.1 to ensure high efficiency.

The Belle II detector geometry hermetically covers a large portion of the full solid angle
(approximately 90%), so we assume all remaining tracks and clusters in the rest of event
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(ROE) originate from the companion Beomp meson. This Beomp candidate is not recon-
structed in the same way as in tagged analyses, but rather just by adding the 4-momenta of
the remaining tracks and clusters as

pror = Y _(Ei,pi) + Y _(\/m? +p2,p)), (188)
t J
where ¢ and j indices run over all clusters and tracks not used in the reconstruction of the

signal side, respectively. The mass hypothesis of track j, m;, is determined based on the
response of the particle ID sub-detectors. We take it to be the one with the highest posterior

probability.
The missing 4-momentum of the event is given as
Pmiss = (EmiSS7pmiss) = Pete- — PY — PROE, (189)
where the pete- = (Eete—, Pete-) denotes the 4-momentum of the colliding beam particles.

For correctly reconstructed candidates and only one missing neutrino, pmiss should be equal
to py, with p?niss = m2 = 0. Due to resolution effects the signal distribution peaks at zero
with a non-zero spread.

With the neutrino momentum determined, we can attempt to correct the ¥ momentum
to obtain the momentum of the signal B meson as

PB =Py + (pmissapmiss) = (EBapB)’ (190)

where we have substituted the missing energy F\,iss with the missing momentum magnitude
Pmiss due to better energy resolution.

Having the B meson 4-momentum we can calculate the B meson specific variables: M.,
the beam-energy constrained mass, and AFE, the beam energy difference, defined in the

28

laboratory frame*® as:

/2 +PB - Pere-)?
Mbcz\/(/ 2 6+€) *p2Bv (191)

ete~

AE — PB ' Pete- _5/27 (192)
Vs
where /s is the CMS energy.

The momentum transferred from the B meson to the leptonic part is calculated as
¢®> = (pB — pr)?. The ¢* resolution function is shown in Fig. 79. The resolution can be
even further improved (reducing the root-mean-square of the resolution by around 20%) by
taking into account the fact that the B momentum is kinematically constrained to lie on a
cone around the Y pseudo-particle’s momentum and taking the weighted average over four
possible configurations of the direction of the B meson.

It is not optimal to sum over all remaining calorimeter clusters and charged tracks in the
event as indicated in Eq. 188 due to extra tracks and extra clusters from back-splashes, beam
background induced interactions, and secondary interactions of primary particles produced
in eTe™ collisions. In order to select good tracks and reject those produced in secondary

28 The laboratory frame is chosen because it depends less on the choice of mass hypotheses of the
ROE track particles.
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Fig. 77: The distributions of AE and My, for the untagged B — wfv analysis, with and
without rest of event (ROE) optimisation.

interactions of primary particles with the detector material we train a boosted decision
tree (BDT) using the following input: impact parameters in radial (dg) and z directions
(z0) and their uncertainties, the track momentum p, cosine of the polar angle of the track
cos f, number of hits in the vertex detector, track fit p-value and the distance to the nearest
cluster at the calorimeter radius. To reject beam background induced energy deposits in the
calorimeter and back-splashes we train another BDT with the following input: the energy
deposited in a 3 x 3 block over that in a 5 x 5 block of calorimeter crystals, Ey/Fss5, cosine
of the polar angle of the cluster cos®, cluster timing, cluster energy, number of hits in the
calorimeter, probability of the cluster coming from a 7° particle, and distance to the nearest
track hit at the calorimeter radius. As mentioned before, improper summation of tracks and
clusters leads to degraded B candidate distributions as shown in Fig. 77. To optimise the
ROE selection based on an MVA output discriminant we use the criteria that maximises the
signal purity in the AF signal region. Optimising ROE results in increased purity as well as
efficiency, due to new candidates with optimised properties entering our selection.

There are three major sources of background: quark continuum (e*e™ — ¢g, ¢ = u,d, s, ¢),
Cabibbo favoured processes (B — X .fv) and other Cabibbo suppressed processes other than
B — mlv (B — X,lv). Suppressing each type of background requires separate treatment.
Continuum events represent the easiest background category to suppress, since the event
shape of continuum events is more jet-like, whereas BB events have a more isotropic event
shape. For this background type we train four different BDT classifiers (defined in Sec. 6.4):
1) CLEO cones (event topology), 2) Kakuno-Super-Fox-Wolfram moments (event topology),
3) output from 1) and 2) with additional thrust-axis variables, 4) and output from 3) with
additional B-meson selection variables.

Additional B meson selection variables include the 7 identification probability, the lepton
helicity angle cos @y, the missing momentum polar angle 6,5, the difference between flight

distances of the B mesons dz, the angle between the Y pseudo-particle and the z-axis
2

cos gy, and an improved version of the m ;.. variable, mfﬂiss /2Emiss, where its resolution
does not decrease with Episs. Each input variable was checked for its correlation with ¢

and all variables with a significant correlation were discarded. The optimal BDT output
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Fig. 78: The distributions of M. and AE with signal and background components for the
full ¢? range. The signal is shown separately and set to the expected yield.

selection requirement is determined by maximising a statistical power figure of merit. In
order to suppress b — ufyy; background we train another BDT with the same input as BDT
from step 4 above. The final sample composition, after all selection criteria are applied, is
shown in Fig. 78. The ¢?-averaged signal efficiency is found to be around 20%. We identify
signal candidates by performing a 2D fit in Mpc and AE. The sample is then split into 13
bins of ¢? from 0 to ¢2,, = 26.4 GeV?/c%. We define the fit region as My, > 5.095 GeV/c?
and |AE| < 0.95 GeV and perform fits to extract the raw signal yield in each ¢? bin

Tagged measurement In the tagged measurement we first require that the companion B
meson is fully reconstructed in one of many potential hadronic decay modes. After finding a
good Bcomp candidate we require that the rest of the event is consistent with the signature
of the signal decay: it contains only two additional oppositely charged tracks, one being
consistent with the pion and one with the lepton hypothesis based on particle identification
sub-detectors. The lepton charge must be consistent with the flavour of the decaying B. As
in the case of the Bt — 77u, study, we use Beomp candidates provided by the Full Event
Interpretation algorithm (see Sec. 6.6) with a signal probability exceeding 0.1%. In the case
of multiple BeompBsig candidates we keep the combination with the Beomp candidate that
has the highest signal probability. Since we measure the 4-momentum of the companion
B meson we can infer the signal B meson 4-momentum, the missing 4-momentum of the
neutrino produced in the signal decay, and the momentum transfer to the lepton system
squared, ¢2, as

PBuy = PT(4S) — PBeomp (193)
Pmiss = Pv = Pr4S) = PBeomp — Pm = Pt (194)
¢ = (pe+1v)? = (P8, — Pr)” = (PT(4S) = PBeomy — D) (195)

where we take the companion B meson 4-momentum in the 7°(45) frame to be

PBeomp = (ECMS/2, PBoouny)- (196)
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Fig. 80: The M2, =p2... (left) and Fexa (right) distributions of tagged B® — 7=ty
candidates as obtained from events containing signal B® — 7~ ¢*v, decays, and background
B — p=¢*y, and BY — X (T, decays.

The precise measurement of the momentum of the companion B meson results in an improved
measurement of g2 compared to the untagged measurement, as shown in Fig. 79. The overall
reconstruction efficiency is found to be 0.55% in the MC sample, which is considerably above
the reconstruction efficiency (0.3%) of the tagged measurement reported by Belle [278]
The signal is extracted from the missing mass squared distribution (]\4%15S = p?niss), where
the signal is expected to be located in a narrow peak near zero, while background from
other b — wfv transitions populates a wider region towards higher missing mass, due to
extra missing particles in the decay, as shown in Fig. 80. These processes can be further
suppressed by requiring that there is little energy deposited in the calorimeter that can not
be associated to the decay products of the signal nor to the companion B. Alternatively, the

signal can be extracted by performing a 2D fit to le and Fextra (see Figure 81.)

iss
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miss
from events containing signal (left) and background B? — p~¢Tv, decays (right).

Systematic uncertainties. A full breakdown of the systematic uncertainties of the tagged
and untagged measurements are given in Table 53. In the tagged method, most systematic
uncertainties are determined from purely data driven techniques. Systematics due to back-
ground modelling from B — X /v and B — X, fv (cross-feed) are reasonably small due to
the high purity of the method. The untagged method suffers from low purity, which makes
it more difficult to isolate signal from poorly understood cross-feed background. Although
the quoted model uncertainties are already small, totalling less than 2% on the branch-
ing fraction, it would require far more detailed studies of the full B — X, /v rate across
¢ to reliably reduce them further. The remaining irreducible uncertainty is derived from
the normalisation to the number of B mesons produced, shared between the Belle N(BB)
measurement and the production fraction fyo/f+—. Although these are systematics-limited
quantities, they can be improved with better experimental detection systematics and more
orthogonal measurements. A conservative limit of 1% is assigned.

8.6.4. Bs— Kfv. The decay B? — K~ ¢*y, proceeds at the tree-level in the stan-
dard model via the flavour-changing charged-current b — u transition. The only difference
between this decay and the B — wfv decays is in the spectator quark: a strange quark
in B - K~ ¢*y, and a down (up) quark in By — 7~ O¢y, decays. Recently, several
groups have performed lattice-QCD calculations of the form factors in BY — K¢ty
decays [127, 140]. Thus, precise measurments of the rate and ¢*> dependence will provide
a completely independent way to determine |Vyp|.

As can be seen from the SM predicted differential decay rate for BY — K~¢*v, and B —
7lv decays by the RBC and UKQCD collaborations [127] in Fig. 82, the predictions for BY —
K~ ¢ty are more precise than those made for B — nfv decays. The decay B? — K~ {*u,
has not yet been measured, but as will be shown in this subsection it will be possible to
measure it using data from an 7°(55) run at Belle II.

The number of produced Bﬁ*)ﬁﬁf‘) pairs in eTe™ collisions at CMS energies near the 7(55)
resonance is more than an order of magnitude lower than the number of BB pairs produced
near the 7'(4S) per ab~!. The reason is due to the lower cross-section for bb production at
the 7'(55) (approximately 0.3 nb) and low probability for bb to hadronise to Bg*)ﬁg*) pairs
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Table 53: Summary of systematic uncertainties on the branching fractions of B® — 7= ¢t
decays in hadronic tagged and untagged Belle analyses with 711 fb~! [278] and 605 fb~! [276]
data samples, respectively. The estimated precision limit for some sources of systematic

uncertainties is given in parentheses.

Source Error (Limit) [%]
Tagged [%] Untagged
Tracking efficiency 0.4 2.0
Pion identification - 1.3
Lepton identification 1.0 24
Kaon veto 0.9 -
Continuum description 1.0 1.8
Tag calibration and Ng5 4.5 (2.0) 2.0 (1.0)
X lv cross-feed 0.9 0.5 (0.5)
X lv background - 0.2 (0.2)
Form factor shapes 1.1 1.0 (1.0)
Form factor background - 0.4 (0.4)
Total 5.0 4.5
(reducible, irreducible) (4.6, 2.0) (4.2, 1.6)

IVil? dI'/dg? [ps'Gev?)]

Fig. 82: SM predictions for the differential decay rate divided by |Vy|? for BY — K~ pty,
and B — 7
muv decays from Ref. [127].

(about 20%) instead of BB with or without additional light hadrons. A data sample collected
at 7(5S) corresponding to 1 ab~! would contain only around 60 million Bé*)E§*> pairs,
which makes the measurement of B — K ~¢*v, much more challenging, due to a degraded
signal to noise ratio and the high rate of B, /g — X fv and B, ;4 — X, v background. This
combined with the relatively low reconstruction efficiency of tagged approaches means that
the untagged measurement approach is best suited for the study of BY — K~ ¢Tv, decays.
The untagged measurement strategy described here follows the strategy applied and

described earlier for B® — 7~ ¢*1, decays and will not be repeated. The major difference
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Fig. 83: My, and AFE distributions of the By, — K/lv analysis over the full ¢> range, with
signal and background components depicted separately and with arbitrary normalisation.
The signal component is not to scale with the background.

with respect to the BY — 7~ ¢t study is in the simulated sample. Here, we used Belle’s sim-
ulated sample of ete™ — 1'(5S5) — B§*)§§*), BWB® BB r  BBrrm, and ete™ — qg
since such samples were not yet available for Belle II at the time of writing. The Belle
experiment’s simulated samples, corresponding to a data sample of around 720 fb~!, were
converted to Belle II’s mDST format and analysed with Belle IT analysis software.

The reconstruction efficiency for signal B? — K~ ¢*v, decays is found to be 9.2%, while
the background suppression rate for other processes is similar to the one reported by previ-
ous B — 7 (v, untagged studies. The efficiency for generic Bg*)ﬁg*) , BBX, and qq events
is found to be 1.9 x 1074, 3.2 x 1074, and 2.5 x 1079, respectively. The M, and AE distri-
butions for accepted events is shown in Fig. 83. Fits to the M}, and AFE distributions in 6
bins of ¢? yields in total 2196 + 165 signal events (setting B(B? — K~ ¢*1y) = 1.5 x 107% in
the simulation) indicating that measurement of the decay rate can reach 5-10% precision at
Belle IT with a 1 ab™! data sample collected at 7(59).

8.6.5. |Vu| extraction. The value of |V,;| and its expected precision are extracted via
a simultaneous fit to simulated data and lattice-QCD predictions. Both inputs were used
to construct a y2 = X(ziata + xéCD function that was minimised. The fits of all three modes
for the £ =15 ab™! integrated luminosity point are shown in Fig. 84. The values of oy,
for all three modes and projections to various values of integrated luminosity are shown
in Tables 54 and 55. Lattice-QCD uncertainties also have a large impact on the precision
of |Vupl, so efforts to reduce the lattice-QCD uncertainties are expected in the future (see
Sec. 7.5). Projections of oy, for various cases of lattice-QCD forecasts can be seen in Fig. 85.

8.7.  Inclusiwe semileptonic
Authors: G. Ricciardi (th.), F. J. Tackmann (th.), P. Urquijo (exp.)

8.7.1. Owverview. In inclusive semileptonic B — X /{v decays one considers the sum over
all possible kinematically allowed hadronic final states X. In the theoretical description the
optical theorem then allows one to replace the sum over hadronic final states with a sum
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Fig. 85: Projections of V,; error to various luminosity values and lattice-QCD error fore-
casts for B — wlv tagged and untagged modes. The figure on the left is obtained by using
lattice forecasts with EM corrections and the figure on the right by forecasts without these
corrections.

over partonic final states, which eliminates any long-distance sensitivity to the final state.
The short-distance QCD corrections, which appear at the typical scale u ~ m;y of the decay,
can be computed in perturbation theory.

The remaining long-distance corrections are related to the initial B meson. They can
be expanded in the heavy-quark expansion (HQE) in powers of Aqcp/my ~ 0.1, where
Aqcp is a typical hadronic scale of order Mp —my ~ 0.5GeV. This expansion systemat-
ically expresses the decay rate in terms of non-perturbative parameters that describe the
universal properties of the B meson.

The non-perturbative parameters affect the differential decay rates from which |[V| and
|Vup| are extracted. Their dominant effect is on the shapes of the distributions while |V|
and |Vy| only enter through the overall normalisation. Hence, the strategy for a precise
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Table 54: Projections of |V,;| uncertainties to Belle II luminosities for B — 7fv tagged (T)
and untagged (UT) modes along. All uncertainties are in %. Lattice-QCD error forecasts
were taken into account according to Sec. 7.5. The error in the second right-most column
corresponds to forecasts with EM corrections Sec. 7, and the final column corresponds to
forecasts without this correction.

L[ab~'] op (stat, sys) oSG ov,, (EM) oy, (no EM)

1 T 3.6, 4.4 6.2 -
UT 1.3, 3.6 current 3.6 3.6
5 T 1.6, 2.7 , 3.2 3.0
uT 0.6, 2.2 n 5 yrs 2.1 1.9
0 T 1.2, 2.4 , 2.7 2.6
UT 0.4, 1.9 5 yrs 1.9 1.7
50 0T 0.5, 21 . 1.7 1.4
UT 02, 17 w10y 1.3 1.0

Table 55: Projections of |V,,3| uncertainties to Belle II luminosities for B; — K /v untagged
mode. All uncertainties are in %. Lattice-QCD error forecasts were taken into account
according to to Sec. 7.5. The error in the second right-most column corresponds to fore-
casts with EM corrections in Sec. 7, and the final column corresponds to forecasts without
this correction.

L [ab™'] op (stat, sys) ag’éeﬁa“ ov,,(EM) oy, (no EM)
1 6.5, 3.6 current 6.5
5 29,22 in 5 yrs 4.7 4.5

determination of V| and |Vip| is to fit them together with the relevant non-perturbative
parameters, as well as the b-quark mass, from the experimental measurements.

The present inclusive |V| and |V,;| determinations are theoretically limited by the impre-
cise knowledge of the required non-perturbative parameters. Hence, a key goal for Belle II
will be to reduce this systematic limitation, in conjunction with theoretical improvements,
by exploiting the large data set to obtain precise and detailed measurements of differential
distributions, ultimately mapping out the complete triple-differential decay rate: in py, m_ZX,
and ¢2. In the case of |V], this effort will be focused on extending the scope of existing
moments measurements. For |V,;|, spectral information will be compared to theory for the
first time in global analyses.

8.7.2. Inclusive |Vg| from B — X lv. The perturbative calculations of the B — X fv
differential decay rates are mature. The current global fits for |V| are performed to the
measured moments of the lepton energy, Ey, and hadronic mass, m?X (with various lower
cuts on the lepton energy) [214]. The most recent HFLAV global fit (in the kinetic scheme)
extracts |Vgp| together with the local OPE parameters appearing at 1/m? and 1/m; as well
as the quark masses, yielding |V,s| = (42.19 £ 0.78) x 1073,
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The total uncertainty of about 2% is limited by the theoretical uncertainties, where the
fit is very sensitive to the precise treatment of the theory uncertainty correlations in the
predictions for the different moments [333]. The HFLAV fit uses theory predictions up to
NNLO, while the 1/ mg and higher corrections are included at tree level. The complete power
corrections up to O(a; x 1/m?) are known and including them in the global fit [334] leads to
|Vip| = (42.21 £ 0.78) x 1073, The effect of the 1/7712"5 corrections in the global fit have also
been estimated [335], by constraining the large number of new parameters with the so-called
Lowest-Lying State Approximation (LLSA) [335-337]. They are found to have a minor effect,
giving |Vip| = (42.11 £ 0.74) x 1073. Further theoretical improvements are feasible through
the calculation of the O(as X 1/m3) corrections and eventually the O(a?) corrections.

Even though the current global |V| fit is theoretically limited, more precise measure-
ments of inclusive B — X v at Belle IT will be very valuable to scrutinise the inclusive |V|
determinations, and help to resolve the tension between the inclusive and exclusive determi-
nations. In particular, precise measurements of hadronic mass moments directly in bins of Fy
instead of a lower cut on E, would be useful to avoid unnecessary large statistical correlations
in the measurements. Precise measurements of the Fy, spectrum all the way to the kinematic
endpoint should be performed, which will provide valuable insight into the eventual break-
down of the local OPE description. It may also be possible to obtain nontrivial constraints
on the shape functions that are of primary relevance for inclusive |V,;| determinations [288].
In addition, measurements of other single-differential spectra, such as the hadronic energy,
Ex, neutrino-energy, F,, and ¢® spectra will be useful to provide complementary kinematic
information.

Bs — X v from T(55) data. Both inclusive and semi-inclusive measurements of Bg —
X:lv have been performed by experiments to date. This class of measurements is not typ-
ically used for the extraction of |V,| but rather the determination of Bs production rates
at B-factories and hadron colliders. It is also an important background to any future mea-
surements of charmless semileptonic By decays at Belle II. Measurements of inclusive and
semi-inclusive rates at Belle IT would be based on data taken on the 7°(55) resonance. Due
to the relatively small values of f; = 0.2, and o(7'(55)) ~ 0.3 nb, these analyses suffer from
a larger background than those of B mesons at the 7'(45).

The inclusive semileptonic branching fraction of By — X /v decays was measured by BaBar
and Belle [338, 339] and found to be in agreement with the expectations from SU(3) flavour
symmetry [340, 341], which is also interesting to test more precisely. Such tests are crucial
for understanding branching fraction predictions for B, decays. Semi-inclusive analyses of
Bs — Dy X(*v and By — D}~ X/{"v decays and measurements of their branching fractions
have been performed by the D0 [342], LHCb [343], and Belle experiments [344]. Belle also
reported the first measurement of the semi-inclusive branching fractions B(Bs — DsX/{v)
and B(Bs; — D*X{v) using its entire 121 fb~! 7(59) dataset.

These measurements were limited by production rate uncertainties. In Belle II, B, tagging
methods on data samples in excess of 1 ab™! will circumvent By normalisation limitations
and mitigate background from B mesons. With a sample of about 5 ab™! we should expect
to reach a statistical precision of 2% and systematic precision of about 4% using a hadronic
tag. Other methods may be of greater use with smaller data sets, such as a Dy and/or lepton
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tag, but ultimately the hadronic tag is most effective in accurate absolute branching ratio
measurements.

8.7.8.  Inclusive |Vyp|. The current |V,,;| measurements from BaBar, Belle and CLEO gen-
erally exhibit tension with exclusive and CKM global fit determinations. The inclusive values
vary depending on the kinematic fiducial region, which may be due to differences in theory
treatment in these regions, or to experimental signal and background modelling imperfec-
tions. Above all, the goal for the measurement of |Vy;| from inclusive B — X, fv decays is
to understand the persistent tension between exclusive and inclusive determinations. The
large data set at Belle II must be exploited to constrain the dominant sources of uncertain-
ties, namely non-perturbative parameters in decay modelling, and final state hadronisation
effects.

Theoretical Overview. The theoretical description of inclusive B — X, fv decays is based
on the same underlying principles that are used for inclusive B — X .fv decays. The total
B — X, lv rate can in principle be calculated in an OPE in terms of local operators, which
has a similar structure as for the total B — X v rate, with non-perturbative corrections
first appearing at O(1/m?).

However, the primary challenge for the inclusive |V,;| determination is the overwhelming
background from B — X.fv. As aresult, the dominant experimental sensitivity to B — X, /v
and |Vyp| is in the region of phase space where the B — X fv background is kinematically
forbidden, namely the region where the hadronic X, system has invariant mass mx < Mp.
Due to the much larger B — X v rate, experimentally the residual background from mis-
reconstructed B — X fv decays is still important in this region.

In this phase-space region non-perturbative corrections are kinematically enhanced, and as
a result the non-perturbative dynamics of the decaying b quark inside the B meson becomes
an O(1) effect.

In addition to the lepton energy, Ey,, the decay kinematics can be described with the
hadronic variables

pk = Ex —|px|,  px = Ex + |px|, (197)
where Ex and px are the energy and momentum of the hadronic system in the B-meson
rest frame. In terms of these, the total hadronic and leptonic invariant masses are given by

mk =pkpx, ¢ =(Mp—pL)(Mp—px). (198)
The differential decay rate is given by
T G%|V b‘Q Aqcp
- Uk OBy pe,pt, k) F(k +O<Q—>. 199

The photon energy spectrum in the inclusive rare decay B — X plays an important role in
determinations of |V,|, as it is given in terms of the same leading shape function appearing
in Eq. (199),

dar

i A
Ehatalip— incl |2 *(2, 2 @
T = (P EVRVE R [k O, B Pl + 0220 (200)

The “shape-function” F'(k) is a non-perturbative functionthat describes the momentum
distribution of the b quark in the B meson [345, 346]. For p} ~ k ~ Aqcp, which includes
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the endpoint region of the lepton energy spectrum as well as a large portion of the small-
mx region, the full shape of the non-perturbative component of F'(k) is necessary to obtain
an accurate description of the differential decay rate. An essential property is that F(k)
is normalised to unity, such that it only affects the shape of the decay rate but not the
normalisation.

In addition to F(k), several additional sub-leading shape functions appear at
O(Aqcp/mp) [347], and an even larger number of unknown shape functions appear
at O(asAqcep/mp) [348]. The differential decay rate contains three underlying hadronic
structure functions, so there are effectively three independent combinations entering the
description of B — X, /v.

For p} > k ~ Aqcp, only the first few moments of F(k) are needed, which recovers the
expansion in terms of local OPE parameters. In practice, the experimental measurements
can lie anywhere between these two kinematic regimes, which makes it important to have a
consistent description across phase space.

The coefficient C (Eg,p)_(,p},k) in Eq. 199 describes the partonic quark decay b — ufv
and can be computed in QCD perturbation theory. It is known up to NNLO. In the b — u
sensitive region p} < py it also contains Sudakov double logarithms In? (p} /Py ) which can
be re-summed up to NNLL.

The unknown form of the shape function is the dominant systematic limitation in the
inclusive |Vy;| determination. An important parametric uncertainty is due to m;. While
the total decay rate scales like mg, in the shape-function region the dependence can be
much stronger. A substantial part of the m; dependence is entangled with F'(k) and enters
indirectly via its first moment, which makes a consistent treatment of F'(k) important.

Measurements. Existing inclusive |V,;| determinations are typically based on measure-
ments of partial branching fractions in various fiducial kinematic regions. These regions have
been chosen to balance between experimental statistical uncertainties, and theoretical uncer-
tainties, and to probe for inconsistencies in predictions of non-perturbative effects. Several
theoretical approaches have been used to translate the measurements into |V,;|, which differ
in their treatment of perturbative corrections and the parametrisation of non-perturbative
effects, in particular in the shape-function region. These are BLNP (Bosch, Lange, Neubert,
Paz) [349-351], GGOU (Gambino, Giordano, Ossola, Uraltsev) [352], DGE (dressed gluon
exponentiation by Andersen and Gardi) [353], and ADFR (Aglietti, Di Lodovico, Ferrera,
Ricciardi) [354-356]. The former two use non-perturbative model functions to parametrise
the shape functions, where the model parameters are adjusted to obtain the correct first
non-perturbative moments such that the local OPE result is reproduced outside the shape-
function region. The latter two use perturbative models for the shape function. A detailed
review can be found in Ref. [2].

Selected results are summarised in Table 56 with the HFLAV average [214]. Currently the
most precise |V,| determinations by both BaBar and Belle appear to come from the most
inclusive measurements, which use 467 and 657 million BB pairs, respectively. These analy-
ses rely on hadronic tagging, which provides flavour and kinematic information for inclusive
reconstruction of the signal side. The signal is reconstructed by identifying a charged lepton
then summing all tracks and neutral clusters in the event to form a hadron candidate. Selec-
tion criteria includes charged and neutral kaon vetoes (events with K*, Kg but not K, on
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Table 56: Status of inclusive |V,;| determinations from HFLAV [214].

(IVup| x 10°)
Measurement BLNP [349-351] GGOU [352] DGE [353] ADFR [354-356]
HFLAV 2016 4.444+0.157030 45240167015 4.52+0.15707)  4.08+£0.137515
Belle 4.50 £0.277039  4.62+£0.28%013  4.62+0.287000  4.50 £0.301520
p; > 1 GeV/c [357)]
BaBar 4.33 40247020 44540247012 4.44+£0.247090  4.33+0.247079
p; > 1 GeV/c [358]
CLEO 4.22 40497027 3.86+£0.45%0325 42340497037 342+0.4070 17
2.1 < Ee < 2.6 GeV [359]
Belle 4.93 0461035 4.82+£045%033  4.95+0.467035  4.48 +£0.421530
1.9 < Ee < 2.6 GeV [360]
BaBar 45140127040 3.92+0.107923  3.81+0107018 —

2.0 < Ee < 2.6 GeV [361]

the signal side are rejected), vetoes for events that contain slow-pions likely to have originated
from D*T decay, and requirements for small missing mass. The signal yields are determined
from simultaneous fits of the b — u signal and the dominant b — ¢ background in the two-
dimensional hadron mass mx-¢? distribution. The only explicit phase-space restriction on
the extracted B — X, fv branching ratio is the lower threshold on the lepton momentum,
Ey > Eni, with Enqi, as low as 0.8 GeV. However these analyses do have many selection
criteria that induce non-trivial dependence of the efficiency on decay dynamics. Therefore
the fit and the detection efficiency both require knowledge of the b — u signal model, and
since the sensitivity to b — wu still dominantly comes from the shape-function region, this
leads to direct dependence on the theoretical decay model. Direct sensitivity to the under-
lying theory model used in the MC was studied in a recent BaBar analysis of the lepton
energy spectrum [361]. A breakdown of the systematic uncertainties in the most recent Belle
analysis is shown in Table 57, broken into reducible and irreducible components.

Normalisation for |V,;| may reach a precision limitation due to calibration of the tagging
method, although it can be measured as a ratio with B — X.fv which will cancel some
uncertainties. Systematics related to reconstruction efficiencies, fake leptons, and continuum
are data driven and expected to improve with a larger data set. Belle II’s hadron tag is
expected to perform better than that used in the previously published Belle inclusive analysis
with about 3-4 times better efficiency.

A large fraction of the residual background is due to B — X v events where the charm
meson decays to a K%. It is difficult to reconstruct Kg mesons, and to model their hadronic
interactions with the KLM and ECL. If precise measurements and reliable calibration of K%
identification can be performed in Belle II via use of high statistics control modes it would
greatly aid in purifying this analysis in the high Mx region. Very few analyses to date have
attempted to veto on the presence of K% in the signal due to the large differences between
data and MC simulation in hadronic interactions.

Decay modelling and fragmentation. Systematic uncertainties and biases introduced

through model dependence are a very important consideration for Belle II measurements
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Table 57: Systematic errors (in percent) on the branching fractions for B — X, /v in the
hadron tagged sample, with 605 fb~! of Belle data. The precision limit for some systematics
is given in brackets.

Source Error on B (irre-
ducible limit)

B(DWv) 1.2 (0.6)
Form factors (D®*)¢v) 1.2 (0.6)
Form factors & B(D**)(v) 0.2

B — X, (u(SF) 3.6 (1.8)

B — X, lv(g — s5) 1.5

B(B — m/p/wlv) 2.3

B(B — n"v) 3.2

B(B — X,(v) unmeasured/fragmentation 2.9 (1.5)
Continuum & Combinatorial 1.8
Secondaries, Fakes & Fit 1.0

PID& Reconstruction 3.1
BDT/Normalisation 3.1 (2.0)
Total 8.1

(Total reducible) 7.4

(Total irreducible) 3.2

of this channel. Measurements must improve modelling, and improve robustness to fluctua-
tions in modelling choices. B — X, /v modelling is performed via a cocktail of exclusive and
inclusive contributions depicted in Fig. 86. Typically the exclusive component is comprised
of well measured contributions, such as for X, = m, p, 1, w but this is only around 20%
of the total rate. The remainder is left to be modelled by an inclusive generator. Further
measurements of the specific hadronic contributions to the semileptonic decay width are
crucial.

Another effect not yet effectively addressed in previous B — X, fv analyses is the fragmen-
tation of the X, system. Studies in a recent Belle exclusive B — X, fv, and a semi-exclusive
B — X,v analyses demonstrate that the nominal light quark fragmentation is different to
that found in data. Both found that the probability for low multiplicity final states to be
produced is overestimated by PYTHIA (JETSET), as shown in Fig. 58. This can impact
substantially on reconstruction efficiencies and PDF shapes for branching fraction fits. To
further constrain this effect, inclusive analyses will need to allow for a degree of freedom in
hadron multiplicity, similar to the semi-exclusive approach pioneered in B — X,y. Strange-
anti-strange production, i.e. B — K K{(v, is not constrained by experiment and yet Kaon
vetoes are commonly used in inclusive analyses. Such channels must be measured to reduce
bias, as listed in Table 57. The large data set at Belle II will allow for differential measure-
ments in kinematic observables, such as M)%, ¢%, and py, separately for both charged and
neutral B decays. This provides important information to constrain uncertainties on shape
functions, weak annihilation and signal modelling. The inclusive analyses performed to date
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Fig. 86: Modeling of the B — X, ¢v decay hadronic invariant mass, based on the BLNP [349—
351] inclusive prediction (dashed red line) as well as the inclusive (solid black line) and
inclusive plus exclusive cocktail (solid blue line) used commonly in MC simulations.

Table 58: The relative proportion of each B — X,y mode in the range 1.15 GeV/c?> < My, <
2.8 GeV/c? in the data and default MC. The striking difference between default PYTHIA
MC and data multiplicity must be addressed directly in inclusive b — ufr measurements.

Mode Data Default MC
Kr without 7° 42404 103
K7 with 7° 21402 54
K27 without 7° 14.5+0.5 12.9
K27 with 7° 24.0+0.7 152
K3 without 7¥ 83+0.8 5.9
K3n with 7° 16.1+1.8 15.7
KArn 11.1+28 123
K2rY 144435 144
Kn 3.2+0.8 4.9
3K 2.04+03 3.0

provide insufficient information to rule out any of the theoretical frameworks used in the
extraction of |Vy;;|: hence new and better shape information is critical.

Model independent measurements. To maximally benefit from the measurements in the
long term and to allow for taking advantage of future theory improvements, measurements
at Belle II should be performed and reported as independent of theoretical assumptions as
possible. This will require measurements of differential spectra that fully characterise the
transitions as in exclusive decays, e.g., ¢%, Oy, M)Q(, pe. Such measurements have not been
performed accurately by the B factories to date.
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One of the quoted HFLAV averages is |V, = 4.62 4+ 0.20 + 0.29 [214], which is obtained
using the alternative BLL (Bauer, Ligeti and Luke) [362] approach based on performing a
local OPE calculation at large ¢2, and is hence limited to measurements that use a cut in the
mx-q> plane. Weak annihilation contributions, which are concentrated at maximal ¢%, seem
to be strongly constrained by semileptonic charm decays [363-365]. Nevertheless, they remain
a source of theoretical uncertainty that is hard to quantify here. Hence, precise separate
measurements of charged and neutral B-meson decays to constrain these contributions are
well motivated at Belle II, as are direct searches for weak annihilation effects at high ¢.

Key input to these extractions are the values of the HQE parameters: the b-quark mass,
my, and the Fermi motion quantity, 2. These quantities are typically obtained from fits
to moments in B — X fv inclusive decays, with additional constraints from either QCD
calculations for m, in the kinetic scheme, or from B — X,7v inclusive decays. They can also
be extracted from the heavy-quark-mass dependence of heavy-light meson masses, computed
in lattice QCD [152, 154, 366, 367]. Measurement of the HQE parameters is limited by
experimental precision and can be improved with dedicated analyses at Belle II with a
larger data set and smaller experimental systematic uncertainties.

|Vup| global fit. Due to the intrinsic trade-off between experimental and theoretical clean-
liness, there is no simple prescription for an optimal region of phase-space in which to
measure the partial branching fraction. Instead, the most precise and reliable inclusive |V,;|
determination should exploit all available experimental and theoretical information. This
is accomplished with a global fit to full spectrum information to simultaneously extract
the overall normalisations (|Vy| for B — X, v and |CI| for B — Xgv) together with
the required parameters such as m; and the leading (and eventually sub-leading) non-
perturbative shape functions F'(k). In this way one minimises the uncertainties and makes
maximal use of all available data, and the fit automatically “chooses” the most sensitive
region given the experimental and theoretical uncertainties.

Compared to the global |V| fit, a global |Vi;| fit is more involved, since the non-
perturbative quantities to be fitted are now continuous functions rather than a few numbers.
For this reason it will be important to combine both B — X, fv and B — X7v data as well as
constraints on the shape function moments from the non-perturbative parameters extracted
from B — X v.

Experimentally, this requires the precise measurement of as many independent differen-
tial spectra as possible to maximise the available shape information, which will be key to
constraining sub-leading corrections. Interesting possibilities would be double-differential
measurements in Fy, and myx, but also in other variables such as p}, ¢%, Ex, or E,. Ulti-
mately one should aim to completely map out the fully-differential spectrum as precisely as
possible. The separation of charged and neutral B mesons will also be important.

Theoretically, the central ingredient for a global |V,3| fit is a model-independent treat-
ment of the shape function, as was first proposed in Ref. [290]. More recently, artificial
neural networks have been used to provide a very flexible and essentially model-independent
parametrisation of the shape function [368]. The important requirement is that it must be
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Fig. 87: Projections for a global |V,;| fit at Belle IT with 1 ab~! and 5 ab™'. No theory
uncertainties are included in the fit, which can be expected to be of similar size.

possible within the global fit to let the form of F(k) as well as its uncertainties be char-
acterised solely by the uncertainties in the included experimental measurements, such that
any intrinsic limitations from model-dependent assumptions are avoided.

Using this approach, a global fit to all available B — X vy measurements extracting ]C’%nd\
along with F'(k) has been performed by the SIMBA collaboration in Ref. [297], clearly
demonstrating the feasibility of this approach.

Projections for a global fit using two projected single-differential spectra in mx and Fy for
B — X, fv and a E, spectrum in B — X,y from Belle II at lab™! and 5ab~! are shown in
Fig. 87. Projections with even higher integrated luminosity are hard to obtain, because they
will require improvements on the experimental systematics. As always, these projections
only should serve as an indication. The achievable precision will strongly depend on the
precision and number of available spectra. The projected fit uncertainties at lab™! (5ab_1)
are about 4.5% (3%) for the fit to B — X, fv only and 3% (2%) for the combined fit to
B — X,y and B — X, fv. These fit uncertainties already include the dominant parametric
uncertainties from mj and F'(k), as these are constrained in the fit by the data. They do not
include theoretical uncertainties, which can be expected to be of roughly similar size to the
fit uncertainties. These projections do not include sub-leading shape function effects, which
are expected to become relevant at this level of precision, but can then also be constrained
by the measurements. In general, one can expect that the increased Belle II statistics can
and should be exploited to reduce the current systematic limitations.

V| summary. A summary of projections for inclusive, exclusive and leptonic decay
based determinations of |V is given in Table 59.

8.8. Conclusions

Belle IT will have a lot to say on leptonic and semileptonic B meson decays. Precise mea-
surements of the CKM matrix element magnitudes are crucial for pinning down the allowed
level of C'P violation in the SM, but much work must be done to resolve inconsistencies
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Table 59: Expected errors in | V| measurements with the Belle full data sample, 5 ab=! and
50 ab~! Belle II data. Note that the statistical error quoted for exclusive |V,;| branching
fraction, however a fit to the spectrum information is used to determine |V,;|. We use the
lattice-QCD projected precision for the future data sets.

Statistical Systematic Total Exp  Theory Total
(reducible, irreducible)

|Vup| exclusive (had. tagged)

711 bt 3.0 (2.3, 1.0) 3.8 7.0 8.0
5ab 1 1.1 (0.9, 1.0) 1.8 1.7 3.2
50 ab~! 0.4 (0.3, 1.0) 1.2 0.9 1.7
|Vub| exclusive (untagged)

605 fb~! 1.4 (2.1, 0.8) 2.7 7.0 7.5
5ab 1 1.0 (0.8, 0.8) 1.2 1.7 2.1
50 ab~ ! 0.3 (0.3, 0.8) 0.9 0.9 1.3
|Vup| inclusive

605 fb~1 (old B tag) 4.5 (3.7, 1.6) 6.0 2.5-45 6.5—7.5
5ab ! 1.1 (1.3, 1.6) 2.3 2.5-4.5 3.4-5.1
50 ab~ ! 0.4 (0.4, 1.6) 1.7 2.5-4.5 3.0—4.8
|Vup| B — v (had. tagged)

711 fbh! 18.0 (7.1, 2.2) 19.5 2.5 19.6
5ab~! 6.5 (2.7, 2.2) 7.3 1.5 7.5
50 ab~! 2.1 (0.8, 2.2) 3.1 1.0 3.2
|Vup| B — v (SL tagged)

711 fh! 11.3 (10.4, 1.9) 15.4 2.5 15.6
5ab ! 4.2 (4.4, 1.9) 6.1 15 6.3
50 ab~! 1.3 (2.3, 1.9) 2.6 1.0 2.8

in approaches for both |Vy;| and |V,|. Prospects are particularly good for improvements to
|Vup|, on inclusive and exclusive approaches, owing to more data and better particle recon-
struction performance at Belle II. Highly significant anomalies in semi-tauonic modes should
be confirmed or refuted after only 5 ab—! of data. This will only be achievable if substantial
effort is made to measure and carefully characterise the B — D**/v background. Differen-
tial spectra will be measured with great precision, to probe possible new physics models.
Measurements of leptonic B decays are yet to be seen with 5 ¢ significance in either the tau
or muon modes by a single experiment. This former is achievable with at most 2 ab™! at
Belle II, and the latter is achievable after 5 ab™1 (assuming the SM branching ratio). Many
new opportunities for new physics searches will be opened up with more data, which were
discussed in detail in this section.
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9. 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, C. Smith, D. Straub,
J. Virto, S. Wehle and R. Zwicky

9.1.  Introduction

Flavour-changing neutral current (FCNC) b — s and b — d processes continue to be of great
importance to precision flavour physics. The FCNC processes proceed to lowest order via
one-loop diagrams (called penguin or box diagrams) in the Standard Model (SM). Since
new-physics particles may enter the loop diagrams or even mediate FCNCs at tree level,
the b — s and b — d transitions are sensitive to physics beyond the SM. Since final states
involving photons or lepton pairs are both theoretically and experimentally clean, radiative
and electroweak (EW) penguin B decays are ideal place to search for new physics. The
Belle IT physics program in this area will focus on processes such as the inclusive B —
X547 and B — X ¢0T ¢~ channels, as well as rare decays involving photons or neutrinos like
Bys — vy, B — K®yp, Bgs — 777 and B — K™+ 7~ Fully-inclusive measurements of
the b — s,d~y and b — s,d ¢~ transitions are very difficult at LHCb and so is the detection
of B-meson decays into final states containing photon pairs, neutrinos or taus. As a result,
Belle II is the only experiment that can provide detailed information on the latter FCNC
processes in the near future.

A second important physics goal of Belle II in the area of radiative and EW penguin
B decays will be to provide independent tests of the anomalies recently uncovered by
the LHCb and Belle experiments in the angular analysis of B — K*/*¢~ [369-371] as
well as in the determination of Rx = Br(BT — Ktputu~) /Br (BT — Ktete™) [372] and
Rg« =Br (B —» K*utp™) /Br (B — K*%Te™) [373]. Some of these measurements have
also been performed by ATLAS and CMS, although with less sensitivity [374-376]. In order
to shed further light on the possible origin of the existing flavour anomalies, additional inde-
pendent measurements are needed. Given that the reconstruction efficiency for electrons
is comparable to that for muons thanks to the excellent electromagnetic calorimeter, the
Belle II experiment is the natural place to perform such measurements.

In this section, we discuss the theoretical basics and the Belle II sensitivity to the afore-
mentioned decay modes. The chapter is organised as follows. In section 9.1.1, the theoretical
framework is provided, namely the effective Hamiltonian as well as a brief overview of the
hadronic effects relevant to the radiative and the EW penguin decays. In section 9.2, the
inclusive and exclusive radiative decays, b — sy and b — dr, are discussed. It becomes appar-
ent in this section that at Belle 11, a separation of B — pvy from B — K*v becomes more
accurate due to the improved particle identification. In section 9.3, double-radiative decays
are examined. A first observation of B — 7+ decay may be possible during the early data
taking of Belle II. In section 9.4, the inclusive and exclusive EW penguin decays, b — sf*¢~
decays, are reviewed. The Belle II experiment can play an important role to test the anoma-
lies observed by LHCb in the angular observable of B — K*pu+p~. Furthermore, Belle IT will
have access to the B — K*eTe™ channel with nearly the same sensitivity as B — K*u™ ™,

209/688



which will provide crucial additional information. The interplay of the inclusive and exclu-
sive B— K*{T¢~ and B — X /"¢~ decays is also stressed. In section 9.5, decay channels
which involve missing energy such as B — K® v and By — vv are discussed. An early
discovery of B — K® v is possible at Belle II. Possible dark matter interpretations of the
missing energy signatures are also briefly analysed.

9.1.1.  Theoretical basics. (Contributing authors: T. Feldmann and U. Haisch)

Effective Hamiltonian. After decoupling the top quark, the Higgs boson and the EW
gauge bosons, flavour-changing weak interactions relevant for the b — ¢y transitions with
q = d, s can be described in the SM by the following effective Hamiltonian (see e.g. [377, 378])

H§§4_—4G—FA [Zc QH—/{qZC } (201)

Here G is the Fermi constant and we have defined x, = Al / )\ = (VyyVun)/ (Vg Vip). 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
AP AG A — oAt A% A,
(202)

D AD — o3 A3 A3,
with the Wolfenstein parameter A ~ 0.225 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 [378]. Let us quote here the most
important ones:

Q1 = (qy %) (eLy*Tyr) ,

Q2 = (qryucr)(eLy'br),

e » (203)
Q7 = 1672 mb(QLU bR) uv
Gs
QS = 1672 (QLO-#VTabR)GZVa
where e and g are the electromagnetic and strong coupling, Fj, and Gj, the U(1)em

and SU(3). field-strength tensors, T% are colour generators, and the 1ndlces L, R denote
the chirality of the quark fields. The operators ()Y, appearing in (201) are obtained from
Q12 by replacing c-quark by u-quark fields.

The Wilson coefficients C; in (201) 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(my ) and then evolved down to p, = O(my) using
the renormalisation group equations (RGEs) in the effective theory. At present, all the
low-energy Wilson coefficients Cj(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 [379].
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In the case of the rare decays into two charged leptons b — ¢ ¢~ with ¢ = e, u, 7, the SM
operator basis in (201) has to be extended by two additional operators

e _ _
Qo = W(QL’YM?L)MW“Z) >
e _ (204)
Q10 = 765 (@ be)(Er"75L)
while for the b — quv transitions only the single operator
QL = (quyubr) (Tery*ver) , (205)

is relevant. Also in the case of the b — ¢f™¢/~ modes the relevant low-energy Wilson coef-
ficients Cj(pp) are known to NNLO accuracy within the SM [380-382], while in the case
of b — qui only the next-to-leading order (NLO) corrections are fully known [383, 384].2°
The effect of physics beyond the SM (BSM) to radiative and rare b — ¢ transitions can
enter (201) in essentially two ways: (i) through modified values for the high-scale Wilson
coefficients C; not necessarily aligned with the flavour coefficients ASJ) and/or (i7) through
additional operators with different chirality and/or flavour structures compared to the SM.

Hadronic Effects. As it stands, the effective Hamiltonian (201) only describes the weak
decays at the parton level. The physics associated to long-distance (LD) dynamics requires
to evaluate hadronic matrix elements

(Xa.7 (C707)|Qi| B) (206)

of the operators Q;, 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
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) [287, 388] 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/mep and as(my).
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 [345, 346, 389]. 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 [390, 391] for B — Xy that this is not always the case.
These non-local power corrections can be expressed in terms of soft functions or subleading
shape functions. At present our knowledge of these functions is limited to their asymptotic

29 The smallness of NNLO effects in By — p = [385] suggests that also in the case of b — qui
such contributions should have a very limited phenomenological impact. NLO EW effects similar to
those studied in [386, 387] are instead more relevant.
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behaviour as well as constraints on their moments. In consequence, the precise impact of
non-local power corrections is difficult to estimate in practice.

In case of exclusive decay observables, B-meson decays involving no energetic light hadrons
can be described in Heavy Quark Effective Theory (HQET). At first approximation, the rele-
vant hadronic quantities are given by B — X transition form factors which can be obtained
with reasonable accuracy from lattice-QCD simulations, see [392] and references therein.
In recent years, various lattice results became available e.g. B — 7 form factors [129, 144],
B — K form factors [143, 393], B — K* and Bs; — ¢ form factors [394, 395]. The lattice
simulations are performed for high-momentum transfer, ¢> > 14 GeV?, i.e. small hadronic
recoil. Predictions for smaller values of the invariant mass ¢? of the lepton pair 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 F,e.oi to light hadrons in the final state is large of the order
of mp/2. In these cases, the systematic heavy-mass expansion leads to the concept of QCD-
(improved) factorisation (QCDF) (cf. [396, 397]). 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/myp. Form factors at large hadronic recoil can, for instance, be calculated with
QCD light-cone sum rules (LCSRs), for a review see e.g. [398, 399]. 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 [400] 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 Aqcp/Erecoil, but the exact number is hard to quantify.

9.2.  Inclusive and Fxclusive Radiative Penguin Decays
9.2.1. Inclusive B — Xy decays. (Contributing authors: M. Misiak and G. Paz)

FEzxperimental 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 C'P-averaged and isospin-
averaged branching ratios by BaBar [401-404] and Belle [405, 406] lead to the following
combined results

BroP = (3.27+0.14) - 107%, (207)

BryP = (1.4140.57)-107°. (208)
They are in perfect agreement with the corresponding SM predictions [407, 408]

BriM = (3.36 +0.23) - 10, (209)

B = (1.731043) - 1075 (210)

The results in (207) to (210) 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 Bry,. Next, extrapolations down to £, > Ey = 1.6 GeV
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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 Ej.

exp
8y
chosen as an input, and the extrapolation factors from [409] have been used. The ques-

In the average for Bri*P given in (207), only the measurements at Ey = 1.9 GeV have been

tion whether uncertainties in these factors have been properly estimated awaits a devoted
study [297, 410, 411], especially in view of the upcoming more precise measurements at
<P (208) was performed in [412], following the

dry
method of [409]. In this case, the precision is much less of an issue given the large uncertainties

Belle II. The necessary extrapolation for Br
in the original experimental result [402].

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

F(B — Xq’)/) = F(b — Xg’)/) + 5Fnon—per7 (211)

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 X7 (strangeness = 0). As long as Ej
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 remain under control, and constitute a
correction at the few percent level [391, 413]. However, to discuss their size in a meaningful
manner, one needs to get rid of m;:"pole from the leading perturbative contribution I'(b —
X?v), as on-shell masses of quarks are ill-defined. For this purpose, a normalisation to the
semi-leptonic decay rate can be used. The SM results quoted in (209) to (210) have been
derived from the formula [414]

6«
Bry, = Bres, & —os | PalEo) + Nq(Eg)] , (212)

where & = Vi Vip/Ves|? is the relevant CKM factor, a = a/(0) is the electromagnetic coupling
constant renormalised at ¢? = 0, Bryy, stands for the C'P-averaged and isospin-averaged
branching ratio of the semi-leptonic B — X7 decay, and C represents the so-called semi-
leptonic phase-space factor

Vo |? T(B — X 0
“= I(B = X, 00) 213
‘Vcb (B — X (7) (213)
The function P;(Ep) is defined by the ratio
T(b— X2y) +T(b— Xy) 6o
= & Fa(Eo) . 214
[Ven/ V|2 T(b — Xie) &q T a(Eo) (214)

In the ¢ = s case, the non-perturbative effects accounted for by Ng(1.6 GeV) in (212) enhance
the central value of Brgy by around 3% [415], while the corresponding uncertainty amounts
to about £5% [391]. In the ¢ = d case, one encounters additional sources of uncertain
hadronic effects that originate from the CKM-unsuppressed b — duty transitions [413]. We
shall come back to the issue of non-perturbative corrections after discussing the dominant
perturbative term P, (Ep).

Theoretical Calculations of Ps(Ejp). For b — sv, the CKM element ratio x5 in (201) is
small, changing Brgy by less than 0.3%. Barring this effect and the higher-order EW ones,
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P,(Ep) is given within the SM by

8
Py(Eo) = ) C5 () C5™ () K (215)
i,j=1

where C¢T are certain linear combinations of the Wilson coefficients C; (cf. [407]). They
differ from C; only for i = 7,8, and are fixed by the requirement that the leading-order
(LO) b — sy and b — sg amplitudes are proportional to C‘?H and Cgﬁ.

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

K = i (O‘ﬁb))n&(j) . (216)

n=0

The quantities Ki(j(») ) and Ki(jl) are already known in a practically complete manner, with

the latest contributions coming from [416, 417]. As far as K 1(]2 ) are concerned, it is sufficient
to restrict to the operators listed in (203) 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) [418-420] and K%) [421, 422] only. For
Kl(f ) 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 [423-425] in
the Brodsky-Lepage-Mackenzie (BLM) [426] approximation.

It remains to discuss K1$ and Kzg . The BLM approximations for these quantities have
been established for some time [423, 427]. The same is true for effects due to non-vanishing
quark masses in loops on the gluon lines [428]. However, the generic non-BLM parts of K g)
and Kég) have been found so far only in two limiting cases for the c-quark mass, namely
me > mp/2 [429, 430] and m. =0 [407]. An interpolation between these two limits was
performed in [407], leading to the conclusion that the considered non-BLM corrections are
sizeable, enhancing Brfy by about 5%.

An uncertainty of £3% due to the interpolation in m,. was included in the error budget
of (209). It was added in quadrature to the other three uncertainties of Brfy: 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 Kg)

for the physical value of m. without any interpolation.

The Case of Brgg/l. Extending the NNLO calculation to the case of Brgi\y/[, one needs to
take into account that, contrary to ks, the ratio x4 is not numerically small. The global
CKM fit in [431] implies that

ki = (000THO) 1 (~0.40410013). 1)

Due to the small value of Re k4, terms proportional to |r4|? turn out to give the dominant r4
effects in the C' P-averaged Brcsll\y/[. In such terms, perturbative two-body and three-body final-
state contributions arise only at O(a?) and O(as), respectively. They vanish for m. = m,,
which implies that they are suppressed by m?/ mg ~ 0.1. As a result, the main k4 effect
comes from four-body final states, namely from the b — duuy mode that appears already at
tree level.
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One way to calculate these contributions consist in evaluating the b — duuy diagrams
including a common light-quark mass mg inside the collinear logarithms [425], and then to
vary my/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 [413]. As a result, the SM prediction
for Brg, in (210) is essentially insensitive to which of the two methods is used. The central
value in that equation corresponds to the first method with m;/m, = 50.

Non-Perturbative Effects in B — Xg. In discussing the non-perturbative effects in
B — X7, one has to distinguish contributions from the interference of Q)7 with itself, and
contributions from other operators. It is convenient to express the quantity Ng(Ey) that was
defined in (212) in terms of the Wilson coefficients, by analogy to (215)

8
No(Eo) = > ™ (1) C5™ (1) Sij - (218)
i,j=1
For Fy far from the endpoint region, S7;7 is parameterised 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

— 1
S77 = Z m—g Z ck,n<ok,n> . (219)
n=2 k

The (O, ) matrix elements scale as A&CD, which implies that the power corrections start at
power /%CD /m?. The coefficients ¢y, o were calculated up to O(ay) in [432, 433]. Their O(a?)
parts [434, 435] turn out to vanish due to accidental cancellation of corrections of this order to
the radiative and semi-leptonic B — X, ¢ decays. The quantity S77 affects the SM prediction
for Brgy (209) by around —0.3% only, which includes the effect of the O(a?) coefficients
cr3 [436]. The coefficients cx 4 and ¢ 5 have also been calculated at O(al) [336], but the
corresponding matrix elements are poorly constrained, and the resulting small correction
has been neglected in (209).

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

T 1 1 A2
Zé:~H.J®S+n%§:H-J®&+n%%:H.ﬁ®S+O(:g?). (220)
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 [345, 346, 389]. 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 (220), H [419] and J [437]
are known up to O(a?). For the second term, H and J are known explicitly at O(a2)
only [348, 351, 438] (see also [347]). For the third term, H is known at O(a?) and j; at
O(as) [439]. As one integrates over the photon energy in (220), the shape functions reduce
to local operators, and one obtains (219). Measurements of the B — X4y photon spectrum
are being used in calculations that are necessary to extract |V,p| from B — X, (v [345, 349,
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411, 440, 441]. 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, (g gives rise to the process b — sg — sqqy, and Q)2 leads
to the process b — séc — sgy. Such effects were discussed in the literature [390, 415, 442—
447] but were only studied systematically in [391]. Taking them into account, the photon
spectrum in the endpoint region can be factorised symbolically as [391]

CZ;~H-J®S+H-J®3®J+H-J®3®J®J. (221)
The first term in (221) is the direct photon contribution, similar to (220), while the terms in
the second line correspond to the resolved photon contributions that start at order Agcp/mp.
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/mp, 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 Br§’17\4 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.

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

I'(B = Xsy) —T(B = X3)

App = =2 . 222
“PTT(B = X) +T(B — X5) (222)

As shown in [448], they dominate over perturbative effects [449-452]. One finds a C'P asym-
metry 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 C'P asymmetries
for charged and neutral B mesons are sensitive to new-physics effects [448].

Currently, the main source of uncertainty in Brfy are the resolved photon contributions.
The extraction of HQET parameters from B — X /7, as done in [335], can help to better
control the Se7 contribution. By better measuring the isospin asymmetry (IA)

B I'(BY = X)) —T'(BT = Xv)
- T(BY = X)) +T(BT = X))’

Ao+ (223)

one can furthermore hope to pin down the S7g contributions since these quantities are
directly related [391, 453]. New Belle II measurements can therefore help to suppress non-
perturbative uncertainties in the SM predictions for B — Xyv.

9.2.2. Measurements of B — Xs7. (Contributing author: A. Ishikawa)

There are two methods to reconstruct B — X,y 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, wheren > 1 and m > 0. Hadronic candidates are then combined with
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Table 60: Observables accessible in B — X,y 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 (¢), and if the momentum of the signal B meson is measured (pg).

reco. method tagging effi. S/B q pp 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

a hard photon to reconstruct B-meson candidates. In the fully-inclusive method, the other
B meson is usually tagged to improve the S/B ratio. One can require a fully reconstructed
hadronic final state (hadronic tag), a fully reconstructed semi-leptonic decay (semi-leptonic
tag), or only an energetic lepton (leptonic tag) from the B-meson decay.

The two reconstruction methods have their own pros and cons, and provide access to
different observables, as summarised in Table 60. 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 the sum of b — s and b — d transitions. Reconstructing the other B-
meson decay determines the charges of the b quark and/or the spectator quark (d or u) in
the signal B meson, which is required to measure direct C P and/or isospin violation.

The branching ratio of B — X,y was measured by BaBar [401, 403, 404, 454], Belle [405,
455] and CLEO [456]. 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 utmost importance. For instance, at Belle, the dominant source of systematic
uncertainties in the inclusive analysis with lepton tagging arises from neutral hadrons faking
photons. Dedicated studies of the cluster shape in the calorimeter, which were not performed
at Belle, allow to constrain the contribtuion of the fake photons or even reduce the contrib-
tuion. At Belle II, it should be possible to reduce this uncertainty from 3.7% to 1.9% by the
studies. A conservative estimate gives that the total systematic uncertainty with a photon
energy threshold of 1.9 GeV can be reduced from 5.3% to 3.2%.

So far, all measurements required a photon energy threshold in the range of [1.7,2.0] GeV,
extrapolating to the photon energy 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 mea-
surable, removing the need to perform the extrapolation and in turn the corresponding
source of systematic uncertainties. Lowering the photon energy threshold leads, however, to
an increase of the size of the systematic uncertainty due to hadronic backgrounds. Thus,
several energy thresholds will need to be considered in the future experimental analyses to
better control this systematics.

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°(4S5)
rest frame is needed in case a fully-inclusive analysis with lepton tagging is performed. The
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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 expected to be dominated by statistics at Belle due to the limited number of tagged
B mesons. In view of the large data set at Belle II, systematic uncertainties will instead
dominate. In fact, like in the case of lepton tagging, the dominant source of systematic
uncertainty arises from mis-reconstruction of neutral 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 different sys-
tematics, compared to the fully-inclusive analysis. The dominant sources of systematic
uncertainties will be due to fragmentation and missing decay modes. Given the large data
set it should however be possible to reduce the latter source of uncertainty by including
additional 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 (223), measurements of the isospin asymmetry Aoy could
be useful to reduce the theoretical uncertainties of the branching ratio of B — X v. It has
been found in [390, 453] that if a more precise measurement of Ag; turns out to stay near
zero, that would help to significantly reduce the theoretical uncertainty. The BaBar col-
laboration measured Ag; (B — Xgv) = (—0.6 5.8 £ 0.9 £ 2.4)% with the sum-of-exclusive
method [457] and Agy (B — Xsya7) = (—6 £ 15 £ 7)% with the fully inclusive method [401]
with partial data sets of 81.9fb~! and 210fb™ !, respectively. Recently, Belle also measured
Ao+ (B — Xgy) = (+1.70 £ 1.39 + 0.87 £ 1.15)% with sum-of-exclusive method using a full
data sample of 711 b1 [458]. In the measurements, the first error is statistical, the second
is systematic and the third is due to the production ratio of B¥ B~ and BYB° from 7(45S)
decay (fy+—/foo). At Belle II, both the sum-of-exclusive method and the fully-inclusive
method with hadronic tagging can be performed. As an example, the sum-of-exclusive
method can reduce the experimental uncertainty in Aoy down to 0.6% with 50ab~! of
data (see Table 61).

The dominant uncertainty of Ag; (B — Xgv) at Belle II will be of systematic origin and
related 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,
B — D*{~ i, as has been done by BaBar [459]. Belle II measurements of Agy (B — X1 47)
will instead be statistically limited.

Direct C'P 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 — Xsyq7) = (1.6 £3.9£0.9)% for E, > 2.1 GeV [460]. At
Belle 1T 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 estimate 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 flavour and isospin of the parent in B — X,y decays.
Such a separation is needed in order to study the direct C'P violation and the difference
of direct C'P violation between the charged and neutral B mesons AAcp(B — X,v) =
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Acp(BT = X)) — Acp(BY — X0v). Given that AAcp(B — Xv) o< Im(Cs/Cy) [448],
measurements of AAcp(B — Xy) provide sensitive probes of new physics.

As stated earlier the theoretical uncertainty of the C'P asymmetry (222) is dominated
by the contribution from resolved photons [448]. Precise measurement of Acp hence allows
to constrain the size of non-local power corrections. The existing measurements of Acp
by BaBar and Belle with 429fb~! and 711fb~! use the sum-of-exclusive method and find
(+1.7+£1.9+1.0)% [461] and (+1.71 £1.26 £ 0.21)% [458], respectively. BaBar and Belle
also measured AAcp = (+5.0 £ 3.9+ 1.5)% for E, > 2.1GeV [461] and AAcp = (+1.26 +
2.40 £ 0.67)% for E, > 1.9 GeV [458], respectively.

Belle II can measure both Acp and AAcp 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 due to the statistics of the larger
data sample, since it is in practice determined from control samples or 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 conservatively took all of the BB background events as contributing to
the latter uncertainty. At Belle II it should be possible to obtain a more realistic estimate,
since the C'P asymmetries of both charged and neutral B — X,y decays and the dominant
peaking backgrounds can be measured precisely. As a result the achievable accuracy of the
measurement of AAgcp is determined by the statistical uncertainty for which a precision
of 0.3% is expected. BaBar and Belle usually assumed that the direct C'P violation does not
depend on the specific X decay mode while Belle II can also test this assumption with its
large data set.

Belle II will also perform a measurement of AAgcp(B — X1 47) 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 11, the statistical uncertainty is still dominant even after including
a factor of two improvement in the hadronic tagging efficiency.

9.2.3. Measurement of B — Xg. (Contributing author: A. Ishikawa)

In constrast to B — X7y the inclusive B — Xy4v decay is experimentally largely unex-
plored. In consequence, Belle II is in the near-term future the only place to study the various
B — Xgy observables.

Since a fully-inclusive analysis is impossible in the presence of the large B — X,y back-
ground, a measurement of B — X4y has to rely on the sum-of-exclusive method. BaBar
in [402] has managed to reconstructed 7X, decay modes, 27, 37 and 47 modes with at most
one neutral pion and 757 (— vy) 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 the B factories in the sum-of-exclusive
measurement of B — X v. 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 1’ plus multiple pions, as well
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Table 61: Sensitivities of observables for the radiative inclusive B decay. A photon energy
threshold of £, > 1.9GeV (E, > 2.0 GeV) is assumed for the B — Xy (B — X,v) analysis.
Some sensitivities at Belle are extrapolated to 0.71ab™!. In the case of the branching ratios
the quoted uncertainties are relative ones, while for what concerns Agy, Acp and AAcp

they are absolute numbers.

Observables Belle 0.71ab™' Belle II 5ab™' Belle II 50 ab™*
Br(B — Xy)Ptee 5.3% 3.9% 3.2%
Br(B — Xy)padtos 13% 7.0% 4.2%
Br(B — Xs7)sum-of-ex 10.5% 7.3% 5.7%
A0+(B — Xs’y)sum_of_ex 2.1% 0.81% 0.63%
Aoy (B = Xy qy)hadee 9.0% 2.6% 0.85%
Acp(B — Xy )sum-of-ex 1.3% 0.52% 0.19%
Acp( — X ’y)sum_of_ex 1.8% 0.72% 0.26%
Acp(BT = X 9)sum-otex 1.8% 0.69% 0.25%
Acp(B — X, dy)fll; tag 4.0% 1.5% 0.48%
Acp(B = Xopgy)iadtos 8.0% 2.2% 0.70%
AAcp(B = X o) sumeof-ex 2.5% 0.98% 0.30%
AAcp(B — Xy gy)idtee 16% 4.3% 1.3%
Br(B — X7)sum-of-ex 30% 20% 14%
A(H_(B — Xd'Y)sum—of—ex 30% 11% 3.6%
Acp(BT = X' )sum-of.ex 42% 16% 5.1%
ACP(BO — ng’}/)sum_of_ex 84% 32% 10%
ACP(B — Xd'Y)sum—of—ex 38% 14% 4.6%
AACP(B — Xd')/)sum-of-ex 93% 36% 11%

as by applying a looser hadronic mass cut. The second and third largest uncertainties are of
statistical origin (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 Aot (B — Xg7v), Acp(B — Xyv) and AAcp(B — Xg47v) have up to now
not been measured. In the asymmetries, large parts of the systematic uncertainties cancel
out and the corresponding measurements will therefore be statistically limited at Belle II.
With 50 ab~! of data, the precision on Agy (B — Xg4v) can be estimated to be about 14%.
The accuracy of Acp is expected to be slightly worse than that of Agy since flavour tagging
of the other B® meson is needed for flavour non-eigenstate B? — X, 0 77 decays. By taking into
account an effective flavour tagging efficiency of 30% and using the product of the mixing
probability in the BYB° system, y4 = 0.1875, the anticipated precision of Acp(B — Xq7)
is 5%. The quoted uncertainty is dominated by the statistical uncertainty on Acp(B*T —
X, + 7v), while the accuracy of a future AAcp measurement is dominated by the statistical
uncertamty on Acp(B = X9-v) and amounts to roughly 11%.

The summary of the Belle II sensitivities for the various B — Xy7v channels is shown in

Table 61.

9.2.4. FExclusive b — qy decays. (Contributing authors: E. Kou and R. Zwicky)
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Preliminaries. Radiative decays into light vector mesons B, — Vv with V =
K*, p,w, ¢, represent prototypes of FCNC transitions. Promising candidates are By s —
(K*,¢)y for the b — s and B, ) — (p/w, K*)7y for the b — d transitions.

To first approximation only the matrix elements of the photonic dipole operator Q7 in (203)
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 QQ1_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 flavour structure of the respective four-
quark operator in (201). In the QL topology two quarks from the four-quark operators with
the same flavour are contracted to a closed loop from which the external photon and/or
additional gluons can be radiated.

In QCDF the LD processes have been shown to factorise at LO in Aqcp/me
and O(as) [462-464]. A LCSR computation for the contribution of Qg at leading twist
has been performed in [465], where also a discussion of the relation to QCDF can be found.
WA has been computed in the LCSR approach in [466-468]. The computation of QL in
LCSR is involved, and a hybrid treatment of QCDF and LCSR has been presented in [468].
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, B, ) — V{0~ to be discussed in Section 9.4.3,
B(q,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 polarisations.
Schematically, one has

He o A0 {m’(”b )} Cr (1+0e) T (0) + > A LY(0) (224)
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 polarisation 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 5.2¢
significance) that the photon is not unpolarised in b — sy through a measurement of angular
correlations in B¥ — K*nFr*y [469]. This raises the question by how much Belle II can
improve on this and future LHCb measurements. Concerning the sensitivity of the photon
polarisation 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 [470-473].

The branching ratios for B — V+ decays are proportional to |H|?> + |H_|?, where the
form factor 71(0) in (224) 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 A? ~ 0.05. In contrast, WA turns out to be
sizeable for the b — dy modes [474] as a result of the CKM hierarchies (202).
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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, /4, =
Br (B — K*v) /Br(Bs; — ¢) is advantageous both from a theoretical and experimental
point of view. The SM prediction for this ratio reads [468]°

SM _
R, =0.78£0.18, (225)
while the LHCb collaboration measured R?FV/M =1.23+£0.12 [475, 476]. 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 LHCD in
B — K*utp~ and By — ¢ptp~ (see e.g. [369, 370, 477-479]). Another ratio of interest is
R, K+, which has been used for the first determinations of |V;4/Vis| [462, 464, 480]. After
the precision measurements of Bs—Bs mixing, the extractions of [Viq/Vis| via R, k-, are
however no longer competitive.

Other observables which are sensitive to BSM contributions to (201) are the IAs, and the
direct and indirect C'P-asymmetries. The IAs can be defined as

0 2 T(B = V%) —-T(B~ -
aI— —_ C;/ ( — — ‘for}/) ( -V ’Y) (226)
ey, I(BY — VOy )

+
=
¥
1
<
Ql

where ¢, = V2 and ¢g-0 = 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 (i¢) matrix elements
of isotriplet combinations of hadronic operators in the effective Hamiltonian (201). In order
to accumulate more statistics one can define C'P-averaged IAs through a; = (a?_ + a(}+) /2.
Subtleties concerning the C P-averaging of the TAs are discussed in [468].

Early analyses of the IAs in the framework of QCDF can be found in [462, 464, 481]. It turns
out that the dominant SM contribution to (226) for B — K*~ arises as a subleading effect
in the HQE and involves the Wilson coefficients of (Q1_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 [465] and for the QL topologies
in [468].

For exclusive b — d~y transitions, the situation is somewhat different because the current-
current operators Qh enter with unsuppressed CKM factors Aq(Ld). Their relatively large
annihilation contribution thus interferes with the naively factorising contribution from the
electromagnetic operator (J7 proportional to )\gd). The resulting strong dependence of the IA
of B — py on cos ¢2 was noted in [462, 464] where approximate formulas can be found.

30 The quoted theory uncertainty is improvable as correlations have only partially been taken into
account in [468].
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9 Radiative and Electroweak Penguin B Decays

The most up-to-date theoretical predictions for the IAs are [468]
aM(K*y) = (4942.6)%,  a™M(py) =(52+28)%. (227)

Notice that the former prediction is consistent with the HFLAV average a; " (K*y) = (6.3 &
1.7)% [214], whereas the latter is in slight tension a;"(py) = (30;%2)%, albeit with con-
siderable uncertainty. Notice that HFLAV uses the deﬁmtlon Ay = =2ar(py)/ (1 +ar(py))
instead of as(py). The closeness of the two values in (227) is a consequence of the CKM
angle ¢9 being roughly 90° which suppresses the above-mentioned interference term. This
can be exploited to define the observable [468]

Vis

1=y =
Via

ar(py) f((B — ) (228)

ar(K*y)\| (B — K*v)

where d,, is close to zero, and the quantity (1 — d,,) ™ = 0.90 4 0.11 shows a reduced uncer-
tainty with respect to the individual C P-averaged IAs introduced in (227). The experimental
average 0g,° = —4.0 £+ 3.5 [468] can be improved at Belle IT through more statistics as well
as taking into account experimental correlations. The sensitivity of (228) to BSM physics
has been studied in [468] in a model-independent fashion.

At Belle II, one can study the time-dependent C'P asymmetries [482]

I'(B— fvy)—T(B— fv) _ Sy sin(Amgt) — C'py cos(Amyt)
T(B— f)+0(B—f7)  cosh (%) _ Hy sinh (qut) ’ (229)

Acp (t) =

where f ought to be a C'P eigenstate as otherwise the effect washes out. Note that the width
difference ATI'; can be safely neglected for By but that is not the case for B,. This feature
leads to the new observables Hy, [483]. The mixing-induced asymmetries Sy, arise from the
interference between B(B) — fvy and B(B) — B(B) — f~ amplitudes and read

26yTm |4 (A, H + A_H)|
[Hy* + [H-[? + |Hy [+ [H-[*

Svy = (230)
where &y is the C'P eigenvalue of V', p, g relate the physical and flavour eigenstates, Hy
have been defined in (224), and Hy are the corresponding amplitudes of the conjugate decay.
At Belle II, one can expect a significant improvement in the determination of Acp(t) in the
channels such as f = K gwo, 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 (230)
including SD effects only. Using q/p ~ e~2*, one obtains

SM,SD ms . SM,SD
Speet K9m0y = —Qm—b sin2¢y , S o (rtmyy = 0 - (231)
Numerically, S SM&% o)y O(—3%) while the quantity S l\fﬂi?r " vanishes because the C' P-

odd oscillation phase qﬁl cancels exactly against the phase from the helicity amplitude.
Examples of BSM models which can induce sizeable right-handed currents consistent with
the constraint from Br(B — Xyv) include left-right symmetric models [482, 484, 485] and a
supersymmetric (SUSY) SU(5) grand unified theory with right-handed neutrinos [485]. A
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model-independent study can be found in [470]. In the presence of a right-handed magnetic
penguin operator @, one obtains for instance
Im [e™ 291 (C2CL + C7CL))
2 2 :
Gz + 7]
LD QCD contributions denoted by Ly in (224) modify the predictions (231) and arise first
at O(Aqcp/me). The dominant corrections are expected to stem from c-quark loops [486],

SR (Kanoyy = (232)

because such effects are due to the current-current operators Q)12 in (201) 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 (231) 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 [465, 487]. 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 [474, 483, 488] yields a correction
of O(1%), which is considerably smaller than the inclusive calculation would suggest (see
also [489]). 3! 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?, /m?). This indicates that the hierarchy
is more badly broken by excited (i.e. heavier) vector meson states. Vertex corrections are
treated in QCDF [462, 463] 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 (231) turn into [474, 491]

Sl kopoyy = (—23£1.6)%, SO (0.2+1.6)%. (233)

(mtm=)y =

The photon polarisation is one of the most challenging measurements in B physics today
and various modes have been proposed to further improve the precision — see [470] for more
details. LHCDb has already applied many of the proposed methods and Belle I should be
able to further extend these studies. For instance at Belle II it should be possible to expand
the recent LHCb analysis [469] of angular correlations in B¥ — K*rTr¥y [492, 493] by
including the neutral modes as well as performing a Dalitz analysis [494]. The angular
analysis of B — K*eTe™ has been performed by LHCb [495] 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 of the angular distribution of the
converted photon from B — K*v is under discussion [496].

The direct C'P asymmetries C, require weak C'P-odd and strong C'P-even phase differ-
ences of two amplitudes and are therefore by default sensitive to C P-odd phases beyond the
SM. C P-even phases instead originate from LD QCD effects. In the SM the direct C P asym-
metry for b — sv is small, since there is no C'P-odd phase at O()\3). These observables can

31Tt was recently proposed that [490] that the LD contributions entering H, can be controlled
by considering both the B — V(17 )y and the B — A(1")y decay with V and A nearly degenerate
states, such as the p and the a; meson for example. By considering the sum Sp_,y + SB—aivs
one measures the sum of LD contributions entering H,, whereas the difference can measure the
new physics contribution with considerably improved precision depending on calculable ratios of LD
effects. These methods also extend to the low-¢? region of B — V¢, with particular promise for the
electron channels.

224/688



9 Radiative and Electroweak Penguin B Decays

thus serve as null-tests. As an example we quote CE%VL KKy, = (0.5£0.5) % from [483]. For
the b — dvy modes on the other hand the t-quark loop diagram induces a sizeable C'P-odd
phase. For example, in [497] a direct CP asymmetry of 15% is predicted for By — w77

within the SM.

9.2.5. Measurement of B — V'~ decays. (Contributing author: A. Ishikawa)

The b — sv transition was first observed by CLEO via B — K*v in 1993 [498]. Two
decades later this decay is still important in the search for new physics. The three most
important observables in this channel are the photon polarisation, the isospin and the CP
asymmetries.

The K* mesons are reconstructed from either of the K~ Y, Kgﬂ'_, K—nt and Kgﬂ'o
decays. The B-meson candidate is reconstructed by combining the K* candidate and a
hard photon reconstructed from an electromagnetic cluster in the electromagnetic calorime-
ter (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 energy, AE, and the beam-constrained mass, Mj.. The K79, ng_ and
K~ 7" modes are flavour eigenstates which can be used for measurements of Acp while K gﬂ'o
with flavour tagging of the other B meson can be used to measure the time-dependent C'P
asymmetry (229) which is sensitive to the polarisation of the final-state photon.3?

At Belle I with 5ab™! of data the measurement of a;(K*7y) may already be systemat-
ically limited. The dominant uncertainty is due to fi_/foo 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 (227). Measurements of the direct C'P asymmetries will instead still be statis-
tically limited. The corresponding uncertainties are estimated to be 0.2% and 0.3% for
Acp(B® — K*99) and Acp(BT — K*Tv), respectively, which constitutes a factor of eight
improvement compared to the Belle result [503]. Notice that the theoretical uncertainty of
the corresponding SM prediction APM(B? — K*0v) = (0.3 £ 0.1)% [473] is smaller than the
statistical uncertainty reachable at Belle II. A precision measurement of Acp(BY — K*0v)
is nevertheless an important goal since it will allow to set stringent constraints on the imag-
inary part of the Wilson coefficient of Q7 [473, 504], 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 — dy process was first observed in 2006 [505] by Belle through the exclusive B —
py and B — w0y decays. All the branching ratios, isospin asymmetries, direct and time-
dependent C'P asymmetries have been measured subsequently [506-508], 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 ar(py) shows a slight tension with the SM prediction,
a fact that has already been mentioned in the context of (227). 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.

32 At Belle, the time-dependent C' P asymmetries were measured with B — K*(K3r%)y [499], B —
K2nvy [500], B — K2ntn~~ [501] and B — K2¢y [502].
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Table 62: Sensitivities of observables for radiative exclusive B decays. We assume that 5ab~?
of data will be taken on the 7°(55) resonance by Belle II. Some numbers at Belle are extrapo-
lated to 0.71ab™! (0.12ab™!) for the B,, 4 (Bs) decay. As in Table 61 the quoted uncertainties
are depending on the observable either relative or absolute ones.

Observables Belle 0.71ab™! (0.12ab™!) Belle IT 5ab™! Belle IT 50ab~!
Aoy (B — K*v) 2.0% 0.70% 0.53%
Acp(BY — K*9%) 1.7% 0.58% 0.21%
Acp(BT — K*t7) 2.4% 0.81% 0.29%
AAcp(B = K*y) 2.9% 0.98% 0.36%
Skc-or 0.29 0.090 0.030
Br(B° — p%y) 24% 7.6% 4.5%
Br(BT — pty) 30% 9.6% 5.0%
Br(B° — wv) 50% 14% 5.8%
Aoy (B = py) 18% 5.4% 1.9%
Acp(BY — p%y) 44% 12% 3.8%
ACP(B+ — p“"y) 30% 9.6% 3.0%
Acp(BY = wy) 91% 23% 7.7%
AAcp(B = py) 53% 16% 4.8%
S pory 0.63 0.19 0.064
Via/ Vil - 12% 8.2% 7.6%
Br(B? — ¢v) 23% 6.5% -
Br(BY — K*%v)/Br(B? — ¢7) 23% 6.7% -
Br(B? — K*0) - 15% -
Acp(BY — K*09) - 15% -
Br(B? — K*0v)/Br(B? — ¢v) - 15% —
Br(B® — K*%v)/Br(B? — K*0y) -~ 15% -

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 — sy background which peaks in AE 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 a;(py) is confirmed, Belle 11
can observe a 50 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 arising from fi_/foo (0.5%) and background modelling (0.5%). In
total a precision of 1.9% on az(py) will be achievable at Belle II, which compares favourably
with the current theoretical SM uncertainty of 2.8% as quoted in (227).

The CP asymmetries in the case of charged and neutral B mesons are measured in dif-
ferent ways. The mode BT — pTr is self-flavour tagging thus allowing for a straightforward
measurement of the direct C'P asymmetry. In contrast, B° — p~ is not a flavour eigenstate,
yet a time-dependent measurement with flavour tagging will allow to extract both Acp and
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9 Radiative and Electroweak Penguin B Decays

the S parameter. With 50ab™! of data one can expect to reach a precision of 3.0%, 3.8%
and 6.4% for Acp(BT — p*v), Acp(BY — p°y) and S0, respectively.

The magnitude of the ratio V;4/V;s of CKM matrix elements can be extracted by measuring
appropriate ratios of branching ratios such as Br(B — (p,w)y)/Br(B? — K*v) [474]. How-
ever, already with 1 ab~! of integrated luminosity the resulting uncertainty will be dominated
by the theoretical uncertainties.

Radiative BY decays can be also studied at the 7'(55) resonance. The Belle measurement
of the branching ratio of BY — ¢y [509] is limited by the uncertainty on the B? produc-
tion (fsou5) at the 7(5S5) resonance, which amounts to about 17%. The current precision of
the world average of fs is dominated by the Belle measurement of the inclusive B? — DX
decay [510] that uses 1.9fb™! of data at the 7'(55) resonance. This measurement can be
improved at Belle II with a few different approaches, namely the dilepton method, exclusive
decays in BY tagged and untagged events as well as inclusive By decays. Assuming that 4%
precision on f; is achieved at Belle II, the sensitivity of Br(B? — ¢7) will be 6.5%, which is
still dominated by the uncertainty on fsoz.

The BY — K*%y decay mode was not searched for yet. The reconstruction of this decay is
almost the same as for B — K*?y and thus straightforward to perform. The b — s coun-
terpart, i.e. BY — ¢, serves as a peaking background, which however can be eliminated by
studying the invariant mass of the hadronic system under a kaon-mass assumption as well
as using the good PID information of Belle II. Other possible peaking backgrounds from
BY — K*07% /n with asymmetric decays of 7°/n are also not measured yet. These can be
suppressed by a 7V /n veto and by examining the helicity angle distribution of the K*°. The
BY — K*0y decay can be observed at Belle IT with an integrated luminosity of 3.5 ab™!, and
the achievable precision on the branching ratio can be expected to be 15% with 5ab~!. The
ratios of the branching ratios and the direct CP asymmetries can also be measured with the
same precision.

A summary of the Belle II sensitivities for the various exclusive B — V'~ channels is
provided in Table 62.

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

In both the inclusive and exclusive transition analyses, PID information plays an important
role. Specifically PID is necessary to reduce the problematic background originating from
misidentified kaons from B — Xgv processes. To give a relevant example consider the case
of B® — K*9 followed by K*® — KTm~. The latter decay rate is roughly by a factor of 30
larger than the dominant b — dy process, i.e. BY — p%y with p° — 77, meaning that a
good PID is necessary to be able to separate signal from background.

A study based on the full Belle II simulation is performed to quantify the performance of
the PID system. Samples of 1 million events of both B — p°y and B® — K*%~ are generated.
After performing a full detector reconstruction a simple pre-selection criteria is applied to
both samples. An optimisation for a cut on the pion probability (defined in Section 5.5) is
performed to maximise 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*9y where the kaon track was
mis-reconstructed as a pion. Both S and B are scaled to the expected number of events in
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Fig. 88: Distributions of M. and AFE for correctly identified B® — p%y signal events (blue)
overlaid with misidentified B — K*~ where the kaon from the K*° decay is mis-reconstructed
as a pion (red). With no PID selection cut the background swamps the signal.
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Fig. 89: Same as Figure 88 but employing PID information. Distributions of M;. and AFE
for correctly identified B® — p%y signal events (blue) overlaid with misidentified B — K*~y
where the kaon from the K*° decay is mis-reconstructed as a pion (red). After a simple
optimisation of PID selection, the background is reduced significantly.

5ab~! of data. The value of the optimal selection cut is found to give a figure of merit well
above 10.

Figures 88 and 89 show overlaid distributions of the beam constrained-mass, Mp., and
energy difference, AF, 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 [2]. The Belle IT PID system is found
to provide an improvement in the figure of merit by approximately 30%.

9.3.  Double-Radiative Decays
(Contributing authors: C. Bobeth and A. Kokulu)

9.3.1. By — v Decays. In the SM, the branching ratios of the B, — 7y decays scale as
the involved CKM elements |V;4]? and |Vig|?, predicting an enhancement of the By — 7y
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decay over the By — 7 decay by a factor of |Vis/Vig|? ~ 20. Using the full data set at
7(55) [509], Belle obtained the following 90% CL upper limit

Br(Bs — 77)exp < 3.1-107% 234
p

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

3.2-1077,

235
6.2-1077, (235)

Br(Bg = 7Y)exp < {
from the full data set of BaBar [511], and a partial data set of 104 fb~! of Belle [512] out of
the available 711 fb~!. The corresponding SM predictions are given by [513]

Br(Bs — vy)sm € [0.5,3.7] - 1076,
(236)
Br(Byg — vY)sm € [1.0,9.8] - 1072,
and are either close to or only by an order of magnitude below the bounds (234) and (235).
The above comparison shows that Belle IT will be able to discover By — vy with the antic-
ipated 50 times larger data set at 1°(4S5). Furthermore, an appropriately large 7°(55) data
set could provide an observation of By — 7.

From a theoretical point of view, double radiative B, — 7y decays are complementary
to the corresponding radiative inclusive B — X, decay. They depend on the same Wilson
coefficient C7 of the photonic dipole operator (203), but the contribution of four-quark oper-
ators in By — 77 is different compared to B — X,7. 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, Ap, of the B-meson distribution
amplitude. This hadronic parameter can be determined from the radiative leptonic decay
B — lyyy [208, 230]. For the definition and a detailed discussion of the phenomenological
impact on two-body hadronic decays, see Section 8.

The amplitude of the B — ~(ki1, €1) v(ka, €2) decays — hereafter B stands for both B, —
has the general structure

A=Ay [2(k1 - €) (ko - €1) — mBler - €2)] — A_2i gﬂyaﬂki‘k’;e%eg . (237)

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

The decay rate is obtained after summation over photon polarisations

3
— m
I'(B —y) = 167’7’; (AL + |A_]P). (238)

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

Br,, = %B [[(B = vy) + T(B = )], (239)

where I'(B — 77) is determined from (238) using the amplitudes A of the C'P-conjugated
decay B — 7. Further, for the case of untagged B decays the sizeable decay width leads
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to rapid mixing and requires to perform a time-integration [514] in order to obtain the
experimentally measured C P-averaged and time-integrated branching ratio

.. 1+ ysAAF S
B — — " ds Al
(Bryy) 1— g2

Br,, . (240)
It depends on y; = AT's/(2I'5) = 0.075 £ 0.012, where I's = 1/7p, the inverse of the lifetime,
the C' P-averaged branching ratio (239) 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 [514].
Direct C'P violation can be tested by a tagged measurement of

AP
AR+ AR

i (241)
+ AP — AL

"OP T AL (AP

where extractions of récp also require the determination of the photon polarisations.

A systematic analysis of these decays in the heavy quark limit m;, > Aqcp has been first
given in [513]. In this limit, the hadronic matrix elements of operators @; of the effective
Hamiltonian (201) factorise

1
(11QilB) = fn /0 Ao T (w) 6% (@) erpcan - (242)

The T!" 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 QSE The latter depend on the light-
cone momentum w of the spectator quark inside the B meson. Within the QCD factorisation
setup [513], only the first negative moment,

1 1 +
L / dw 28 (243)
)\B 0 w
of the LCDA of the B meson appears.

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,

Gr a
Ay = 7237#3 PRIy
p=te (244)

AL = -5 22
B
where C’?H is the effective coupling of this operator at the low-energy scale up. At this
order in the power expansion, one has (TéP)SM = 0. Furthermore, since Br, o (f5/Ap)?
and given the accuracy of lattice predictions for fp, in the case of the branching ratios the
main theoretical uncertainty comes from Apg.

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 (i) 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/my) = O(10%) and have so far been neglected in the theoretical
predictions.
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One-particle-irreducible (1PI) contributions of the four-quark operators in the effective
Hamiltonian (201) also arise at O(Aqcp/ms). The corresponding matrix elements were
shown to factorise in the heavy-quark limit to NLO in QCD, leading to (yy|Q;|B) =
f BT[L Ye1 €20, independent of w. Numerically the largest contributions stem from the current-
current operators Q’f’Q. They give an additional contribution to the coefficient A” appearing
in (244). One obtains

m 2
AP = st T2 (O 1 N.CE) g(2), (245)

where CfQ are the Wilson coefficients of QIf’Q at the scale up and N, = 3. The function
9(zp) with z, = mf, / mg developes an imaginary part only for p = ¢ when setting m,, to zero,
which provides the leading contribution to 7-p. The quantity rép 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 [515]. Including all relevant effects, the
CP asymmetries in the SM have been estimated as [513, 516, 517]
(rep)én =~ 0.5%, (rep)dm ~ 0.4%,
(246)
(rep)dw =~ —5%, (rop)éu ~ —10%,
while (rérp)gf/[ ~ 0%. Notice that the predictions for By are larger than those for By as a
result of the CKM hierarchies (202).
The dependence of the branching ratios on Ap cancels almost completely in their ratio,
leading to

Br(Bs = v)sm _ | Vas |° 8./, m,
Br(Bs — yy)sm | Via| 7B.fB,mb,

Compared to Ap, other parametric uncertainties due to the CKM elements and fp are

(247)

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%) [513].

In BSM models, the B, — vy decays can receive two types of non-standard contributions:

(i) Modifications of the Wilson coefficient C7, which will also leave an imprint in B — Xg7.
(ii) 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) [518, 519], the minimal supersymmetric SM (MSSM) [520] and universal
extra dimensions [521]. However, due to strong constraints on C7 from B — Xy, large
modifications of Br(B, — 77) are by now already excluded.

The complementarity of B, — 7 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, [517], 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 [517]. 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 Q7. Such effects arise for example in SUSY
with broken R-parity [522] or leptoquark scenarios [517].
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Table 63: Belle II sensitivities for the By s — vy modes. We assume that 5ab~! of data
will be taken on the 7°(55) resonance at Belle II. Some numbers at Belle are extrapolated
to 0.71ab~! (0.12ab™ 1) for the By (B,) decay. The given branching ratio and asymmetry
uncertainties are relative and absolute uncertainties, respectively.

Observables Belle 0.71ab~! (0.12ab™!) Belle IT 5ab™! Belle IT 50 ab ™"

Br(Bg — 77) < 740% 30% 9.6%
Acp(Ba = v7) - 78% 25%
Br(Bs — v7) < 250% 23% -
9.3.2.  Searches for By — 7. (Contributing author: A. Ishikawa)

Since the final states do not have charged particles, the By — vy and By — 7 decays
have so far only been searched for at ete™ colliders [509, 511, 512]. The obtained upper
limits (234) and (235) are several times larger than the corresponding SM predictions (236).
Given its large data set, Belle IT will be able to observe the B; — vy 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 AF
and Mj,. distributions. Since the calorimeter is about 16 radiation lengths, the AFE distribu-
tion has a longer tail to lower AE 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 tight timing constraints on ECL
and trigger hits (which is the default in the Belle II reconstruction), while the latter can be
suppressed by the use of event shape variables.

Assuming that Br(By — vy) = 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
about 10% with 50ab~! of data. The given uncertainty is statistically dominated. After an
observation, the direct C'P violation can be measured using flavour tagging. With 50 ab~!
it should be possible to measure Acp(Bg — ) with a precision of about 25%.

The data taking strategy at 7°(55) is not determined yet. If we make the standard assump-
tion of this document that 5ab~! data will be accumulated, the data sample will contain
about 2.9 - 108 B§*>°B§*)0 pairs. The precision of Br(BY — v7) with 5ab~! will be 23%
which is a bit larger to claim an observation. To observe the B, — v+ decay, 7ab™! of inte-
grated luminosity are needed. There is no reason not to add another few ab™! of data for
observation, which takes about a few months. Since flavour tagging of Bs mesons is diffi-
cult due to fast B, B oscillations and the worse proper-time resolution compared to the
By case, a measurement of the direct CP asymmetry of B; — 77 seems very difficult. An
exception could be provided by CP tagging of the other By meson in the 7(55) — BYBY
or T (55) — BB processes. Further studies of the C'P tagging efficiency using full event
interpretation are needed to clarify this issue.

The Belle II sensitivities for the B; ¢ — vy modes are summarised in Table 63.
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9.5.3. B — Xyy decay. (Contributing authors: C. Bobeth and A. Kokulu)

Compared to B — X7, the double-radiative process B — Xgv7 is suppressed by an addi-
tional factor of a/(4r), which leads to the naive expectation Br(B — Xsyy)sy = 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 — X¢v 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 FEj 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 [523, 524] 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 [525-528]. Further progress towards B — X vy at NLO was made recently in [529]
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 [529] 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 [530].

Including all known perturbative corrections the state-of-the-art SM prediction reads [530]

Br(B — X)L % = (0.9+£0.3) - 1077, (248)

where ¢ represents a cut on the phase-space (for details see [530]) 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 py € [my/2,2mp]. 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 [527] and spectator quark [531] effects are small
and have therefore not been included in (248).

The inclusive B — X4y decay has also been examined in extensions of the SM. Predictions
for Br (B — Xs7vv) and App have been obtained in 2HDMs [526, 528] and in the framework of
R-parity violating SUSY [522]. In all cases it has been found that O(1) effects in B — Xvy
can arise in the models under consideration.
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9.4. Inclusive and Exclusive b — s{T¢~ Decays
9.4.1.  Inclusive B — X T4~ decay. (Contributing authors: G. Bell and T. Huber)

Inclusive B — X 0T ¢~ decays provide information on the quark flavour sector that is com-
plementary to inclusive b — ¢y and exclusive b — ¢g¢*¢~ 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 — qfT¢~ decays, on the other hand, hadronic uncer-
tainties are under better theoretical control for the inclusive modes. Measurements of the
B — X 14~ decay distributions at Belle II will thus complement the LHCD studies of the
exclusive b — ¢ ¢~ transitions, thereby providing important cross-checks of the deviations
found by LHCb and Belle in B — K*utpu~ and related modes [370-372, 532].

The two main kinematic variables in inclusive B — X /T¢~ decays are the di-lepton invari-
ant mass squared m%e = ¢% 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 centre-of-mass
frame. In terms of these variables, the double differential decay width takes the form of a
second-order polynomial in z [533],

’r 3
dq®dz 8

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

[(1+2*)Hr(q?) + 22Ha(¢?) + 2(1 — 2*)H(¢?)] - (249)

rational factor equivalent to the forward-backward asymmetry [534], while the ¢* spectrum
is given by the sum of Hpr and Hp:

dArpp /+1 d?T

dr tog2r 250
—_— _/ dz —— :HT(q2)+HL(q2).

The observables mainly depend on the Wilson coefficients C7, Cg and Cg. Taking only these
three coefficients into account and suppressing a common prefactor G%mS} [V Vil® /(4873),
one has (with § = ¢*/m})

2
Hr(q?) = 25(1 = 8)2[|Co + = Cr[* + |Caol?].
Hi(¢*) = (1 —5)2[}C9+2C7\2+ \Cm!ﬂ, (251)

Hu(¢%) = —45(1 — 5)% Re [010(09 + % 07)} .

The di-lepton invariant mass spectrum is dominated by charmonium resonances (J/v,
¥(2S5), 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 ¢% € [1,6] GeV? and the
high-¢? region for ¢? > 14.4 GeV?. 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 [380, 535—
543] and EW [543-546] corrections are available to NNLO and NLO, respectively. The leading
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power corrections of order A?QCD /mZ [435, 547-549], A%CD /m3 [550, 551] and A%CD /m? [415]
are also known. The latter can be considered as parts of the resolved photon contributions [?
].

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 mgff =my (1 — \/%) instead of my. This expansion
converges less rapidly, and the convergence behaviour depends on the value of the ¢? cut,
Smin = qgnin/ml% [541].

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 In(mZ/m?), which stem from collinear photon emissions. Second, the simple z-
dependence of the double differential decay distribution in (249) gets modified and becomes
a complicated function of z [546]. In the presence of QED radiation, the observables (251)
are therefore defined by taking appropriate projections of the double differential rate [546].
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 normalising the observables to
the inclusive semi-leptonic B — X ¢v decay rate. The SM predictions for the B — Xu™ ™
observables then become

Hr[1,6],, = (4.03+0.28) - 1077,
H[1,6],, = (1.21£0.07) - 1079,
H[1,6],, = (—0.42£0.16) - 1077, (252)
Br[1,6],, = (1.62 +0.09) - 107,

Br[> 14.4],,, = (2.53 £0.70) - 107"

Here the notation Olq3,¢?] with O = Hy, Hy,, Ha, Br means that the relevant observable
has been integrated over ¢* € [qg, q%] The complete list of theory predictions can be found
in [546]. To tame the large uncertainty in the high-¢? branching ratio, which mainly stems
from poorly known parameters in the power corrections, a normalisation to the semi-leptonic
B — X, (v rate with the same cut in ¢> was proposed [551],

/ ! £ dl'p_x, et0-
3

ds
R(so) = = . (253)
/ g dl'px, 00
§ ——
30 ds
Employing this normalisation results in
R(14.4),, = (2.62 £0.30) - 1073 . (254)

Unfortunately, the achieved precision cannot yet be exploited, because the BaBar [552, 553]
and Belle [554-556] measurements suffer from sizeable 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 [555] is based
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Fig. 90: 95% confidence level (CL) constraints on the Wilson coefficient ratios Rg 19 =
Cy.10/ CE’%. 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 II reach, assuming the central values
of Ry 10 are unity as in the SM. See [546] for further details.

on a sample of 152-10% BB events only, which corresponds to less than 30% of its total
dataset. BaBar has more recently presented an analysis using its entire dataset (471 -10% BB
events) [553]. The weighted averages of the experimental results read [546]

Br[1,6],;" = (1.58 £0.37) - 107,
(255)
Br[> 14.4];° = (4.8 £1.0)- 1077,

for the low-¢?> and high-¢? region, respectively. In addition, Belle presented a measure-
ment of the forward-backward asymmetry [556] and BaBar a measurement of the C'P
asymmetry [553].

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:

(i) 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 [557, 558]. An analysis of the effects from sub-leading shape functions
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was presented in [559], and a prediction for the position of the zero of the forward-
backward asymmetry in the presence of the My, cut was given in [560]. 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 9.2.1), 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 first analysis that quantifies this uncertainty can be found in [? ].

(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 most commonly used
implementation via the Kriiger-Sehgal approach [561] uses dispersion relations for the
electromagnetic vacuum polarisation. The model is based on the assumption that the cc
loop and the b — s transition factorise, which is not justified on theoretical grounds.
Since LHCb measurements of BT — K+ u™ ™ indeed suggest that non-factorisable 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 flavour non-universality recently observed
by LHCb [372, 373]. 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 flavour 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¢*¢~ decays date back more than ten years [562, 563].
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 C' P-violating effects in b — d¢T¢~ than in
b — s¢T¢~ transitions.

The experimental data can be used to constrain new-physics effects in a model-independent
fashion, i.e. by constraining the Wilson coefficients (see Section 9.4.5 for further details). For
the case of Cy and C'p the current situation as well as the potential impact of future Belle I1
measurements is illustrated in Figure 90 [533, 546]. From the figure it is evident that the
new-physics potential of B — X ¢T¢~ 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 — s¢T¢~ analyses is yet to be explored. To this purpose, detailed Monte Carlo
(MC) 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 [533, 546].

9.4.2. Measurement of B — X {70, (Contributing author: A. Ishikawa)
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All existing measurements of the inclusive B — X,¢™¢~ mode have employed the sum-of-
exclusive method [552-556]. In this method the hadronic system X is reconstructed from
Knr 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 AE and My, distributions. Since the decay does not contain hard photons,
the AF resolution is much better than that in B — X,~. This allows one to adopt a tight AF
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 [553] and Mx_ < 2.1 GeV [554] or
My, < 2.0GeV [555, 556] at Belle. Our study of the prospects of the B — X /T¢~ mea-
surements at Belle II are based on a cut of Mx, < 2.0GeV, but we emphasise 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/¢ (1/1(28))X s backgrounds. The semi-leptonic backgrounds
can be suppressed by missing energy information and vertex quality requirement, while the
B — J/y (¢(2S))X 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 theoretical
control (see (252) and (254)) 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 ¢? regions [1.0,3.5] GeV? (lowl), [3.5,6.0] GeV? (low2) and > 14.4GeV? (high).
Given the large data sample expected at Belle IT the reduction of systematic uncertainties is
crucial. Thanks to the large branching fractions of the B — K®*)¢*¢~ modes and the good
AF resolution compared to B — X7y, missing-mode and fragmentation uncertainties can
be reduced by adding additional reconstructed decays, such as three-kaon modes, that were
not included in earlier studies. 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*. With 50 ab~! 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 0T/~ are
expected to provide the most stringent limits on the Wilson coefficients Cy and Cg. 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 (249). While H4 and the combination Hrp + Hj, have been measured (cf. (250)) inde-
pendent measurements of Hy and Hj have not been performed by BaBar and Belle, but
will be possible at Belle II. As for the measurements of the branching ratios, the experi-
mental determinations of the coefficients H; will not be systematically limited until 10ab™?
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Table 64: The Belle II sensitivities for the inclusive B — X¢¢T¢~ observables corresponding
to an invariant mass cut of My, < 2.0 GeV. The given sensitivities are relative or absolute

uncertainties depending on the quantity under consideration.

Observables Belle 0.71ab™! Belle Il 5ab™! Belle IT 50ab~*
Br(B — X ¢147) ([1.0,3.5] GeV?) 29% 13% 6.6%
Br(B — X*47) ([3.5,6.0] GeV?) 24% 1% 6.4%
Br(B — Xgt07) (> 14.4 GeV?) 23% 10% 4.7%
Acp(B — X 0707) ([1.0,3.5] GeV?) 26% 9.7 % 3.1 %
Acp(B — X 0707) ([3.5,6.0] GeV?) 21% 7.9 % 2.6 %
Acp(B — X 0T07) (> 14.4 GeV?) 21% 8.1 % 2.6 %
Apg(B — X107) ([1.0,3.5] GeV?) 26% 9.7% 3.1%
App(B — X0147) ([3.5,6.0] GeV?) 21% 7.9% 2.6%
App(B — X 0107) (> 14.4 GeV?) 19% 7.3% 2.4%
Acp(Arg) ([1.0,3.5] GeV?) 52% 19% 6.1%
Acp(Arg) ([3.5,6.0] GeV?) 42% 16% 5.2%
Acp(Arpp) (> 14.4 GeV?) 38% 15% 4.8%

have been collected. Considering normalised observables might help to reduce the systematic
uncertainties.

Measurement of the C P asymmetries in B — X /T¢~ can be used to search for new source
of C'P violation. Not only the rate asymmetry, but also the C'P asymmetry of angular
distributions, such as forward-backward C'P asymmetry (ASE) are useful [564]. Since the
denominator of the Agg can be zero if Apg for B and B are zero or have opposite sign,
we consider the difference of the Apg between B and B mesons defined as Acp(Arp) =
AEB — AEB. Since most of systematic uncertainties calcel out by taking the ratio, dominant
uncertainty is statistical.

Tests of lepton flavour universality can also be performed by measuring Rx_ . The Belle II
detector has certainly a good resolution to the ete™ mode and the Ry, measurement is
promising. We can expect a performance similar to those of the exclusive channel (i.e. the
Ry measurement), which will be discussed in Section 9.4.4.

A summary of the Belle II sensitivities for the various B — X ,/T¢~ observables is provided
in Table 64.

9.4.3.  Exclusive B — K"t0= decays. (Contributing authors: W. Altmannshofer,
U. Haisch and D. Straub)

The B — K* (— Kn){T{~ transition

dg?2dcosbydcosOx dp 32w q°,00,0K,90),
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is completely described in terms of twelve angular coefficient functions I; [565? , 566], namely

I(q?, 00,0k, ¢) = I sin® O + I cos® O + (I5sin? O + IS cos® Ok ) cos 26,
+ I3 sin® Ok sin? 0 cos 2¢ + I, sin 20 sin 26, cos ¢
+ I5sin 20 sin 6, cos ¢ + (I sin? 0 + I§ cos? Ox) cos by (257)
+ I7sin 20k sin 0y sin ¢ + Ig sin 20k sin 20, sin ¢

+ Iy sin® O sin? Oy sin 26 .

The adopted angular conventions are illustrated in Figure 91 and follow [369] (see also [? ]).
The angle 6, is the angle between the direction of the ¢~ in the dilepton rest frame and the
direction of the dilepton in the B rest frame. The angle 0 is the angle between the direction
of the kaon in the K* rest frame and the direction of the K* in the B rest frame. The angle ¢
is the angle between the plane containing the dilepton pair and the plane containing the kaon
and pion from the K*.

The decay distribution for the CP-conjugate mode B — K*(— Km){T{~ is given by a
formula analog to (256) with different angular functions, which we call I;. Note that for this
decay, 6, is the angle between the direction of the ¢/t in the dilepton rest frame and the
direction of the dilepton in the B rest frame, while 0k is the angle between the direction of
the kaon in the K™* rest frame and the direction of the K™ in the B rest frame. As a result,
the functions fj can be obtained by the replacements
I£?2),3,4,5,6 — j§?2),3,4,5,6a Iéfls),g — _jéfls),g' (258)
with a = s, c. These quantities which encode the angular distribution of the exclusive decay
can be expressed in terms of helicity (or transversity) amplitudes that depend on the di-
lepton invariant mass squared, the Wilson coefficients C7, Cy, C1g, Cs, C'p 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 Apg and
the flat term Fpy [567].

The self-tagging nature of the B — K*(— Km) /¢~ decay means that it is possi-
ble to determine both CP-averaged and CP-asymmetric quantities that depend on the
coefficients [566]

_ dar — dar’
Sj = (I + ) el Aj=(I; - L) el (259)

respectively. The two most measured angular observables are the forward-backward asym-
metry and the K™ longitudinal polarisation fraction:

3 3
App = 1565 + §S607 Fr, = =5 . (260)

By exploiting symmetry relations it is also possible to construct C P-averaged observables
that are largely insensitive to form-factor uncertainties [568-570]. These are

=k, R=t g
2525 4525

Py (261)

B 8523 ’
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9 Radiative and Electroweak Penguin B Decays

Fig. 91: Angular conventions used in the description of the B — K* (— K7) ¢~ decay.

as well as
plo ot Pl
4 — 9 5 — 9
2\/ —SQSSQC 2\/ —52552c
(262)
Pé _ S7 P = S

- 2\/ _525820 ’ 5 2\/ _525520 .

The above definitions of the coefficients S; and the observables P; and P] correspond to
those used by LHCD [370]. Analog C P-violating observables P°F and P/CF can be defined by
simply replacing the coefficient S; in the numerator of P; and P/ by the corresponding coef-
ficient A;. Notice that the observables P; and P, are commonly also called A(T2 )= p [571],
AT — 2P, and AU™ = —2p; [572).

In order to illustrate the importance of Belle II measurements of the observables defined
in (260) to (262), we consider the two cases P; and PZ. At small di-lepton masses the
angular variable Pj is sensitive to the photon polarisation. In fact, in the heavy-quark and

large-energy limit and ignoring a; and mg/my suppressed effects, one finds

A(g) N 2Re (0704) A(lm) N 2Im (0704)

~ ST ~ AT 263
T EIGELIGRE T TGP LR (263)

To maximise the sensitivity to the virtual photon, it is necessary to go to very small g> which
is only possible in the case of the decay B — K*eTe™. Precision measurement of P; as well
as of P3 in the di-electron channel are thus essential for probing possible BSM effects related
to the right-handed magnetic penguin operator Q% [471, 487, 573]. 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 @19 and their interference with 7. In the same approximation that led to (263), one
obtains the expression

Re (CfoCo,1 + G5y Cuo)

P! ,
VUG, 12+ [Crol2) (1o 2 + [Crol?)

12

(264)
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if only contributions from SM operators are included. Here

2my,

Co,1 = C§T(q%) + ———Cs™, Coy = CsT(g%) + et (265)

mp
Importantly the above results for P; and P! are correct only in the infinite heavy-quark limit.
While in the case of (263) the leading power-corrections are formally of O(AéCD /m?), in the
case of (264) a rather complex structure of Aqcp/my terms arises (see [471] for details). Since
at present the relevant power corrections can only be modelled, 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 Cf, can fortunately be gleaned from the lepton

flavour universality ratios

q (B Hutu
/dqu(%uu)
q

2
Rulgd. ¢} = 2 1 (266)
0 q%d 5 dlU(B — Hete™) ’
q
9% 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 [574]. Any deviation in Ry from the SM prediction exceeding
the few percent level would thus be a sign of new physics.

Including only the dominant linear BSM contributions from interference with the SM, the
ratios Ri and Rp- can be approximated by [575]

Ri[1,6) ~1+A,,  Rg[1,6]~14+A; —p(Ay—A_), (267)

with

Ay = 2 _ { 3 Re [CEM (C’ZNP“ + C;”)} (e } , (268)
}CSM‘ + ’018(1)\4’ i=9,10

and p ~ 0.86 is the so-called polarisation fraction of the K* meson [567, 575]. The labels

“SM” and “NP” denote the SM and new-phys