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Abstract. In 2018, the Belle II experiment, aimed at detailed
studies of B-mesons, started operation at the Super-KEKB
electron—positron collider at KEK (Japan). This was preceded
by the long and quite successful work of the B-factories of
previous generations, including the Belle experiment, to which
Belle II is a successor. This experiment is unique, having no
counterparts or competitors in the world. The spectrum of
problems it is aimed at is quite broad: from studies of hadronic
states containing heavy quarks to precision measurements and
the search for New Physics beyond the Standard Model. This
review describes specific features of the Belle II experiment, its
ambitious goals and specific tasks, expected results of its work,
and hopes related to its successful implementation.
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1. Introduction

The Theory of Everything— a fundamental theory explaining
all physical phenomena from first principles—is probably
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just an unreachable dream of scientists. However, in spite of
elusive hopes of building such a theory, contemporary physics
possesses a powerful tool which has soaked up the knowledge
gained by humanity over many centuries. This tool is
conventionally referred to as the Standard Model (SM),
which emphasizes its monumentality and universality. Never-
theless, from its very first days, the SM humbly pretended to
be just an effective theory which can allow one to describe with
an acceptable accuracy various phenomena in a limited energy
region. The fact that for fifty years since its creation both the
predictive power and the applicability domain of the SM have
considerably surpassed the most bold expectations of its
adherents does not change our understanding that there
must exist a more fundamental theory which incorporates
the SM as a low-energy approximation. Therefore, either
something at odds with the SM will show up at some energy,
or the inaccuracy of its description of the world will become
evident, thus revealing the desired next-generation theory.
These expected deviations from the predictions of the SM are
conventionally called new physics (NP).

The key idea of the SM is to combine several known types
of interactions on the basis of some fundamental principles,
which include relativistic invariance, gauge symmetry, and
the spontaneous breaking of its electroweak subgroup
through the Higgs mechanism. The first example of the
successful unification of various types of interactions is the
theory of electromagnetism, created in the second half of the
19th century and which resulted in the Maxwell system of
equations describing electric and magnetic phenomena within
a unified approach. The next important milestone in the
history of the formation of the theory in its present form
was the creation at the beginning of the 20th century of
nonrelativistic quantum mechanics and later, already in the
middle of the century, the completion of its relativistic
generalization to electromagnetic phenomena, which in the
modern literature is commonly called Quantum Electrody-
namics or QED.
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Thus, it took physicists about a hundred years to proceed
from the classical description of electric charges and their
interaction to the description of electromagnetic phenomena
in terms of field quanta, including photons— massless
carriers of the electromagnetic interaction. At the same time,
physicists fully realized and used the important role of the
gauge invariance of electromagnetic interactions, which grew
from a curious artifact to the rank of one of the fundamental
principles of the theory. Subsequently, the gauge principle
allowed weak and strong interactions to be described, first as
separate theories and then within a unified framework with
QED, which eventually became known as the SM. It is also
difficult to overestimate the role of the Higgs mechanism,
which gave masses to the gauge bosons of the weak
interaction without violating another key property of the
theory, namely its renormalizability.

The history of the SM resembles building with Lego
blocks: as soon as new experimental information arrives, it
is naturally integrated into the already existing construction,
typically leading only to quantitative rather than qualitative
changes in the theory. It is sufficient to mention the
experimental observation of neutrino oscillations and, in so
doing, a proof of the existence of a nonzero neutrino mass.
Although in the original version of the SM neutrinos were
considered massless, the inclusion of their masses did not
require serious changes to the theory, even though this
brought yet another unsolved problem of the SM concerning
the origin and hierarchy of the neutrino masses. In the
meantime, a nonvanishing neutrino mass resolved another
fundamental question about the theory, since the existence of
strictly massless states would imply the presence of additional
symmetries not inherent to the SM. In some cases, for
example, in situations with a third generation of quarks,
neutral currents, or the Higgs boson, theoretical predictions
of new particles preceded their experimental detection. In the
latter case, the experimental confirmation arrived more than
forty years later— the long-awaited discovery of the Higgs
boson in 2012 [1, 2] can without exaggeration be considered a
triumph of the SM.

The surprising flexibility of the SM, which allows it to
withstand all experimental challenges, has, however, a draw-
back — the framework of the model is not regulated intrinsi-
cally, within the model itself, and the large number of allowed
free parameters and ingredients with an unexplained hier-
archy emphasizes its nonfundamental nature. This, together
with other shortcomings of the SM, such as its inability to
describe gravity or explain the existence and nature of dark
matter and dark energy or the baryon asymmetry of the
Universe, calls for a search for a theory more fundamental
than the SM.

Despite the large number of theoretical ideas and efforts
made to proceed beyond the SM (supersymmetry, extra
dimensions, extra generations of particles, technicolor, and
so on), to date, none of them can be regarded as mainstream
in theoretical physics. A possible way out could be related to
an experimental breakthrough with the discovery of a new
phenomenon or effect that goes beyond the existing physical
paradigm and suggests a direction for further development of
the theory. To this end, it is necessary to carry out precision
measurements to search either for statistically significant
deviations of the experiment from the theory for the
processes allowed by the SM or for processes either
forbidden by the SM or predicted to be so rare as to be
beyond the scope of contemporary experiments. Measure-

ments of the sides and angles of the unitarity triangle (see
Section 2) provide an example of the first approach, while the
second one can be exemplified by the search for processes
with lepton flavor violation, such as

W —e 4y or pT —e +et e, (1)

An interesting and one of the most intriguing properties of
our world is the existence of counterparts, heavy and
unstable, of all particles of matter. The electron, electron
neutrino, and u- and d-quark constitute the first generation of
matter particles. They are sufficient to build the entire world
around us, and Nature could have restricted itself to this
generation only; however, it has shown a great zeal to create
three of them.

The branch of the SM devoted to studies of the world
beyond the first generation of fermions is called Flavor
Physics (FP), which is the main subject of this review. Nature
demonstrates a surprising indifference to these new genera-
tions of leptons and quarks: they are neither required nor
forbidden by the SM principles.! The SM is not able to
deduce the number of generations in Nature from its basic
postulates, but it successfully predicted them (sometimes not
only the very fact of their existence but their properties as
well) from experimental measurements through which one
can ‘smell’ the presence of new heavy particles in the world.
So, the charmed quark was ‘derived’ from the small prob-
ability of the decay K® — ¢+¢~, the third generation of
quarks was predicted based on the violation of combined
CP parity, and it became clear that the mass of t-quark was
large, much larger than expected, after the discovery of
oscillations of neutral B-mesons. FP contributes most of all
to the number of free parameters of the SM, which
emphasizes once more how vague and nonfundamental this
sector of the SM is. This also explains the hope that FP may
provide a hint in the search for a more fundamental theory.

We conclude this introductory section with one more
important claim. The physics of heavy flavors, in particular
the physics of B-mesons, is closely related to a very mysterious
phenomenon in nature, namely the violation of the combined
CP invariance, which is a subject of many reviews — see, for
example, Refs [3, 4]. Let us mention only one problem related
to CP violation: in the SM, it is not large enough to explain
the existence of our Universe. This seems to imply that the SM
is incomplete and other sources of CP violation must exist
because . .. we exist! Most (so far hypothetical) extensions of
the SM contain additional sources of the CP violation. If
some of them are correct, the first insight into physics beyond
the SM can indeed be gained from studies of CP violation.

The Belle II experiment is aimed at precision studies of FP,
in particular, a very accurate measurement of the CP violation
in the processes reliably predicted by the SM, thus revealing
possible disagreement indicating the presence of NP.

The aim of this review is to discuss the new opportunities
opening up for the physical community with the start of this
experiment. Particular attention is paid to those tasks for
which Belle II has an advantage over other present-day
experiments in the field of High Energy Physics, the Large
Hadron Collider (LHC) first and foremost. A comprehensive
description of the physical program for the Belle II experi-
ment can be found in the Belle IT Physics Book [5].

! A disclaimer is in order here that reproach for Nature’s indifference may
not be entirely fair—it has created exactly as many generations of
particles as is necessary for our existence. Meanwhile, it is unclear which
term of the SM Lagrangian encodes the reality of our existence.
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This review has the following structure. Section 2 contains
elementary information about the SM necessary for under-
standing the rest of the review. Section 3 summarizes the
history of experiments at electron—positron colliders followed
by a detailed discussion of the Belle IT detector. Sections 4 and
5 provide a description of the most interesting and promising
measurements related to various SM tests and NP searches
which are planned at Belle II and in which it demonstrates an
undeniable leadership compared to other experiments. Some
aspects of hadronic physics in the Belle II experiment are
addressed in Section 6. Concluding remarks are collected in
Section 7.

2. Elementary information
on the Standard Model

In this section, we provide basic information on the SM and
introduce some concepts and definitions necessary for under-
standing the main part of the review. The reader can find
more detailed information about the SM and particular
theories which constitute it in numerous textbooks and
monographs. A discussion of the current situation in particle
physics can be found, for example, in reviews [6—8]. Informa-
tion about the Standard Model in a compact form convenient
for practical applications, the values of its parameters, as well
as the measured properties of various particles can be found
in the regularly updated review of the Particle Data Group
(PDG) Collaboration [9].

The SM is a gauge theory in which interactions are carried
by twelve gauge bosons—spin-1 particles (the massless
photon and eight gluons plus massive W *- and Z°-bosons).
In addition to the gauge fields, the theory contains funda-
mental matter fields—the fermions: leptons and quarks.
Neutrinos (neutral leptons) participate in weak interactions
only, charged leptons (electrons, muons, and t-leptons), in
electromagnetic and weak ones, and quarks, in all three types
of interactions. The gauge bosons of the electroweak sector
and the fermions acquire their masses due to a nonvanishing
vacuum expectation value of a scalar field— this way the
Higgs boson appears in the scalar sector of the theory; it
participates only in weak interactions.

The six leptons and six quark fields form three genera-
tions, two leptons and two quarks in each,

Generation I I1 I11
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where the prime on the upper fermions is related to the mixing
of the mass and weak eigenstates; it will be explained below. It
is important to note that the (primed) leptons and quarks of
all three generations interact identically with the gauge
bosons; therefore, they are indistinguishable from the point
of view of weak, electromagnetic, and strong interactions —
they differ only in the interaction with the Higgs field, which
leads to a hierarchy of the fermion masses. In the case of
leptons, this phenomenon is known as the lepton universality,
the experimental verification of which is one of the most
important tests of the SM, and in the case of quarks, this leads

to the unitarity of the mixing matrix, which is also subject to
thorough experimental verification.

Quarks

The simplest theory contained in the SM is QED built on
the gauge group U(1). This theory is believed (perhaps too
arrogantly) to be fully understood.

A distinctive feature of weak interactions, the second
gauge theory of the SM, is that, in each of the three
generations, left and right fermion states interact differently
with the gauge fields corresponding to the gauge group SU(2):
left-handed fermions do interact with the gauge bosons, while
right-handed ones do not.? It remains unknown why Nature
preferred one chirality to the other. In the SM, this mirror
symmetry breaking is simply postulated for consistency with
experiment. This postulate, however, requires the most careful
verification, since there are many extensions of the SM that
predict an admixture of right-handed currents in the ampli-
tudes of the measured processes that could be detected in this
way.

Another important feature of weak interactions is that
quark fields interact not by their mass states but by some
combinations of them,

u ! Vud Vus Vub u
)= Va Ves Voo c |, (3)
t ! th Vcs Vlb t

where the mixing matrix of the mass and weak eigenstates
V is known as the Cabibbo—Kobayashi-Maskawa (CKM)
matrix. The mixing occurs because weak interactions and
the Higgs field, which gives masses to the quarks, ‘failed to
agree’ on how the quarks are assigned to different
generations. They, so to say, ‘look’ at the quarks from
different angles. We do not know why this has happened;
we only know that there are no fundamental bans to
prevent it.

The CKM matrix is unitary (V7 = V¥t = 1) as a result
of the gauge symmetry of weak interactions broken by the
Higgs mechanism but initially put at the forefront of the
construction of the SM. Gauge invariance in a non-Abelian
group (SU(2) in the case of weak interactions) requires that
the coupling constants of all three generations of quarks
with gauge fields be the same. This universality of the
constants leads to the above unitary rotation. We will
dwell in more detail on the experimental checks of this
property in Section 4.1 below.

An important feature of the CKM matrix in the case of
three or more generations of quarks is its fundamental
complexity: different elements of the matrix can contain
different complex phases, in contrast to the case of the
mixing matrix for two generations, when the phase of all
four elements is the same and unobservable. It is important to
note that ‘can contain’ does not necessarily mean ‘definitely
contains’. Quite surprising is not even the fact that the
totalitarian Gell-Mann principle (“Everything that is not
forbidden is mandatory”) triumphed in this case and the
matrix indeed turned out to be complex, but that this
seemingly unrestrained complexity of the CKM-matrix is
surprisingly small. Indeed, the Jarlskog determinant (see the
definition of various quantities involved in Eqn (5) below)
J = [c"FIm (Vi Vi Via)| ~ A22°y (where ¢/% is the Levi-
Civita symbol) [10], which is a measure of the ‘complexity’
of a unitary matrix, is approximately 107>, although for a
randomly generated unitary 3 x 3 matrix it would be
uniformly distributed between 0 and 1/8.

2 It should be noted, however, that, after gauge symmetry breaking by the
Higgs field, right-handed fermions begin to interact with the Z° boson.
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Thus, we can be sure that the CKM matrix was invented
by Nature far from randomly, although we do not know yet
what considerations it drew upon in this case. Nevertheless,
even such a small complexity leads to one of the most
mysterious phenomena of physics: CP violation.

No less surprising a property of the CKM matrix is its
closeness (found experimentally) to the unity matrix [9],

0.97401 +0.00011  0.22650 £ 0.00048
V=1 0.22636 £ 0.00048 0.97320 £ 0.00011
00085470 00397840

000361031
0.04053F0:90083 | | (4)

0.999172:+0.000024

naturally reflected in the Wolfenstein parametrization [11]. In
this parametrization, a small deviation from the unity matrix
is explicitly emphasized by the expansion in the small
parameter A = sin0 = 0.22658 £+ 0.00044, where 0 is the
Cabibbo angle. Then, up to terms of the order the A°, the
CKM matrix takes the form

1
1- 5;? Y AN (p —in)
V= 2 - %/12 A7 ()
AR —p—in) —4i? 1

while all other parameters (A4, p, ) are considered to be of the
order of unity.

One of the main tasks of FP in general and the Belle II
experiment in particular is to test the self-consistency of the
CKM quark mixing mechanism — this will be discussed in
Section 4. No less important are studies of b-quark decays into
a lighter quark flavor ¢ without changing the charge, that is,
into a d- or s-quark (the abbreviation FCNCs for Flavor
Changing Neutral Currents is often used in the literature in
this respect). In the SM, such processes are forbidden at the
tree level and in the lowest order of the perturbation theory are
described by one-loop diagrams with the W-boson exchange
(so-called ‘penguin’* and box diagrams— see Fig. 1).

A consequence of the different interactions of left- and
right-handed fermions with the W boson is, for example, an
almost uniquely fixed polarization of the photon in the decay
b — sy, since, in the SM, the contribution of the operator
providing the right polarization of the photon is suppressed
compared to the contribution of the operator responsible for
its left polarization by the ratio of the strange and bottom
quark masses, ms/my, < 1 (see also the discussion below in
this section). As a result, the photon is left-handed with very
high accuracy. The absence of other contributions to the
amplitude of the b — sy transition is very important from the
point of view of minimizing the role of hadronic effects and,
hence, for increasing and better controlling the accuracy of
theoretical predictions in general. Consequently, experimen-
tal detection of a noticeable admixture of the right-handed
photon in such a decay would signal a manifestation of NP.

Evaluation of the penguin processes is considerably
simplified if one notices that their typical scale is of the
order of the b-quark mass (my ~ 4.3 GeV [9]), while physics
related to the W boson, Higgs boson, and t-quark takes place
at a much higher electroweak scale of the order of 100 GeV.

3 Diagrams of this type were first proposed in Ref. [12] and got this name
somewhat later thanks to John Ellis (see, for example, Ref. [13] and
references therein). An example of the Feynman diagram for the transition
of b — sy in the penguin interpretation is shown in Fig. 1

)
~

Ve

Wi Wi

b s

Figure 1. Examples of loop diagrams for quark flavor changing processes:
penguin diagram for the transition b — sy (a) and box diagram for the
transition b — s¢7 (b). Here, W is the W-boson, t is the t-quark, and vy is the
neutrino corresponding to the lepton £.

For this reason, in penguin diagrams, the interactions
mediated by such exchanges can be treated as short-ranged
and substituted by point-like vertices with effective couplings
known as Wilson coefficients C;. Then, the effective interac-
tion Hamiltonian takes the form [14, 15]

4GF
Hsel{/g == \/ZF Vtz[ th Z CiQi7 (6)
i

where ¢ = d, s, the Fermi constant Gg =1.166 x 107> GeV~2,
and Q; are the corresponding operators. We do not dwell on
the explicit form of these operators but will only briefly
discuss the physical meaning of the most important of them.
Thus, operators Q and Q, describe the interaction of the
quark currents, and operators Q; and Qg describe the
photonic and gluonic dipole interactions, respectively. To
study decays of the formb — ¢g¢™¢~ ({ =e,p,t)and b — gvv,
it is necessary to add operators Qg, Q19, and Q' , responsible
for the interactions of the quark and lepton currents.

Let us discuss the operator Q7, which will be needed
below. It mixes the left- and right-handed quark components
through the insertion of the mass operator in the external
b-quark line of the penguin diagram (see Fig. 1). Such an
insertion is proportional to the mass of the quark, so that
Q7 < myp. A similar operator with the mass insertion in the
external line of the light quark Q; o m, is introduced with the
Wilson coefficient Cj. Since my, > m, (¢ = d,s), then, in the
framework of the SM, operator Q7 provides the dominant
contribution, while Q5 makes a small correction only. It is
important to note that the photon polarizations in operators
Q7 and Q/ are different; therefore, as already discussed above
in this section, the SM predicts with very high accuracy the
left-handed polarization of the photon in weak decays of the
form b—gy.

The accuracy gained in calculations of the amplitudes in
the effective theory given by Hamiltonian (6) is determined by
the contribution of the disregarded terms, that is, by the ratio
md/mg, ~ 1073, with my being the W-boson mass. In
addition, since the scale of strong interactions Aqcp =~
350 MeV is small compared to my, it is necessary to take
into account the gluon exchanges between quarks. In the
energy region around myy, the strong coupling constant o is
sufficiently small, which allows one to resort to perturbative
theory, keeping only the lowest order in o compatible with
the required precision. The Wilson coefficients at this scale
are determined from the requirement of coincidence (up to
terms of the order of m?/mg,) of the amplitudes calculated
in the exact and effective theories. Studies of weak decays of
B-mesons require a knowledge of the Wilson coefficients at
scales of the order of my, which can be achieved by using the
renormalization group analysis.
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It is important to note that the Wilson coefficients
obtained this way are universal, that is, they do not change
from process to process. All coefficients C; required for
evaluating processes of the form b — sy are known in the
NNLO (Next-to-Next-to-Leading Order) and after summa-
tion of the logarithmically enhanced effects to the order o?
[16]. At present, such a theoretical accuracy generally exceeds
that of the available experimental data; however, due to the
large statistics, Belle II has a good chance to significantly
improvethesituationfromtheexperimentalside(see Section4).
In the given effective approach, NP can manifest itself in two
ways: through modification of the Wilson coefficients C; and
through the emergence of new operator structures Q; absent
in the SM.

Unlike the electric charge, the charge of strong interac-
tions (the color) is not observed in the open state. The
corresponding phenomenon is known as confinement of
color. In other words, the observed hadrons (that is, strongly
interacting particles) should have wave functions that are
singlets in color. It is easy to see that the simplest hadrons are
quark—antiquark mesons and three-quark baryons. However,
the non-Abelian nature of the gauge group of strong
interactions SU(3) allows constructing more complex color-
less combinations, especially if the studied hadrons contain
gluons. An example of such states is provided by hybrid
mesons (or simply hybrids), containing not only a quark—
antiquark pair but also gluons, or glueballs, made of gluons
alone. Hadrons with a more complex structure than a quark—
antiquark meson or a three-quark baryon are conventionally
referred to as exotic. These can also include tetra- and
pentaquarks, hadroquarkonia, hadronic molecules, and so
on. For a review of the experimental information and
theoretical approaches to exotic hadrons containing heavy
(c and b) quarks, see Ref. [17]. Opportunities related to the
Belle II experiment in the search for and studies of exotic
hadronic states are briefly discussed in Section 6.

The presence of hadronic states in the spectrum of strong
interactions results in the fact that the energy dependence of
the cross section of the electron—positron annihilation into
quark—antiquark pairs can be very much different from a
similar annihilation to leptons, in particular, muons. For this
reason, an important quantity for experimental studies is the
so-called R ratio, defined as

olete™ — qq
2,0l qq):ZRq. ™)
q

ofetem — ptpo)

In the absence of hadrons, this ratio (up to the higher-order
corrections in the coupling constant) should take the form of
a step-like function with the constant ‘jump’ every time the
energy reaches the threshold of the next quark flavor, and
thus the sum in ¢ acquires a new term. However, the presence
of multiquark states in the spectrum of strong interactions
results in a quite nontrivial form of the ratio (7) as a function
of energy. In Section 5.1, possible studies of R in the Belle II
experiment are discussed in relation to the problem of
measuring the anomalous magnetic moment of the muon.

3. Belle II super B-factory

3.1 Experiments at electron—positron colliders
In the framework of the SM, electrons and positrons
participate in electromagnetic and weak interactions, and

the gauge constants of both theories are very small, so that
processes with the smallest possible number of interactions
have the largest probability. For this reason, at energies much
less than the Z-boson mass (mz = 91.1876 £ 0.0021 GeV [9]),
the dominating process is the annihilation of the e*e™ pair
into one virtual photon, which can then turn into pairs of
electrically charged particles: leptons or quarks. Moreover,
since particles in the final state are massive, the energy of the
colliding beams must exceed a certain critical value (thresh-
old) for the corresponding reaction to take place. Processes
with the formation of heavy leptons or hadrons are of
primary interest for tests of the SM and searching for NP.
In the latter case, the process advances through the conver-
sion of the virtual photon into a vector quarkonium contain-
ing a heavy QQ pair and its subsequent decay into an open-
flavor final state containing pairs of heavy-light mesons
(Qq) + (gQ), where ¢ denotes the light (u, d, or s) quark.

The first electron—positron collider was constructed at the
Frascati National Laboratory (Italy), founded in 1955 and
launched in 1959. At the very beginning, the laboratory
carried out experiments only with an electron beam, but in
1960 the Austrian physicist Bruno Tuschek proposed study-
ing collisions of electrons and positrons circulating in a
storage ring in opposite directions. This is how the world’s
first ete™ collider AdA (from Italian Anello di Accumula-
zione) with beam energies of 250 MeV each appeared.
Unfortunately, the luminosity (the number of collisions per
unit time per unit area) of this facility was insufficient to
obtain real physical results; therefore, AdA only demon-
strated the fundamental possibility of building a collider —a
facility with colliding beams.

Independently, work on the construction of such colliders
was carried out in Novosibirsk (USSR) under the leadership
of G I Budker and at the SLAC (from Stanford Linear
Accelerator Center) laboratory at Stanford (USA) under the
leadership of B Richter. In 1964, almost simultaneously, both
in Novosibirsk and Stanford, the first collisions of two
electron beams were obtained and already in 1965 physical
experiments began at the VEPP-2 electron—positron collider
in Novosibirsk. It was realized very quickly that electron—
positron colliders provide a unique opportunity to produce
and study the properties of hadrons in very clean conditions.
Since the 1970’s, such experiments in various laboratories
around the world have provided many results which have
considerably improved our understanding of elementary
particles and their interactions. Eventually, physicists came
to the idea of building colliders operating in a relatively small
energy range but with the maximal possible luminosity — so-
called factories. Currently, there are several such facilities
operating all over the world.

For example, the DA®ONE experimental machine
launched in 2002 is still operating in the Frascati National
Laboratory. It was created to work in the energy range of the
vector ¢p-meson with the mass of 1019.461 +0.016 MeV [9]
that gave the facility its name, the ¢ factory. The most famous
(though not the only) KLOE experiment [18, 19] carried out
at this facility studied the properties of the ¢ meson and CP
violation in neutral K mesons. Indeed, since the ¢ meson
resides very close to and slightly above the KK threshold, it
decays into a kaon-antikaon pair with a probability of more
than 80%. In 2010, after an upgrade of the accelerator
complex, the KLOE-2 [20] experiment started operation.

The VEPP-2000 collider at the Budker Institute of
Nuclear Physics of the Siberian Branch of the Russian
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Academy of Sciences operating in Novosibirsk since 2010 in
an energy range in the center-of-mass frame from 320 MeV to
2 GeV is a factory of light vector mesons, such as p, o, and ¢,
as well as their excitations. Two experiments are underway at
VEPP-2000: CMD-3 [21] and SND [22]. The information
obtained from them is very important for understanding the
nonperturbative regime of strong interactions with the
participation of the three light quarks—u, d, and s.

The next range of energies important for experimental
studies at electron—positron colliders are those in the region
where vector states containing a cc pair can be created. The
lightest representative of this family of hadrons is the J /{y meson
with mass My, = 3096.900 & 0.006 MeV [9] (see Fig. 11). Ata
slightly higher energy (approximately 3.55 GeV), the creation of
a lepton pair 17t~ becomes possible that also provides new
possibilities for studying physics both within the framework of
the SM and beyond — the physics of the t lepton is discussed in
detail in Section 5.2. For this reason, the corresponding
accelerators are usually referred to as charm-t(or ¢-t) factories.

The most modern operating factory of this type is located
at the Institute of High Energy Physics in Beijing (China). An
experiment called BES I1I (from Beijing Spectrometer I11) has
been carried out since 2008 using the BEPC II (from Beijing
Electron-Positron Collider II) accelerator. The diameter of
the ring is 240 m, the energy of the colliding beams can vary
from 2 to 4.63 GeV (the collider has recently been upgraded to
reach as high a maximum energy as 4.9 GeV), and the
luminosity is 103 cm=2 s~!. BES III is the successor of
experiments of previous generations (BES and BES II),
while the BEPC II accelerator is an upgrade of the BEPC,
the construction of which began in 1984 with the upgrade
carried out in the period from 2004 to 2008. More informa-
tion about this experiment can be found in Ref. [23].

At the moment, several projects further developing
c-t-factories — the construction of Super c-t-factories— also
in Russia on the basis of the Budker Institute of Nuclear
Physics in Novosibirsk are under active discussion. The
proposed experimental facility is designed to operate in the
energy range from 2 to 6 GeV and provide an unprecedented
luminosity of 103 cm~2 s~!, which is two orders of magni-
tude higher than that reached elsewhere in the world in this
energy range [24].

Finally, the electron—positron colliders operating in the
energy range of the production of vector bottomonia, that is,
hadrons containing a bb pair, are commonly called B-factories.
This name stems from the specific choice of the main
operating energy of such a collider —the experimental data
are mainly collected at a summary beam energy near the
vector resonance Y'(4S) with the mass 10.5794 £+ 0.0012 GeV
[9]. Such a choice of energy is not accidental, since this state
lies slightly above the threshold for the production of a pair of
bottomed mesons B°B° (see Fig. 12) and, therefore, with
almost 100% probability decays via this channel.

Several factors played roles in the emergence and
successful operation of the B-factories. First, the lifetime of
the b quark is long enough to allow it to bind with other
quarks and form a hadronic state (this is no longer the case for
the heaviest t quark). As a result, the B-meson, the lightest
hadron containing the b quark, also has a rather long lifetime
and therefore is available for experimental studies. Moreover,
as the ARGUS (A Russian-German—United States—Swedish
collaboration) experiment [25] found in 1987, B® and B°
mesons mix rather strongly [26], which opened wide oppor-
tunities for studying CP violation with their help.

Thus, B-factories were primarily constructed to experi-
mentally measure the parameters of the CKM matrix and
study the physics associated with it. This was also facilitated
by rapid progress in the technology of the storage rings,
which made it possible to provide a luminosity sufficient to
collect a large statistics in a relatively short time: in the
30 years after the launch of the CESR collider in 1980, the
number of B-mesons produced in e*e™ collisions increased by
five orders of magnitude! As a result, at the time of the
shutdown of the experiments at B-factories of the previous
generation— BaBar [27] in 2008 and Belle [28] in 2010 —
530 fb~! and more than 1000 fb~! of data had been collected
by them, respectively.

Simultaneous working on at least two competing experi-
ments is an extremely efficient way to timely confirm or refute
the observations made in one of them. As mentioned above,
until recently, the BaBar experiment at Stanford (USA) and
Belle in Tsukuba (Japan) had been working and collecting
data. It was expected that both experiments would continue
as Super-B-factories. So the SuperB [29] experiment in
Tor Vergata (Italy) and Belle II [30] in the same place in
Japan were supposed to be the successors to BaBar and Belle,
respectively. Unfortunately, because of the economic crisis in
Europe, the SuperB project was discontinued in 2012, while
Belle II was successfully launched in 2018.

A comprehensive description of the history and develop-
ment of the previous generations of B-factories, their physical
programs, and the results obtained by 2014 can be found in
review [31].

3.2 Belle II experimental facility

3.2.1 General information. In modern experiments on the
physics of fundamental interactions, two main approaches
are used to search for NP. On the one hand, the energy of
colliding beams is increased to search for new particles in a
wider energy range. In this case, sensitivity to the direct
production of new particles depends on the value of the
corresponding cross section and the amount of collected
data. On the other hand, one can perform high-precision
measurements of already known processes to detect possible
deviations from the predictions of the SM.

The undoubted world leaders in the first approach are the
experiments at the LHC, which can detect new particles
produced in proton-proton collisions at a center-of-mass
energy up to 14 TeV. On the contrary, the Belle IT experiment
demonstrates leadership in the second approach—its main
task, as an experiment at a next-generation B-factory, is to
search for NP by measuring suppressed processes and
increase the accuracy of determining various physical
quantities. If discrepancies are found with the predictions of
the SM, they can be interpreted from the point of view of
various models for NP.

In the future, new experiments based on electron—positron
colliders can make a significant contribution to such studies.
In particular, the CEPC (Circular Electron-Positron Colli-
der) with a center-of-mass energy up to 240 GeV [32] is
planned to start operating in China in the 2030s, and further
development of the experiments at CERN under the name
FCC (Future Circular Collider) [33] is under active discus-
sion. Various possibilities of constructing a linear electron—
positron collider are also being discussed (see, for example,
Ref. [34] and references therein) with a possible energy reach
up to 1 TeV. However, at the moment, even the location of
such an accelerator has not been finally agreed on yet.
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Figure 2. (Color online.) Design of the Super B-factory used in the Belle II
experiment. (Adapted from the site of the collaboration.)

To reach the goal, the Belle I experiment needs an eTe™
collider with asymmetric (unequal energy) beams with a
record-breaking luminosity (which exceeds 40 times that of
the accelerator used in the previous-generation Belle experi-
ment) and a detector providing

e cfficient charged track reconstruction;

e high spatial and energy resolution of photons;

e identification of charged tracks and clusters of neutral
particles;

e precision measurement of the position in space for
charged tracks and possessing an efficient trigger and a fast
data recording system.

In Fig. 2, we show the setup of the SuperKEKB
experimental facility employed in the Belle II experiment.
The key elements of the design are the storage rings for
electrons and positrons intercepting at a single point where
the detector is mounted. In Sections 3.2.2 and 3.2.3, the
elements of the SuperKEKB collider and Belle II detector
are discussed in more detail.

3.2.2 SuperKEKB accelerator. The SuperK EKB experimental
complex is the result of a serious upgrade of the previous
KEKB project aimed at a significant increase (approximately
40-fold) of the instantaneous luminosity. The facility is
located at the KEK Research Center (Institute for High
Energy Physics) in Tsukuba and is designed to collide beams
of electrons and positrons at a center-of-mass energy in the
region of vector Y-resonances (see Section 3.1). Typically for
a B-factory, most of the data will be collected at the energy of
the bottomonium Y(4S), which decays into a pair of BB
mesons. Such a center-of-mass energy guarantees collecting
very clean BB pairs in a quantum-correlated state with the
quantum numbers J*¢ = 17~ In contrast to hadron-hadron
collisions (for example, the proton—proton experiments at the
LHC), collisions of the electron and positron beams are
characterized by a very low background level that makes
possible an effective reconstruction of the final states contain-

ing photons from 7’ decays as well as p*, n, n’, and K{
mesons. This property of the Belle IT experiment makes it a
unique tool for precision tests of the SM.

As already explained in Section 3.1, the luminosity of an
accelerator is determined by the number of particle collisions
per unit time and the transverse size of the particle bunches.
The maximum number of particles in a bunch is limited by the
so-called collision effect: for a certain charge of the bunch, the
influence of the colliding beam becomes so strong that it
destabilizes the motion of the particles in the storage ring. At
the same time, an increase in the number of bunches in the
storage ring is also associated with certain technical problems
(the need to compensate for the energy losses for synchrotron
radiation, to cool the vacuum chamber, to suppress the
collective instability of the beams) and therefore is only
possible up to a certain limit— this limit was reached already
at KEKB, a previous-generation facility.

Thus, since the planned luminosity of the SuperKEKB
accelerator is 40 times higher than that of KEKB, a significant
upgrade to the entire accelerator facility was necessary [35].
The key changes which resulted in a radical increase in
luminosity are a 95% decrease in the transverse size of the
beam at the collision point (from 1 pum to 50 nm) and a
twofold increase in the currents compared to KEKB. This
strategy is known as the ‘nanobeam’ scheme proposed by
P Raimondi for the design of the Italian SuperB-factory [29].
In addition, at SuperKEKB, the charged beams collide at a
larger angle of 83 mrad compared to 22 mrad at KEKB. This
reduces the number of spurious collisions in the detector and
eliminates the need to separate the magnets, which occupy a
useful volume of the detector.

The accelerator is asymmetric, that is, it is constructed
with unequal energies of the electron and positron beams to
guarantee a boost of the center of mass of the produced
particles in the laboratory frame (this marks an important
difference between Belle and Belle IT and the experiments at c-
1 factories, for example, BES III — see Section 3.1). Thus, B
and D mesons produced in collisions have time to travel a
large distance in the detector before they decay, thus allowing
precise measurements of their lifetime as well as parameters of
mixing and CP violation. A slightly lower asymmetry of the
beam energies at SuperKEKB than at KEKB (7 and 4 GeV
instead of 8 and 3.5 GeV for electrons and positrons,
respectively) was chosen to reduce losses because of
Touschek scattering (intrabeam rescattering of particles
which can result in their leaving the storage ring) in low-
energy beams. Although somewhat reducing the spatial
separation of the B-mesons, this is advantageous in the solid
angle available for studying decays with the partially
reconstructed final states (missing energy decays); for exam-
ple, for analyzing processes with neutrinos in the final state,
which require a high hermeticity of the detector.

3.2.3 Belle I Detector. The Belle IT Detector is mounted at the
interaction point of the electron and positron beams. Unlike
the Belle experiment, the new detector is intended to work
under conditions of work a 40-fold increase in the luminosity
of the accelerator and, therefore, should be able to detect
events 40 times faster than before and at a 10-20 times larger
counting rate from the background processes. In particular,
the specifications of the new detector can be summarized as
follows:

— perfect resolution in reconstructing decay vertices
(about 50 pm);
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— high efficiency of the charged track reconstruction in a
wide momentum range (up to hundreds of MeV);

— improved reconstruction of the charged tracks with
momenta below 50 MeV;

— good momentum resolution in the entire studied
energy range (up to 8 GeV);

— precise measurement of the energy and direction of
motion for photons with an energy from tens of MeV to 8§ GeV
and an efficient detection of photons with an energy above
30 MeV;

— high-efficiency identification system for discriminating
among pions, kaons, protons, electrons, and muons in the
entire kinematical range of the experiment;

— (nearly) full solid angle covered by the detector;

— fast and efficient trigger;

— data acquisition system capable of recording a large
amount of information.

A schematic of the Belle II detector is shown in Fig. 3.
Various elements of the detector are located spherically
symmetrically around the beam interaction point in a
magnetic field of 1.5 T. Although the new detector is very
similar to its predecessor and inherited the same super-
conducting magnet, some of its components are either brand
new or highly upgraded [30].

The main components of the detector are the vertex
detector (VXD), drift chamber (CDC), particle identification
system consisting of two subsystems (a time-of-flight system
(TOP) and an aerogel-based Cherenkov ring detector
(ARICH)), electromagnetic calorimeter (ECL), K! and
muon detector (KLM), trigger, and data acquisition system
(DAQ). Below, we provide a brief description of each
subsystem separately.

e Vertex detector. The silicon vertex detector allows
reconstructing the spatial position of particle tracks near the
interaction point of the electron and positron beams. The new
vertex detector consists of two subsystems: a silicon pixel
detector (PXD) and a silicon vertex detector (SVD), which
together form six silicon layers wrapping a beryllium vacuum
tube. Pixel and double-sided silicon sensors are used for the
first two layers of the PXD and the remaining four layers
related to the SVD, respectively. Compared to the vertex
detector used in Belle, the beryllium tube and the first two
detector layers (pixel detector) are shifted closer to the
interaction point, and the outermost layer now has a much
larger radius (144 mm in Belle II instead of the 88 mm in
Belle). As a result, a significant improvement in the determi-
nation of the interaction vertex position is anticipated, asis an
increase in the reconstruction efficiency of Kg — ntn~ decays
with signals in the vertex detector.

e Drift chamber. The central drift chamber (CDC) has
three important functions. First, charged tracks are restored
in it and their momenta are measured with high accuracy.
Second, the CDC provides information for identifying
particles with momenta up to about 1 GeV using measure-
ments of ionization losses in the gas volume of the chamber.
Low-momentum tracks that do not reach the particle
identification system can be identified using the CDC only.
Finally, the drift chamber provides efficient and reliable
signals to start the first-level trigger. Compared to the drift
chamber used in the Belle experiment, the new one has a
larger radius (1130 mm instead of 880 mm). Moreover, the
modern chamber has smaller drift cells than the one used in
Belle to be able to handle high event rates and higher
background levels.

Pixel Detector (PXD)

Silicon Vertex Detector
(SVD)

Central Drift
Chamber (CDC)
TOP counter (TOP)
Aerogel RICH
counter (ARICH)

Electromagnetic Calormeter
(ECL)

Ky /Muon Detector (KLM)

© Rey.Hori /KEK

Figure 3. (Color online.) Schematic of the Belle II detector. (Adapted from
the site of the collaboration.)

The CDC, described in detail in Ref. [30], includes 14,336
sensitive wires grouped in 56 layers with an axial (along the
magnetic field) or stereo (at small angles to the detector axis)
orientation. By combining the information from the axial and
stereo layers, one can reconstruct the three-dimensional
position of the spiral particle track.

The working gas of the drift chamber, as in Belle, is a
mixture of helium and ethane in equal shares. This particular
light gas was chosen to reduce multiple scattering of the
charged tracks in the chamber. Unlike argon mixtures, this
gas has a smaller photoelectron interaction cross section,
which helps in reducing the effect of synchrotron radiation on
the detector.

e Particle identification system. The time-of-propagation
(TOP) system used to identify charged particles moving at
large angles to the direction of the beams [36, 37] is
cylindrically symmetrical around the axis of the beams. It is
a particular type of Cherenkov detector, in which information
about the Cherenkov ring is extracted from the time of the
arrival and the place of the interaction of the Cherenkov
photons at the photodetector mounted at one end of a 2.6-m-
long quartz rod. The system contains 16 modules, each
consisting of a 45-cm-wide and 2-cm-thick quartz rod with a
small wedge (about 10 cm long) at the end. Such a wedge
provides additional point rendering, slightly relaxes the
requirements for synchronization accuracy, and reduces the
occupancy of the photodetector [37]. Two rows of fast multi-
anode photon detectors (16 in total) are installed at the exit
window of the wedge.

To identify charged particles moving at small angles to the
direction of the beams, an aerogel-based ring Cherenkov
detector (ARICH) is used in the front-end region. Such a
detector should be capable of detecting low-energy pions and
discriminating quite well between pions and kaons in the
momentum range from 0.4 to 4 GeV ¢~!. The choice of an
aerogel as the working medium is dictated by its extremely
low (in contrast to other solid materials) refractive index n.
Since Cherenkov light is emitted if the velocities of the
particles passing through the aerogel exceed the threshold
v > ¢/n, for the identification of fast particles, n should be
close to unity.

A key feature of the ARICH detector is the number of
Cherenkov photons, which increases with the help of a new
method: to improve focusing, two aerogel layers of the same
thickness but with different refractive indices are used.
Choosing suitable refractive indices (n=1.045 and
n = 1.055 are actually used [38, 39]), one can reduce the
contribution of uncertainty in determining the emission
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point to the overall resolution of the Cherenkov angle of a
charged particle.

A hybrid avalanche photon detector (HAPD) designed in
collaboration with Hamamatsu [40, 41] is used as a high-grain
single-photon sensor. In such a 73 x 73-mm? unit, photoelec-
trons are accelerated by a potential difference of 8 kV and get
detected in the avalanche photodiodes (APDs).

o Electromagnetic calorimeter. The electromagnetic calori-
meter (ECL) is designed to measure the energy and momen-
tum direction of photons and for electron identification,
namely discriminating between them and hadrons (in parti-
cular, pions) by comparing the cluster energy with the
momentum of the corresponding charged track in the drift
chamber. The calorimeter is assembled from 8736 crystal
modules (cesium iodide doped with thallium, CsI-Tl, is used)
with a typical size of 30 x 5.5 x 5.5 cm. The module length
(30 cm) corresponds to about 16 radiation lengths. Signals are
read off by silicon photodiodes (two per crystal) with a
sensitive surface 2 x 1 cm in size. The calorimeter covers
90% of the full solid angle in the center-of-mass system. The
Belle II experiment uses the same CsI-T1 crystals, preampli-
fiers, and reference structures previously used by Belle, while
the readout electronics and the reconstruction software were
completely upgraded.

e Detector of muons and Ky mesons. The muon system
(KLM, for K-long and muons) consisting of 4.7-cm-thick iron
plates alternated with the active elements of the detector is
located outside a superconducting solenoid [42]. The iron
plates screen the magnetic field around the detector and at the
same time allow re-establishing the direction of the K
mesons, which cause hadron showers in iron.

The muon system of the Belle experiment, which used
resistive plate chambers (RPCs) as active elements, demon-
strated good performance over the entire data taking time.
However, in Belle 11, as opposed to Belle, particular areas of
the detector (the ends and inner cylindrical layers) are
expected to undergo large background loads because of the
neutrons formed mainly in the electromagnetic showers
caused by background reactions (for example, radiative
Bhabha scattering). The long RPC ‘dead time’ during the
electric field recovery after a strike significantly reduces the
reconstruction efficiency at a high background counting rate.
The resulting misidentification of muons at the end of the
spectrometer and its two inner cylindrical layers could be so
striking that such a detector would become useless [30]. To
solve this problem, the RPCs were replaced by layers of
wavelength-shifting fiber scintillation strips, the information
from which is read off by silicon photomultipliers (SiPMs) as
light detectors [43].

e Trigger. The Belle II trigger system plays an important
role in the selection of events during data taking. Since in the
Belle II experiment the various tasks in physical analysis
requiring special triggers will be much more numerous than in
Belle, all such triggers should work efficiently at much higher
background counting rates expected from the SuperKEKB
and in addition meet the requirements of the data acquisition
system (DAQ). A well-designed trigger system guarantees a
wide range of feasible physical tasks that were unavailable in
previous-generation B-factories. In Belle II (as in Belle), the
efficiency of the trigger for most decays of B-mesons is close
to 100% for events reconstructed by stand-alone algorithms.
However, in addition to the B physics, Belle II is planned to
study processes with a topology similar to the background
(for example, t-lepton or two-photon physics). In order to

meet the requirements of the new experiment, the trigger
system previously used by Belle was upgraded and supplied
with online algorithms. A detailed description of the trigger
and data acquisition system of the Belle IT experiment can be
found in Ref. [30].

4. Precision measurements
and the search for new physics
in the decays of B mesons

4.1 Unitarity triangle

An important question to be addressed by the Belle II
experiment is whether there are new complex phases in the
quark sector in addition to those following from the CKM
mixing mechanism. To answer this question, one needs first to
consider the full picture of CP violation within the framework
of the CKM mechanism, which gives an idea of the phases of
the CKM matrix, and then search for distortions of this
picture provided by possible contributions from NP. A very
illustrative picture, easy to understand and to carry out
experimental tests, is provided by the so-called unitarity
triangle. A detailed description of this triangle is given in
review [4], so here we only briefly repeat the main ideas
concerning its origin and methods for measuring its angles
and sides; then, we dwell in detail on the accuracy achieved by
the B-factory since review [4] was published and what new
results in this field can be expected from the new Belle II
experiment.

The unitarity condition for the CKM matrix (see defini-
tion (3)) V'Vt = 1 gives rise to nine conditions imposed on its
elements, >, Vl._*]. Vir = djk, each being a sum, equal either to
zero or one, of three complex numbers naturally visualized as
vectors in a complex plane. Then, three conditions (for j = k)
correspond to squares and six (for j # k), to triangles. All
squares and four of the six triangles are of little use for
experimental verification because of their very different sides:
in fact, they all nearly degenerate into line segments and,
therefore, allow one to check something only if the measure-
ments are extremely accurate. Meanwhile, the two remaining
triangles really look like triangles of a general form from
school textbooks on geometry with all sides unequal to each
other but with the length of the same order, and with no
corners collapsed to 0. Consider one of them (j = u, k = b),

Vi VLTb + Ve V:b + Vi V;L =0, (8)

which is closely related to the decays of the B°- and
B*-mesons. It is convenient to divide relation (8) by |Vea V5 |,
so that the length of one side of the triangle turns to 1, while
the coordinates of its opposite apex are denoted as (p,7) —
see a graphical representation of the unitarity triangle in
Fig. 4.

Measurements of various parameters in B-meson decays
allow the sides and angles of the unitarity triangle to be
calculated independently of each other. If such decays of the
B-mesons do not contain contributions from NP, then all the
relations known from school geometry courses, such as the
cosine theorem or the idea about the sum of the angles of a
triangle, will hold for the unitarity triangle. This verification
was an important task for those B-factories which have
already stopped taking data and still remains a major task
for the new Belle II experiment. Since the length of the base of
the triangle is normalized to unity, measurements of any other
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Figure 4. Diagram of the unitarity triangle defined in Eqn (8) after its base
normalization to 1. (Adapted from the PDG review [9].)

two elements (angles or sides) uniquely determine the entire
triangle. In this case, each next measurement provides a check
of the Euclidean nature of the complex plane of the quarks’
mixing constants, which is tantamount to checking the
validity of the SM since NP would lead to a deformation of
this plane.

4.1.1 Angles of the unitarity triangle. In this section, we discuss
measurements of the angles of the unitarity triangle. In the
Wolfenstein parametrization (5), the angles of the unitarity
triangle are the phases of the two elements of the CKM matrix
(Vub = |Vl exp (iy), Vi = |Via|exp (if)), while all other
elements are real. To measure a particular angle, one needs
to pick up such decays of the B-mesons which receive
contributions from two diagrams, with the difference
between the phases being precisely this angle, and measure
CPviolation in these decays. For such measurements, one can
use indirect CP violation through the oscillations of the
neutral B-mesons in which the second diagram containing
B’B’ oscillations acquires an additional phase from them
(B in the case of BB} and 0 in the case of BYBY). A detailed
derivation of the relation between the angles of the unitarity
triangle and the C P-violation parameter using the example of
the angle f§ is given in review [4]. For simplicity, in what
follows, we will refer to the amplitude of the first diagram as
the amplitude of the process, while the additional phase
acquired by the second diagram will be called the phase of
oscillations.

The original idea was based on using indirect CP
violation, which allows avoiding theoretical uncertainties
related to hadronic corrections (strong phases and decay
form factors not calculated in QCD). The following measure-
ments were suggested for these purposes:

— angle f in the transition b — cCs, for example, in the
decay B® — J/ \|!K(S) with a real amplitude and the phase of
oscillations f3.

— angle « in the transition b — uud, for example, in the
decay B — ntn~ with the decay amplitude phase y and the
oscillation phase f. This way the angle 180° —y— f§ that equals
the angle o in the SM is measured.

— angle y in the transition b — ucs, for example, in the
decay B‘S) — DK~ with the phase of the decay amplitude y
and a vanishing phase of BYBl-oscillations.

Such measurements would indeed be free of theoretical
uncertainties but for the contribution from penguin dia-
grams, which can distort the measurement strongly and in
an uncontrollable way, as pointed out in Refs [44, 45]. Tt will
be demonstrated below how, for each of the angles, one can
avoid model errors stemming from the impossibility of
accurately calculating the amplitudes incorporating strong
interactions of hadrons. In addition to the theoretical

uncertainties, it is also important to discuss a way to control
experimental errors. Thus, when assessing the accuracy
achieved in the Belle II experiment, one should take into
account that the systematic error does not always improve
proportionally to the integrated luminosity. Part of it is
determined using control data samples which, like the signal
samples, grow with the increase in the volume of data
statistics, but sometimes systematic errors may occur which
can not be reduced. Fortunately, the latter are almost never
encountered for the measurements discussed below.

e The angle f. The angle f is so far the most precisely
measured parameter of the unitarity triangle. On the one
hand, this measurement makes a very important contribution
to the global approximation of the quark mixing parameters,
fixing the remaining parameters under the assumption of the
validity of the SM with a better accuracy than can be achieved
in direct measurements. On the other hand, verification of the
self-consistency of the unitarity triangle requires at least two
more measurements of the same accuracy (which, as will be
discussed later in this section, unfortunately, are not yet
available). Nevertheless, it is convenient to start the construc-
tion of the triangle from this angle extracted from the time-
dependent (indirect) CP-violation parameter in the
B” — J/YK" decay, which gives the relative phase of BB
mixing and the decay amplitude. The lifetime-dependent
asymmetry generated in this case is

N(B(1) = f) — (BO()H/")
N(BY(t) = f) + N(B(1) = f)

= Sy sin (Amgt) + Ay cos (Amqt) , 9)

Acp(l) =

where Sy and A4, are the parameters of the indirect and
direct CP violation in the decay channel B" — f, respect-
ively, and Amy is the mass difference for the two mass
eigenstates of the B} mesons.

As demonstrated in review [4], the magnitude of the
indirect CP violation Sygo turns out to be, with good
accuracy, equal to sin (2ﬁ) A small correction to this
equality coming from an additional contribution to this
decay from the penguin diagram (S,/WKO =sin (2p) +
ASJ/q,Kofsm[ (B+ 9y yx0)]) is still much smaller than the
present -day experlmentaf error, because the penguin con-
tribution has almost the same phase as the tree diagram.
Modern estimates of d, KD give hope that even with a further
increase in the experlmentdl accuracy by about a factor of 5
the penguin contribution will not introduce too large an
uncertainty. Meanwhile, this leaves open the question of
how reliable the existing theoretical estimates are.

An important parameter governing the phase of the
penguin contribution is the direct CP-violation parameter
Ay ko, which should vanish if the penguin contribution does
not brmg any additional phases. The current value of A4 K
obtained in the Belle experiment is indeed consistent with zero
(0.015 4 0.021 4 0.045 [46]), and the error should decrease
by 75% as a result of the Belle I work.

In the Belle II experiment, the systematic uncertainty is
mainly controlled using the data and remains smaller than the
statistical one. For this reason, the accuracy of the angle 8
measurements will improve proportionally to the statistics
collected in the experiment. It should be noted that experi-
ments at the LHC, in particular the LHCb, will achieve
perhaps even better accuracy in measurements of sin (2f).
Meanwhile, Belle II will make its unique contribution to the
elimination of the ambiguity of extracting the value of this
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angle from the measured sine of the double angle by also
measuring with a high accuracy cos (2f) from the parameter
of CP asymmetry in decays B — D %10, where /° is a neutral
light hadron, °, 1, , and so on. The first such measurement
has already been made in the joint work by Belle and
BaBar [47], where for the first time a statistically significant
CP violation was found, and it was shown that cos (28) > 0.
In the future, to check the self-consistency of the SM, it will be
possible to juxtapose the values of sin (2f) and cos (2f3) as
independent measurements of the parameter f in two
processes with different tree diagrams.

e The angle o. Measuring the angle o turned out to be
much more difficult. The parameter of indirect CP asymme-
try in the decay B® — ntn—, S._ (see Eqn (9); the subscripts
correspond to the charges of two m mesons in the final state)
would equal sin(2¢) if the penguin amplitude with an
additional phase associated with the angle f did not mix
with the tree-level decay diagram. However, it was found
experimentally that this admixture is substantial, as follows
from the large value of direct CP violation and the high
probability of the decay B® — n®n®. Extracting the angle
from a large number of possible measurements of the decay
B — 7 required a great deal of effort. The underlying idea is
based on the difference between the isotopic structures of the
tree-level and penguin transitions: the former may result in an
isospin change by 3/2 and 1/2, while only 1/2 is possible for
the latter. It was shown in Ref. [48] that six decay amplitudes
B - ntn, B® — 1% B* — ntn® and their charge-con-
jugate counterparts) are subject to isospin relations, and a
recipe is provided on how to extract the angle o from the
analysis of such relations. The full isospin analysis allows one
to calculate this angle with an eightfold ambiguity but
relatively small model uncertainty, which does not cause
trouble for the measurements. The method is described in
detail in review [4], so here we only discuss the results achieved
by the two B-factories, Belle and BaBar, over their ten years
of work.

The input variables of the method are B, _, B¢, Boo, S,
Ay, Agy, where the quantities B denote the averaged
probabilities of the decay itself and its CP-conjugate counter-
part, and S and A are the values of the parameter of indirect
and direct CP violation, respectively (see formula (9)). The list
of variables does not contain Sy, which is responsible for the
indirect CP violation in the B® — nn® decay. Its measure-
ment is impossible in the existing experiments, since the
restoration of the decay vertex for a completely neutral final
state is very difficult. The inclusion of this variable should
play an important role for future measurements with the
Belle II data.

The present-day world average values of all parameters
are given in Table 2 of Ref. [49], where, in addition, solutions
for the angle o are provided as obtained with the help of the
Monte Carlo code, which generates the above six observables
under the assumption that they obey Gaussian distributions,
and evaluating y? for different values of the studied angle. The
minimum value of y? is reached for four values of «: 95.0°,
128.9°, 141.1°, 175° (see Fig. 5), although initially the method
assumed an eightfold ambiguity in the solution. This is a
result of some ‘luck’, since one of the phases in the analysis
turned out to be close to zero, thereby partially reducing the
ambiguity.

It is noteworthy that one can improve the precision of «
only by reducing the uncertainty of all six variables, while
reducing it for just one of them has almost no effect on the
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Figure 5. (Color online.) Scan of the confidence level for values of the angle
o obtained from the isospin analysis of b — u decays and the allowed
intervals for values of «. Dashed, dotted, and dashed-dotted lines
correspond to the constraints from the analysis of the B — nn, B — pp,
and B — pr decays, respectively. (Adapted from the site of the CK Mfitter
Collaboration.)

result. This is where the contribution of the Belle II experi-
ment will be decisive. Although experiments at the LHC can
provide very accurate measurements of the parameters of the
charged mode B — nn~ and, possibly, will do it even better
than Belle II, the modes with n° are practically unattainable
for study in the experiments at the LHC because of the huge
neutral background and impossibility of associating n° with a
particular decay vertex of the B-meson. Moreover, Belle 11 is
able to measure Sy using conversion photons. Here, weight-
ing of the detector (generally speaking, undesirable) played a
positive role since, in order to recover tracks at high counting
rates, more layers of the vertex detector were required, which
increased the amount of material and, consequently, the
probability of photon conversion. The additional variable
Soo, although not so accurately measured, will discriminate
between solutions near o = 129° and 141°, giving Sy ~
—0.70, and those near o = 95° or 175°, where Syy changes
sign and is approximately 0.67. The expected accuracy of
measuring the main parameters for extracting o in B — nn
decays with the Belle II data will be improved 3-10 times,
where a relatively modest threefold improvement is due to an
unavoidable systematic error. Thus, in the Belle II experi-
ment, the variable Sy, will be used for the first time and
measured with an accuracy of +0.28(stat.) & 0.03(syst.) [5].

For measuring the angle o, several more final states due to
b — u transitions are suitable, such as B — pp and B — mp.
They also contain penguin contributions, so everything said
about the difficult isospin analysis to extract the value of o
remains valid here, too. Without going into detail, we present
only the results obtained from these modes, o = (86.4743)°
and the second solution (—1.87%3)° (see Fig. 5). As can be
seen from the figure, in spite of more complicated final states,
the accuracy of the measurement sometimes exceeds that
achieved in B — mrt decays, and the ambiguities in the
solution do not always overlap with those in B — nn. In this
case, the better accuracy and lower ambiguity in the pp and mp
modes result from the fact that, by chance, the penguin
contributions in these final states are smaller than in the nn
mode.

In conclusion, we emphasize once again that all final
states, including those containing neutral pions, are extremely
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important to further improve the accuracy of measuring the
angle «, which means that Belle II, with its ability to cleanly
restore them, is absolutely necessary. The accuracy of the
determination of the angle o, expected upon reaching the
planned integrated luminosity at Belle II, will be approxi-
mately 0.6° [5], and the ambiguity of the solution will be
completely eliminated by using all possible decay modes and
the new variable Sy.

e Angle y. To measure the last angle of the unitarity
triangle, y, the decay B —D°K™* without penguin correc-
tions was sorted out, so the method is theoretically clean.
Recall that, to measure an angle, it is necessary to consider the
interference of two diagrams with different CKM phases (and
different strong phases), which can be obtained only by
‘entangling’ D? and DY in the final state (see Fig. 5 of the
review [4]). The price for the absence of theoretical uncertain-
ties is twofold. On the one hand, direct CP violation has to be
used for the measurement that introduces an additional
unknown parameter —an uninteresting strong phase differ-
ence which has to be measured together with the angle of
interest 7. An extra unknown quantity obviously decreases
the precision of the measurement. The second problem is that
the decays used for this measurement are rare. Therefore,
although the angle v is determined with a smaller theoretical
ambiguity than a, from a statistical point of view, it remains
the worst measured angle of the unitarity triangle.

The easiest way to entangle D and D is to use flavor-
blind decay channels of the D%-meson, for example,
D% — K*K~. This method is relatively simple but suffers
from a small statistics. A more promising method discussed in
Ref. [4] is based on three-body D° decays such as
D — Kin*n~. In this final state, the entanglement of the
DY and D" is not complete but depends on the masses of the
intermediate resonances in the Kgrﬁn* system. However, the
need to correctly take into account the contribution of all
intermediate resonances results in a rise in model uncertainty,
which is not dominant with the existing statistics but will
become so with a further decrease in the statistical error.

For the ten years of data taking at B-factories for
measuring the y angle, an accuracy of 5° was achieved
without ambiguities and with a minimal model error. In the
future, Belle IT is not only to reduce the statistical and
systematic error by 4-5 times but also to reduce the model
error by fixing the DgP — Kgrﬁn‘ decay model from the
experimental data from BES III or a planned experiment at
the Super c-t-factory [24]. Despite a significant improvement
in accuracy, it must be admitted that Belle II may not become
the leader in this measurement. Since the final state is fully
charged, the LHCb not only does not lose out to Belle II in
accuracy in this measurement but even surpasses it due to the
ability to extract the same angle from the time-dependent CP
asymmetry in the decay By — DK ¥.

4.1.2 Sides of the unitarity triangle. Measurements of the sides
of the unitarity triangle are associated with extracting the
absolute values of the CKM-matrix elements from the decay
probabilities or B’B-oscillation parameters. In solving this
problem, not everything depends on the experimentalists’
skills; much depends on the ability of the theory to accurately
predict the relations between the fundamental constants and
measurements. In contrast to the angles of the triangle,
measurements of its sides require knowledge of the decay
form factors or hadronic constants of mesons, which cannot
be calculated from the first principles of QCD. Very often,

various tricks are needed to reduce theoretical uncertainties.
However, even having succeeded with these tricks to keep
theoretical errors at the level of the statistical accuracy of B-
factories, to improve accuracy at Belle II in the future
theoretical progress is mandatory.

Fortunately, in the past decade, lattice calculations have
provided the theory with a powerful tool for studying various
nonperturbative aspects of QCD with a controlled and
systematically improved accuracy. Calculations within the
framework of lattice QCD are performed by independent
international collaborations which not only carry out the
actual calculations but can also extrapolate their expected
accuracy to the future.

Note that in recent years significant progress in calcula-
tions has been achieved not only due to a fantastic increase in
computer performance but—and this is perhaps the most
important issue—due to the success of numerous tests of
lattice calculations in the experiment. This allows hope that
the efforts of experimentalists to improve their accuracy will
not be in vain, and the theoretical accuracy will not be an
obstacle to reaching the goal.

e Side opposite angle 5. The side of the unitarity triangle
opposite angle fisequal to | Vg Vub/(Ved Veb)|. To measure it,
one needs to know the absolute values of these four CKM-
matrix elements. Two of them are known with a high
precision [9],

|Vad| = 0.97370 £ 0.00014, |Vea| = 0.221 £0.004, (10)

so it remains only to improve the accuracy of measuring the
other two elements, | Vp| and |Vyy|. They are best measured in
the semileptonic transitions b — ¢/~ vand b — uf~v, since, in
such decays, half of the particles in the final state do not
participate in strong interactions and therefore reduce
(although do not remove completely) the necessity of
involving theoretical calculations. For this reason, Belle II,
rather than the experiments at the LHC, where final states
involving neutrinos can not be reliably reconstructed, allows
an accurate measurement of these sides.

The value of the | V| has already been measured at B-
factories with a reasonable (about one per cent) accuracy
using the exclusive decays B — D ") ¢~v [9],

[Veblp- s = (39.05 £ 0.47(exp.) £ 0.58(theor.)) x 1072,

(11)
[Veblpp = (39.18 £ 0.94(exp.) + 0.36(theor.)) x 1072,

where the first error is defined by the experiment and the other
one comes from theoretical uncertainties. The two measure-
ments perfectly agree with each other; however, the exclusive
one (from the probability of the decay B — X.¢~v, where X,
is the sum over all possible charmed hadrons in the final state)
lies three standard deviations higher,

|Vep] = (42.1940.78) x 1072,

exclusive ( 1 2)
which looks somewhat worrisome.

In this regard, a task for Belle IT is to re-check all the above
measurements with a high accuracy and make sure that the
predictions of the theory used to extract | V| agree with all
kinematical constraints on the decays. In particular, for the
exclusive method, it is necessary to make sure that the shapes
of the lepton momentum spectra and the X, mass spectrum
predicted by the lattice QCD coincide with the data and, if so,
perform a reliable measurement.
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Determining |Vyp| from the inclusive decays B — X, 0~V
is very difficult because of the large background from the
decays B — X./~v. In the small region of the phase space
where this background is kinematically forbidden, the
theoretical uncertainties are maximal and do not allow
extracting | Vyp| with a reasonable theoretical accuracy. Alter-
natively, one can use exclusive decays, such as B — m(p)¢~v
with the full reconstruction of the second B-meson in the event,
but this requires a truly huge statistics, and at the moment the
statistical uncertainty dominates in such measurements.
Averaging everything that has been done at B-factories to
date, PDG gives the following value for |Vy,| with an
accuracy of slightly better than 10%:

[Vap| = (3.824£0.24) x 1073 (13)

The goal of Belle I1 is to achieve a one percent accuracy for
| V| (that is, to improve the accuracy by a factor of 10!) using
all available experimental and theoretical approaches. The
main role will be played by the method that uses the exclusive
decays B — mftv and By — K/tv, since the statistical
experimental error rather than the accuracy of the theory
dominates in them. Although the second decay has not even
been observed yet, it must be possible to measure using the
data collected at the energy of the Y(10860)-resonance (see
Fig. 12), so that the heavier meson in the final state (K instead
of m) will allow a more accurate theoretical prediction. Using
this method, at Belle II both |Vy,| and its expected accuracy
will be extracted from a simultaneous fit to the dependence of
the differential width of the semileptonic decay B —
n(K)¢*v on the momentum transfer, (¢>= (PB—PH(IQ)Z),
for the experimental data and simulations (with their
statistical and systematic errors) of QCD on the lattice. Such
a simultaneous fit will balance the fact that the experimental
measurements of the width are most accurate for large hadron
momenta in the final state, while the form factors are best
calculated for small 2. If the shapes of the ¢> dependence in
the experiment and lattice QCD coincide, one can be sure that
the measurement of the | Vyy| is correct.

e Side opposite angle y. To determine the side opposite
angle y, one needs to measure the ratio V Vi /(V 4 V) (see
Fig. 4). This ratio can be simplified with the help of another
unitarity relation (triangle),

Vus V:b + Vcs V;b + Vls VJ) = 0’
which is degenerate, since one of its sides (the first term
in the above condition) is negligibly small, so that

Vi ==V Vi/ Ve One can then find with the help of the
relation just arrived at that
ViV _ ViaVi VisVib _ VidVes _ Vi sin 0
VVa Vo Ves Vilea Vo

where, as before, 0 is the Cabibbo angle (see Eqn (5) and the
text before it). Therefore, the task is to measure the ratio
|Via/Vis| in which the theoretical uncertainties are partially
canceled. Measuring this ratio directly in t-quark decays
would be theoretically very clean but not feasible experimen-
tally, given that it is almost impossible to distinguish between
the jets formed by the s and d quark. The only available
processes with B-mesons in which these matrix elements are
present should obviously include loop or box diagrams, since
the t quark can be present only virtually. This ratio can be

extracted from the mixing parameters of BB} and BBY, Amy
and Amg, measured by the B-factories and LHCb very
precisely [9],

Amg = (0.5065 £ 0.0019) ps~"'
1 (14)
Amg = (17.749 £ 0.020) ps™ .

To extract the values of the sought matrix elements, it is
also necessary to know the vacuum constants (fq,s) and ‘bag’
parameters (Bq ) responsible for the probability of finding
the quark—antiquark pair at one point inside the meson. Their
values are calculated in lattice QCD with an accuracy of
about 4%; however, the uncertainties are partially canceled in
ratio [9],

SfsV/Bg
fav/Ba

= 1.206 £ 0.038,, (15)

which allows one to extract the studied ratio with a relatively
good accuracy:

= 0.205 £ 0.001(exp.) & 0.006(theor.) .

i (16)

ts

Therefore, at the moment, everything depends on the
theoretical uncertainties, while the experiment can only help
to keep them under control by providing various precision
measurements to compare with the theoretical calculations.

An alternative method of evaluating | Vig/Vis| is based on
measuring the ratio of the probabilities of the penguin
radiative decays B — py and B — K*y. This method, how-
ever, is much less accurate [9]:

=0.220 £ 0.016(exp.) & 0.037(theor.) . (17)

ts

‘ Vi

From the experimental side, this is caused by a relatively poor
identification of hadrons at B-factories, which does not allow
resolving a weak B — py signal against the background of the
dominant B — K*y one, and from the theoretical viewpoint,
this is because the neutral and charged B-mesons were
averaged to compare with the experiment, while the theore-
tical uncertainty in the latter is much larger than in the former
as a result of the contribution of an additional diagram with
the W annihilation. In the future, an excellent identification
of charged hadrons in the Belle I experiment will allow us to
measure Br(B — p(®)y) on the full statistics of 50 ab™! with
an accuracy of about 4 % [5]. At the same time, progress in
theoretical calculations is also expected. This also makes the
given method competitive compared to the first one described
above.

4.2 Unitarity triangle at present and in ten years

The discussion of various measurements of the angles and
sides of the unitarity triangle presented above in Section 4.1
allows an overview of the whole picture of the achievements in
metrology of the triangle during the more than ten years of
work of the B-factories, later joined by the LHCb experiment
(measurements of the parameters of CP violation were also
made in the CMS [50] and ATLAS [51] experiments).

Since the base of the triangle was set equal to unity, its
coordinates are (0,0) and (1,0) (see Fig. 4). Each of the five
measurements described above in this section, had it been
absolutely accurate, would have set the locus for the triangle
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Figure 6. (Color online.) Fit for the untarity triangle apex from all
measurements of its parameters. Colored bands show the allowed
positions of the apex of the triangle within one standard deviation
constrained from different measurements: the blue and grey sectors and
the blue region between the two arcs come from measurements of the
angles f3, 7, and o, respectively; the dark green and orange rings are the
allowed regions from the measurements of the sides |Vyp| and |Vigl,
respectively; the light green region bounded by the hyperbolas is obtained
from measurements of the parameter ex. (Adapted from the site of the
CKMfitter Collaboration.)

apex (it is appropriate to recall here the school problems of
plotting triangles with a compass and ruler). For example, the
position of the apex can be totally defined by the circles
centered at (0,0) and (1, 0) if the corresponding side is known
exactly, by a ray if the angle adjacent to the base is known, or
by an arc if one knows the angle opposite the base. Five
independent measurements imply that the triangle is over-
determined. This is precisely the goal: not to find out the exact
position of the apex which, almost certainly, will tell us
nothing but to check that these five measurements do not
contradict each other.

The resulting picture of the triangle can be characterized
most clearly by a drawing from the CK Mfitter Collaboration
[52], which is engaged in averaging and simultaneously
presenting the results of experimentalists and theorists. This
is a highly nontrivial task because of the statistical, systema-
tic, and theoretical uncertainties inherent to all measure-
ments, correctly accounting for which requires considerable
effort. Uncertainties lead to the fact that the sharp boundaries

(rays, circles, ellipse) are blurred and become bands within
which the position of the apex is likely, say, at a confidence
level of 67%, which corresponds to one standard deviation. In
particular, it is instructive to see if all the bands intersect at
one point. The result of the CKMfitter is shown in Fig. 6,
from which one can see that all five measurements indeed
agree with each other rather well.

The bands that clearly ‘miss’ the apex should not mislead
the reader, since they just show the second solutions if they
exist (for example, due to the ambiguity in extracting the
angles o or ff). Let us also pay attention to the band of the
hyperbola shape extracted from the parameter of indirect CP
violation in the K°—K° system ¢, thus demonstrating an
external constraint for B physics. The observed agreement
implies that the SM has once again successfully overcome a
challenging test. In addition, it is obvious that the contribu-
tion of NP, if any, is significantly less than that of standard
physics. Assuming that NP contributes only to the box
diagrams, one can describe it by an additional term in the
expression for the amplitude of the B°B%-oscillations,

M= (M)sp+(Miy)np = (M) [1+hexp (ioa)],  (18)
where / is the ratio of the amplitudes of NP and the SM and
a4 1s a relative phase of NP. Constraints obtained from the
above results are shown on the left plot in Fig. 7. As one can
see from the plot, the amplitude of the NP contribution to
the processes with B-mesons is still constrained at the level
of 0.1-0.3 (note that this constraint had exceeded 1 before the
B-factories started operation).

The Belle II experiment will improve the accuracy of
individual measurements by 4-10 times. It is possible to
extrapolate how this will affect the exclusion of NP:
constraints on |4 will be at the level of 0.04-0.07 (see the
right plot in Fig. 7b). One can go even further and estimate the
restriction on the energy scale of NP Anp that we can get in
10 years. The amplitudes of the processes with loops behave
as 1 /AI%IP, so that now experiments studying B-mesons are
sensitive to processes at energies about 10 times higher than
the scale of the electroweak theory, that is, above the scale
achieved at the LHC, and Belle 1T will surpass this achieve-
ment by at least an order of magnitude.
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Figure 7. (Color online.) Upper limit of the amplitude of the NP contribution to B’B” mixing: at present (a) and expected in 10 years of Belle IT work (b).
Different colors correspond to different confidence levels (CLs), from the highest (red) to the lowest (blue). The upper limits with CL =95% are shown by
the dashed line. The estimate is made by the CKMfitter Collaboration. Adapted from its site.
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4.3 B-meson decays

As discussed in Section 2, processes with flavor-changing
neutral currents, b — ¢y and b — ¢£*¢~ (as in Section 2,
hereinafter, a light quark ¢ is understood to be the d- or s-
quark), are of particular interest in view of their sensitivity to
NP. The SM predicts the probability of transitions with the
quark flavor change at the level of 10~%; however, it is very
sensitive to the type and number of particles involved in these
processes. For this reason, rare decays of B-mesons are a
powerful tool in the search for NP, since new particles
appearing beyond the SM can significantly change the decay
probabilities and angular distributions in the final state. In
addition, radiative electroweak penguin decays of B-mesons
provide a perfect testground for NP searches, because the
final states containing photons or pairs of leptons can be both
calculated theoretically and measured experimentally with a
high accuracy.

Inclusive measurements of the transitions b— ¢y and
b—qf*¢~, as well as the decays of B-mesons into final states
containing a pair of photons, neutrinos, or t-leptons, are
difficult to access in the LHCb experiment. So, Belle II turns
out to be the only experiment that in the near future can
provide detailed new information on processes that change
the quark flavor.

The physical program of the Belle II experiment in this
field of research is focused on measurements of the inclusive
decays B — X4y and B — X4 /¢~ (hereinafter, Xg
stands for a meson containing the d- or s-quark), as well as
rare decays By — vy, B— K*w, By — tt17, and B —
K®tt1~. Below in this section, these processes are consid-
ered one by one.

4.3.1 B — K*y process. The radiative transition b — sy was
first observed by the CLEO Collaboration in 1993 in studies
of the B — K*vy process [53], which is the most experimentally
clean decay of the B — Xy type. At present, this decay is of
great interest for the search for NP, since it allows such
important quantities as the photon polarization and the
isospin and CP-asymmetry to be measured.

As discussed in Section 2, the SM predicts that the
polarization of a photon emitted in the electroweak penguin
loop b — sy is predominantly left-handed (up to corrections
suppressed by the small mass ratio mg/my, ~ 0.03). This is
because W-bosons interact only with left-handed quarks.
However, some extensions of the SM compatible with all
experimental data available to date [54-60] predict that right-
hand polarization of the photon can be enhanced due to the
presence of a heavy fermion in the loop. Thus, studies of
photon polarization in the given process with the expected
large statistics in the Belle II experiment will allow either
detecting a deviation from the SM or setting a strong upper
limit on it.

It should be mentioned that measurements of the partial
branchings of the transitions B — K*y and B — K*y provide
only weak constraints on NP, since the predictions of the SM
suffer from large uncertainties in the hadronic form factors.
In the meantime, the isospin asymmetry,

F(BO N K*O,Y) _ F(B+ N K*+,Y)

Aos = , 19
0+ F(BO — K*Oy) =+ F(BJr _ K*+'\{) ( )
and the direct CP-asymmetry,
I'(B— K*y)-TI'(B— K*
Agp = 1 v) = I 7) (20)

CI(B—K'y)+I'(B—K')’

where I’s are the widths of the corresponding decays, appear
to be more theoretically clean observables, since the afore-
mentioned theoretical uncertainties cancel each other out in
them.

The decay B — K*y was studied in several experiments, in
particular, by CLEO [61], Belle [62], BaBar [63], and LHCb
[64]. In 2017, Belle announced in [65] the first statistically
significant (3.1c standard deviations) experimental observa-
tion of isospin breaking in the decay B — K*v,

Aoy (K*y)= <6.2i1.5(stat.):t0.6(syst.)il.2 (j;: )) %,
Joo

(21)

where the last error stems from the uncertainty in the ratio of
the number of B*B™- and B"B? pairs produced in the decays
of the vector bottomonium Y(4S) (f;— and foo, respectively),
and the first measurement of the CP-asymmetry difference
for the processes B — K*y and B¥ — K**y,

AAcp = (2.4 £ 2.8(stat.) £ 0.5(syst.)) %, (22)
which is consistent with zero.

So far, all measured values of asymmetries (19) and (20)
have agreed well within errors with the predictions of the SM.
However, the present accuracy of the experimental values is
worse than that of the theoretical calculations. For example,
SM predictions of the isospin asymmetry vary from 2% to
8% with a typical uncertainty of the order of 2% [66-71]. For
the CP-asymmetry, there is only one theoretical prediction
[72]:

AMBY — K%)= (0.3£0.1) %. (23)

Note also that, at the moment, the statistical uncertainty
dominates in the experimental results, and more data are
needed to reduce it. Thus, the Belle II experiment, with the
projected luminosity exceeding the one achieved by its
predecessor Belle by about 40 times, is suitable like no other
for accomplishing the task of a radical reduction in the
statistical error of the measurements.

In the Belle IT experiment, K* mesons can be recon-
structed in the following decay channels: K n®, Kgn*,
K n", and Kgno. Combining the K* meson with a hard
photon, one can reconstruct a B-meson candidate. The final
states K10, Kgn*, and K™t are eigenstates in the basis of
flavors, which allows one to use them for measurements of
CP-asymmetry, while the Kg 1 channel with the tagged flavor
of the second B-meson allows measuring the time dependence
of the CP asymmetry. In the last case, the decay rate for the
neutral B-meson into the CP eigenstate depends on time as

_ exp (—|A)/p)
4‘EBU

x (14¢[Ssin (AmgAt) + A cos (AmgAt)])

P (At,q)
(24)

where S and A4 are parameters defining the CP asymmetry,
7go is the B-meson lifetime, At is the difference between the
decay times of the B%- and B’-meson, Amy is the mass
difference for the B’- and B’-meson, and ¢ = 1 and ¢ = —1
correspond to the decay of the B’ and B® meson, respectively.
Quantity (24) depends on the Wilson coefficients C; and C;
(see Section 2) and, for this reason, is sensitive to the
polarization of the photon in the final state.
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If the isospin asymmetry Ao, (K*y) is measured in the
Belle II experiment with 5 ab™! of collected data (that is,
approximately one tenth of the total statistics expected for the
entire duration of the experiment), the systematic error of
0.5%, which comes from the uncertainty in determining the
number of B*B™- and BYB’-pairs produced (here, also,
significant progress has been achieved in comparison with
the Belle experiment) (see formula (21)), will still dominate.
However, this uncertainty is already one fifth that of the most
up-to-date theoretical prediction of the SM.

In measurements of direct CP asymmetry with Belle II,
the statistical error will still prevail. The corresponding
uncertainties are estimated as 0.2% and 0.3% for
Acp(B® — K%) and Acp(BT — K'y), respectively, which
exceeds by 8-fold the accuracy of the previous result by Belle
[65]. The theoretical estimate (23) still has a smaller
uncertainty than the result accessible in the Belle II experi-
ment; however, as accurate an experimental measurement of
the quantity A¢p(B® — K%y) as possible is an important task
by itself.

4.3.2B — K*¢t¢~ process. The inclusive decays B — X, ¢~
provide information on the b-quark sector in addition to that
extracted from the inclusive decays B — X,v.

The transition b — s¢T¢~ was first observed in the Belle
experiment in 2001 in the B — K/*¢~ decay [73]. Two years
later, Belle announced the discovery of the B — K*/+/~
decay [74]. Experimental investigation of these two processes
opened a promising way to search for NP in the electroweak
penguin decays of B-mesons.

In particular, the angular analysis of the B — K*%¢+¢-
decay is of interest. Of the twelve variables describing it, the
angular distribution of the products is determined by three
angles (the angle between the direction of the ¢* in the
dilepton rest frame and the direction of the ¢/~ dilepton
motion in the B-meson rest frame, the angle between the
direction of the kaon K in the K* rest frame and the
direction of K* in the B-meson rest frame, and the angle
between the ¢/~ plane and the K* decay plane) and the
squared dilepton mass ¢2. At small g2, the result is sensitive
to the contribution of the right-handed penguin operator O
(see Section 2) [75-78] and therefore important for assessing
the impact of NP.

At present, the main uncertainties in the theoretical
predictions of the angular variables stem from unknown
corrections of the order O(Aqcp/myp) and uncertainties in
the calculation of the hadronic form factors. Attempts to
reduce these uncertainties led to the introduction of so-called
‘optimized’ variables, defined as ratios in which the depen-
dence on the form factors is severely reduced, so that the
optimized variables are less sensitive to theoretical uncertain-
ties (see the discussion in Section 4.1).

In 2013, the LHCb Collaboration announced a deviation
from the predictions of the SM [79] for one of the optimized
variables in an angular analysis of the process B’ — K*Optp~
obtained with 1 fb~! of collected data. Two years later, using
the full data collected in Run I, which correspond to 3 fb~!,
LHCD repeated the angular analysis of the same process and
found a discrepancy with the SM at the level of 3.3c standard
deviations [80]. Soon after that, the Belle Collaboration
performed its angular analysis of the processes
B — K*%utu~ and B® — K*%*e~ with the full statistics
(about 711 fb~") [81]. The result obtained agrees with that
from LHCDb [82].

The declared deviation from the SM emphasizes the
necessity of further detailed studies of the B — K*Outp~
process to reduce the experimental uncertainty. In particular,
the Belle IT experiment can considerably reduce the systematic
uncertainty by using the results obtained previously at Belle.
For example, the difference between simulations and data can
be estimated directly from the B — J/YK* decay studied in
detail in the Belle experiment. The accuracy of measuring
both (electron and muon) modes with just 2.8 ab™! of the data
collected at Belle II is expected to be comparable to that for
the results from LHCb obtained in the analysis of the muon
channel only with the 3-fb~! data sample. It is obvious that
the analysis of the entire bulk of the data (about 50 ab~!)
planned to be collected in the Belle II experiment will allow
achieving results which will substantially surpass the preci-
sion of those from LHCb and, thus, either resolving the
conflict with the SM or confirming it at a qualitatively new
level.

Other promising quantities to be explored are the ratio of
the probabilities of the electron and muon modes and
forward—backward asymmetry as a function of ¢>.

4.3.3 B — K™ vV processes. Decays B — K(*)vv related to
the transition b — s are also quite promising in searches
for NP [83-85]. From the point of view of the theory, rare
B-meson decays into the final states containing a pair of
neutrinos belong to the cleanest processes with flavor-
changing neutral currents (see Section 2). Since the neutrino
is electrically neutral, here, contrary to other B-meson decays,
factorization of the hadron and lepton currents is exact. For
this reason, precision measurements of B — K (*)vv processes
should allow us to extract the form factors of the B — K(*)
transition with a high accuracy.

B — K (v processes are also closely related to other
B-meson decays proceeding through the formation of an
exotic state which, in turn, decays into a pair of neutrinos.
Studies of such signals are very promising in the search for
dark matter and can allow the interrelation between the SM
and the so-called dark sector of the Universe to be
investigated [86].

Searches for the processes B — K(*vv with K*, K**, and
K*? in the final state were performed by the Belle and BaBar
Collaborations using the method of hadron [87, 88] or
semileptonic [89, 90] tagging. The established upper limits
on the probabilities of such processes exceed the predictions
of the SM by two to five times [83]. Therefore, improving the
accuracy of measuring B — K(*)vv processes is an extremely
important task. Then, even if NP does not contribute
anything new to the transitions b — svv, all three
B — K)vv type decays mentioned above will be observed
at Belle II already with statistics of 10 ab~!, while the accuracy
of measuring the probabilities of such processes with the full
statistics of 50 ab~! will be about 10%, which is already
comparable to the uncertainty of the theoretical predictions
in the SM.

Once the decays B — K®*)*vv and B — K®w are
observed experimentally, important quantities to measure
are the ratio of the probabilities for the two above decays
and the polarization of the K*-meson. In particular, the
expected precision of the measurement of the longitudinal
component of the K* polarization with the full Belle II
statistics is about 8% for both charged and neutral kaons,
compatible with the uncertainty of the SM predictions of
about 3%.
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Figure 8. Feynman diagrams describing the processes (a) B — v in the
SM and (b) B® — )2?\7 with hypothetical particles from NP. (Adapted from
Ref. [91].)

4.3.4 B — vv process. In the SM, the B — v¥ decay can
proceed in three possible ways — the corresponding Feynman
diagrams are shown in Fig. 8a. Theoretical calculations
demonstrate that the amplitude of such a process is
suppressed by a tiny factor (m,/mg)* (here, m, and my are
the neutrino and B-meson mass, respectively), so that the
probability of this process turns out to be much lower than the
values achievable in the present-day experiment. However,
this probability can be enhanced by a contribution from NP if
the corresponding new states also participate in the process,
resulting in final states with weakly interacting particles
which provide the same signature as the B — vv decay (see
the diagrams in Fig. 8b). It should be noted that experimen-
tally the decay B — Vv is identified through the missing
daughter particles from one of the B mesons, and thus it is
indistinguishable from other decays with a larger number of
neutrinos or other invisible particles (for example, hypothet-
ical Dark Matter particles). It was demonstrated in Ref. [92]
that the probability of B-meson decays into four-neutrino
final states exceeds substantially that of decays into two-
neutrino final states, so that such transitions should also be
taken into account when interpreting the results of the search
for the decays B —‘nothing’ from the point of view of NP
signals.

Decays of the B® into vv and invisible final states were
studied by the BaBar [91] and Belle [93] Collaborations using
the method of hadron tagging. Neither of the two collabora-
tions managed to observe a significant signal and, therefore,
upper limits were established for the probabilities of such
processes at a confidence level of 90%, which constitute
2.4 x 107 and 1.3 x 10~*, respectively.

The Belle analysis [93] was performed using an old method
of hadron tagging which was later improved. Furthermore,
making use of additional requirements for suppressing the
continuum t+1~ backgrounds also facilitated further improv-
ing the accuracy of the measurements. The efficiency of the
reconstruction with the help of hadron tagging is expected to
improve by a factor of five, given the large statistics planned
to be collected in the Belle IT experiment. It is also anticipated
that an analysis using semileptonic tagging will allow upper
limits to be established for the probabilities of B’-meson
decays into invisible final states with an accuracy three times
better than the one achieved with the help of hadron tagging.
By using both the hadron and semileptonic tagging methods

in the analysis with the full statistics of the Belle II experi-
ment, the upper limit Br(B® — ) ~ 1.5 x 107° can be
established. In addition, a combined analysis using both
these tagging methods will also allow investigating the
process By—vv, which has not yet been experimentally
studied, and establish the upper limit on the partial branch-
ing of this process at the level Br (B; — wv) ~ 1.5 x 1079,

5. Tests of the Standard Model and the search
for new physics in the lepton sector

In this section, we discuss some tasks in the lepton sector of
the SM related to the muon and t-lepton, which look rather
promising for studies in the Belle IT experiment.

5.1 Measurements of R

and the anomalous magnetic moment of the muon

The most accurate measurement of the anomalous magnetic
moment of the muon (hereinafter denoted as a, ) performed at
the Brookhaven National Laboratory [94] is known to give a
result exceeding by about 3.7c standard deviations [95] the
theoretical prediction in the SM based on the experimental
data on eTe™ annihilation into hadrons. In order to under-
stand whether such a discrepancy is a statistical fluctuation or
manifestation of NP, a new measurement of g, is currently in
progress at the Enrico Fermi laboratory (USA) [96] and
another experiment is being prepared at the J-PARC
laboratory (Japan) [97]; in each of them, it is planned to
improve the accuracy of our knowledge of the value of a, four
times. This leads to the necessity to improve the accuracy of
the theoretical predictions as well, with the largest contribu-
tion to the uncertainty coming from hadronic vacuum
polarization. Evaluation of this effect is possible from first
principles (lattice calculations) or using precision measure-
ments of the total cross section of the ete™ annihilation into
hadrons (R ratio) (see formula (7)) [98].

Belle IT has a unique opportunity to significantly increase
the accuracy of measurements of R in the energy range in the
center-of-mass system from the threshold of the hadronic
production up to about 5 GeV using the method of initial-
state radiation (ISR) [99]. More specifically, this method
allows measuring with high accuracy the cross section of
ete” annihilation into all kinds of hadronic final states.
Because of the emission of an energetic y-quantum by the
initial electron (positron), annihilation occurs at a noticeably
lower energy, so that the resulting hadronic system has large
momentum and moves inside a cone with a small span angle,
allowing the detection of hadrons with a high probability,
which weakly depends on the production mechanism. This
also allows strongly suppressing systematic effects related to
the limited knowledge of the mechanism of hadron produc-
tion. The high efficiency of this method in measuring R,
which is complementary to the traditional method of
scanning, has been proven in recent years by successful
experiments at ete”-factories— the BaBar, Belle, KLOE,
and BES III experiments [98].

The integrated luminosity planned in the Belle II experi-
ment will exceed the previously collected one by two orders of
magnitude, which will allow not only refining the cross
sections of the main processes in this energy range but also
increasing the sensitivity to poorly studied or not yet observed
final states. Improvement in the accuracy of the hadronic
vacuum polarization at low energies is important not only to
refine the prediction of @, but also to determine such
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fundamental quantities as the running fine structure constant
a(s), light quark masses [100], quark and gluon condensates
[101], and so on.

5.2 t-lepton studies and tests of the leptonic universality
The tlepton and its neutrino v, are two of the six fundamental
leptons of the SM (see Section 2 and, in particular, formula (2)).
Being the heaviest lepton, t decays into other leptons and
hadrons—the Particle Data Group in its latest edition
mentions over 200 different decay modes of 1 [9]. Although
semileptonic and leptonic decays of hadrons with the t lepton
in the final state are widely used in experiments at the LHC
[102, 103], the presence of the corresponding neutrino, v, in
the final state of any t-lepton makes detailed studies of t
decays in experiments at hadronic colliders very difficult.
Therefore, the leadership in providing the sources of t leptons
belongs to ete™ colliders, where t leptons are produced in the
reaction e"e™ — 1Tt~ with a large cross section of 0.92 nb at
the energy of the Y(4S)-resonance, making each B-factory
also a t-lepton factory that produces 0.92 x 10® t+1~ pairs
per fb~! of its integrated luminosity.

Produced in the above electromagnetic process, the T
lepton decays through the weak interaction with hadrons in
the final state in 65% of cases, so the description of such
decays requires taking into account effects of strong interac-
tions through the introduction of hadronic form factors.

Thus, studies of the production and decays of t allow us to
investigate all interactions contained in the SM and search for
NP effects. It should also be noted that in the t decays the final
states with only one charged particle (85% of cases) prevail,
so that, without exaggeration, the investigation of t leptons
provides a clean laboratory without hadrons in the initial
state and just a small number of them in the final one.
Therefore, it should come as no surprise that considerable
progress in studies of t-lepton properties achieved after 2005
is associated with B-factories.

Table 1 contains the values of the integrated luminosity
and the total numbers of tht~ pairs produced in various
experiments. One can see that the integrated luminosity of
50 ab~! planned in the Belle II experiment corresponds to the
production of 46 x 10° t-lepton pairs, which will allow us to
search for and study rare decays with branching fractions at
the level of 107°-1071°,

To test the leptonic universality of the SM (see Section 2),
the mass, lifetime, and branching fraction of the decay
T- — € VeV or 77 — U~ V,v; need to be measured with
extremely high precision. Let us focus on each of these
measurements separately.

5.2.1 Measurements of the lepton mass. Precise knowledge of
the mass of the t lepton plays a crucial role, since its decay
width is proportional to the fifth power of the mass, so that
any tests of the SM critically depend on the value and the
accuracy of the t mass. Its most accurate measurements are
made using the so-called threshold method in which the
energy dependence of the cross section of the production of
a pair of t-leptons is measured near the production thresh-
old. The most accurate measurement to date of the mass
made at the BES III detector [104] gives m, = 1776.91+
0.12791% MeV.

B-factories employ the pseudomass method developed
and used for the first time at the ARGUS detector [105]. In
this method, the mass is estimated at the edge of the invariant
mass spectrum for all detected decay products, and the masses

Table 1. Experimental studies of the t lepton.

Experiment

Integrated
luminosity, fb~!

Number
of t-lepton pairs, 10°

LEP (Z-boson peak) 0.34 0.33
CLEO (10.6 GeV) 13.8 12.6
BaBar (10.6 GeV) 469 431
Belle (10.6 GeV) 980 902
Belle 1T 5% 10* 4.6 x 10*

of both positively and negatively charged t-lepton are
measured independently, which allows one to test the CPT
invariance. In the most accurate measurement made at the
Belle detector using this method, the result is m, = 1776.61+
0.13 £0.35 MeV [106]. Analysis of the systematic uncertain-
ties in this measurement demonstrates that, if the traditional
decay mode for this method, T~ — n ntn~ v, is used, one can
optimistically hope to achieve a systematic uncertainty of the
order of 0.15 MeV at Belle II (that is, to reduce it by more than
50%). Meanwhile, improvements in the adopted methodol-
ogy are required in order to further increase the accuracy, for
example, using other decay modes with heavier final particles,
such as the decay 1~ — K’ngT, in which the edge of the
pseudomass spectrum is significantly shifted towards the t~
mass.

5.2.2 Measurements of the tlepton lifetime. At an asymmetric
collider, the angle between t leptons produced in the process
ete”™ — 171~ is not 180° in the laboratory frame, so the point
of their production is determined by the intersection of the
two trajectories fixed by the decay points and the directions of
t-lepton momenta. Determining the direction of each 1 in the
laboratory frame amounts to solving a quadratic equation, so
that there are two solutions. This feature of the experiments at
an asymmetric B-factory allowed the t-lepton lifetime to be
measured with a high precision [107].

Using over 630 million generated tht~ pairs and fully
kinematically reconstructed events with t decaying into 3mv.,
the Belle Collaboration obtained for the lifetime of the t
lepton the value (290.17 4 0.53 £0.33) x 10~ s, which is
1.6 times more accurate than the world average value mainly
based on the measurements at LEP [9]. In addition, the
difference in lifetimes between positively and negatively
charged t’s was also measured for the first time to be
[(ter) = (T )| /(t:) <7.0x 107 at a 90% confidence level.
One can see that with the expected increase in the statistics
at Belle II, the statistical uncertainty can be considerably
reduced. Moreover, the systematic uncertainty of the Belle
measurement is dominated by the contribution coming from
the accuracy of the vertex detector alignment, so one can
hopefully avoid or at least noticeably suppress the contribu-
tion of this effect in the corresponding brand new subsystem
of the new detector (see Section 3.2.3).

5.2.3 Branching ratio of the decay T — e (0" )V, V.. Meas-
urements of the probability of this decay, similarly to others
with just one charged particle in the final state, is a very
difficult task, since the probabilities of 1~ decays into e~V V.,
W VuVe, and h7v; (here, & = m,K) are strongly correlated.
Among experiments at the energy of the Y(4S) and the
corresponding kinematics, the most accurate measurements
of these probabilities were performed by CLEO [108] and
BaBar [109] (with the integrated luminosity of 3.56 fb~! and
467 fb~!, respectively). Interestingly, the systematic uncer-
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tainties of these measurements are comparable, despite a 130-
times larger integrated luminosity in the BaBar experiment.

It is worth mentioning that a precision measurement of
the probability of a lepton decay requires a good under-
standing of higher-order effects, in particular, a separate
measurement of radiative decays with a real y-quantum in
the final state. Such a measurement was made recently with
the BaBar detector [110], in which both radiative decays
TT — e VeVry and T — UV, vy were measured with the
integrated luminosity of 431 fb~! with an accuracy many
times higher than before. While for the muon decay the result
is in good agreement with the theory, for the electronic decay,
the measured probability differs from the theoretical predic-
tion by 3.5c standard deviations [111].

Similarly to the study of the structure of the electroweak
interaction, in the leptonic decay of the muon [112], a detailed
study of the spin-spin correlations between 1™ and 1~
generated in the process e"e™ — 171~ allows the determinat-
ion of the so-called Michel parameters expressed in terms of
the constants of the electroweak Lagrangian and of the
differential cross section of this process [113]. Studies of the
Michel parameters in the leptonic decays of t using the
integrated luminosity of 485 fb~! collected at Belle demon-
strated that their statistical errors were already at the level of
10-3 and the total systematic error from the physical and
detector corrections was below 1% [114].

An important role is played by systematic effects related
to corrections for the detection and trigger efficiency. In the
Belle II experiment, the expected statistical error is 1074, so
that the systematic uncertainties, which require a high and
uniform efficiency of the two-track trigger to reduce,
dominate. The general conclusion regarding tests of lepton
universality is clear: a detailed analysis of the systematic
effects should allow a noticeable increase in accuracy, which
does not seem impossible given the huge expected statistics in
the Belle II experiment.

5.3 Search for new physics in t-lepton decays

5.3.1 Electric dipole moment of the t lepton. A nonzero value
of the electric dipole moment (EDM) is prohibited by both T’
and P invariance. The strongest direct experimental restric-
tion on the t-lepton EDM d; at the level of 10~7¢ [cm] was
obtained in the Belle experiment using only a small part of the
total statistics [115]. A possible increase in the accuracy of the
larger integrated luminosity will be based on the same method
of optimized observables [116, 117] in which the sensitivity to
the d; is maximum. The density matrix squared for the process
ete” — th1” is given by the sum of the SM contribution,
MS2M, the EDM term \dr|2M 3, and the interference term,

Miroa = MGy + Mg Re (do)+ M Im (do) + Mg |de|*, (25)

where Re (d;)(Im (d;)) is the real (imaginary) part of the
EDM. The optimized observables are defined as
Mg M;.
ORe = 12{e ) Olm = 12m )
M SM

(26)

and their numerical values are extracted using the most
probable values of the spin and momentum directions of the
t-leptons, S and k, respectively. The averaged values of Oge
and Oy, are proportional to the EDM and, therefore, have
the strongest sensitivity to it, which can be further increased
by measuring as many decay modes as possible, like the eight

modes in Ref. [115]. The analysis of the systematic uncertain-
ties gives hope to achieve |Re, Im (d;)] < 107 ¥-10""¢ [cm].

5.3.2 Anomalous magnetic moment of the wlepton. The SM
prediction for the t-lepton anomalous magnetic moment or,
more precisely, for the anomalous part of its magnetic
moment, is a, =(1.17721 + 0.00005) x 1073 [118]. Any
significant deviation of the measured value from this
prediction may indicate a manifestation of NP. In most
models for NP, the effect of its influence on ay is proportional
to the square of the lepton mass, so that the t-lepton is
(mr/mu)2 ~ 283 times more sensitive to the effects of NP
than the muon. This explains the great interest in measuring
a.. The experimental resolution achieved to date for the
anomalous magnetic moment is about 1072, which is an
order of magnitude larger than the value predicted by the
SM. Unlike the case of the electron and muon, a, can not be
measured through the spin precession in a magnetic field
because of the short t-lepton lifetime. The existing limits,
—0.052 < a, < 0.013 at a 95% confidence level and
a; = —0.018 +0.017, were obtained in the DELPHI experi-
ment at LEP2 in the measurement of the total cross section of
the process ete™ — ete "ttt at energies between 183 and
208 GeV [119].

The prospects of alternative methods for extracting a,
were analyzed in Ref. [120]. To this end, the process
ete” — 1ttt with a consequent decay of both t’s was
simulated for the setup of the Belle experiment. First, the
old idea was tested of using so-called radiation zeros [121],
that is, the vanishing matrix element squared of the radiative
decay 1t~ — ¢~ v.V/y taking place in specific kinematic cases.
Simulations performed demonstrated that this method hardly
allowed improving the sensitivity to a,. More promising is the
use of the full information about the events in the entire phase
space (using the unbinned maximume-likelihood method)
when the t lepton from the signal side decays radiatively.
The results of simulations demonstrate that the method does
not allow measurements of the EDM to be improved;
however, given the huge statistics expected from Belle II, it
allows us to increase sensitivity to the anomalous magnetic
moment.

5.3.3 Search for lepton-flavor-violating t decays. In the SM,
the lepton flavor is conserved and the neutrinos are massless.
Observations of neutrino oscillations have demonstrated that
this is not the case in nature and that the lepton flavor is not
conserved in the neutrino sector. However, this does not
imply that it is necessarily violated in charged leptons as well,
and processes involving its violation will be observed in the
near future. Even if the SM is extended to incorporate the
neutrino mass generated by the Higgs mechanism, processes
with lepton-flavor violation in charged leptons are suppressed
by the fourth power of this mass, so that the resulting
probabilities turn out to be negligible (for example, the
decay probability T~ — p~7 is less than 103).

In nature, symmetries associated with the lepton flavor
are not precise but (to the best of our present understanding)
are only accidental. In the meantime, many theories beyond
the SM with a typical mass scale of the order of TeV predict,
at the level of what will be experimentally achievable in the
near future, the existence of lepton-flavor-violating interac-
tions in the charged lepton sector [5]. Given the t’s large mass,
studies of its lepton-flavor-violating decays are much more
promising than those of muon decays. For example, a large



May 2021

V1 Zhukova, A V Nefediev, P N Pakhlov, S T Eidel’'man

487

HFLAV
E + Spring 2017
: + N +++ 4+ o, L T p+ g
- +
oL+ + +
= +
- + R ++ +
+
1076 = + ++
E A
- °
L A A
A AL A, A
L A A
A,nm A A
A A", a AA (]
- 1 Al
E - = = (] -
F - N = 4 A [ ] [ ]
C A = A .
[ & A n . - _—
| A A s 8 4 mE, A A am Enm
n A fma
L . A g _n
[ ] "] :
[
-8
107° Ev v v L
AAD 2. o R o222 vel L/ A A A A A A A A AP N~
COR AL TSR R OSSR b ke b S o A ST T TR S
IR NN B N T TP OIL AL S s S O s SN PRI
V/Jb/{\ %*,%% é,/ ouIx o @@qq@@@bééqqqqéi
X AP < X
v R VY
o ATLAS aABaBar wmBelle +CLEO LHCb

Figure 9. (Color online.) Experimental upper limits on the probabilities of lepton-flavor-violating t decays. (Adapted from Ref. [122].)

number of final states with one or two mesons appear, which
allows one to check the coupling constants between the
quarks and leptons for the lepton-flavor-violating interac-
tions. Moreover, one can search for exotic decays like
t+ — pete™, with violation of all possible lepton symme-
tries, or t~ — An~, in which, additionally, the baryon
number is not conserved. Figure 9 [122] shows the upper
limits on the probabilities of lepton-flavor-violating decays,
thus providing the full picture of such searches for t decays in
various experiments.

Proceeding to the Belle IT experiment with an integrated
luminosity two orders of magnitude larger than before, it may
be hoped that, for decay modes with only charged particles in
the final state, and therefore with almost no background, such
as T~ — p-eTe™, the upper limits will be better than at Belle
proportionally to the luminosity, thus reaching the level of
O(1071%). For decays with a background, like 1~ — p~y,
reaching a level better than 10~ looks feasible but can require
specific and more complex methods of analysis.

5.3.4 CP-violation in t decays. In the SM with three
generations, CP violation is explained by the Kobayashi-
Maskawa mechanism, according to which CP violation
occurs in the quark sector and is absent in the lepton one
(see Section 2). For this reason, studies of CP violation in
hadronic decays of T provide an interesting opportunity to
search for NP by detecting a new source of CP violation that
is not present in the Kobayashi-Maskawa mechanism. In
particular, observations of CP violation in T decays will mean
that a new type of interaction, besides the K’-K° mixing
induced in the SM, is present in the 1—v; and/or d—u or s—u
current. So far, there have been two measurements of CP
asymmetry in the BaBar and Belle experiments.

The BaBar Collaboration made an attempt to measure
CP asymmetry by considering the difference between the
widths of the decays 1" — " K3V, and 1= — n~KQv, [123]:

I(t* — ntKv,) — 't~ — nK§v,)

A= .
©r(tt - ntK,) + Mt~ — 1 Klv,)

(27)

In the SM, this asymmetry differs from zero because of K-
K° mixing and, under the assumption of CPT invariance, can
be expressed through the kaon mixing parameter ¢ [124, 125],

AM ~ 2Ree ~ (0.36 £ 0.01)% . (28)
The BaBar result reads
A =(—0.36+0.23+£0.11)%, (29)

that is, it disagrees with the prediction of the SM by 2.8c. A
comparable level of CP violation also caused by kaon mixing
should be observed in decays of the D meson:

Ap — r(D* —n"Ky) - (D~ — nK3)

- : 30
(D" - ntKY) + (D™ — nKY) (30)

This asymmetry is related to the t-lepton CP asymmetry as
A = —Ap [125]. From experimental data, the mean CP
asymmetry of the D meson is Ap = (—0.41 + 0.09)%, that
is, it is known much better than A..

The Belle Collaboration searched for CP-violation using a
quite different method with the help of angular observables in
the decay 1~ — n KJv, to extract the forward-backward
asymmetry AE{; on data which correspond to an integrated
luminosity of 699 fb~! [126]. It is well known that there are
several overlapping resonances with different quantum
numbers in the mass region M(n~K$) < m, which need to
be analyzed to determine AP 1t should be noted that, in the
Belle experiment, almost all contributions to the systematic
uncertainty of A are related to detector effects and could be
estimated via a test data set in which one t decayed into three
charged pions and a neutrino. Because this source of
systematic uncertainty depends on the statistics of the
control set, it is expected that in Belle II the uncertainty will
be diminished proportionally to the growth in the integrated
luminosity, unlike the Belle experiment.

Then, for the full luminosity of 50 ab~!, one can expect an
improvement in both the statistical and systematic uncertain-
ties by /70 times, which should give |A“"| < (0.4—2.6) x
10~* at a 90% confidence level under the assumption that the
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central value of A is equal to 0. For such a high accuracy,
extraction of the parameters of CP violation needs to be
performed simultaneously with the determination of the form
factors.

Thus, a more precise measurement of A, and AP s
definitely one of the high-priority tasks for Belle II. Other
ways of searching for CP violation in t decays are discussed in
review [5].

5.4 Semileptonic wlepton decays

In this section, we briefly discuss semileptonic (in what
follows, referred to as hadronic for simplicity) t-lepton
decays and prospects for their study in the Belle II experi-
ment.

5.4.1 wlepton decays into final states with hidden strangeness.
Hadronic decays of the t lepton with hidden strangeness in
the final state, that is, Cabibbo-unsuppressed ones, constitute
about 62% of all T decays [9]. By detecting various final states
of this type, one can extract the so-called spectral functions,
which correspond to different quantum numbers of the
produced hadronic system. This complicated task was
accomplished in the OPAL [127] and ALEPH [128] experi-
ments at the LEP e*e™ collider. Despite the relatively low
precision of these measurements, they allow us to extract
fundamental parameters of QCD, in particular, to obtain one
of the most accurate values of the strong coupling constant
as(m2) [129]. The precision measurement of the spectral
functions is an important task for Belle I1. The main hadronic
decays of the T lepton, above all Cabibbo-unsuppressed decays
into the final states with several pions (1~ — n nlv,,
T — (3m) Vi, T — (4m) vy, ...), have been measured with
high precision [9]. Decays with the pions in the isovector state,
in particular, those with an even number of pions (as well as
decaysinto on~, nntn,...) are subject to a relation based on
the conservation of the vector current (CVC), between the
total cross section ete™ — H? at the energy \/q_2 and the
differential cross section of the decay T~ — H™ v, where His a
hadronic system of the mass ¢ [130, 131],

dI' G|Vl Sew >

e = el G RN GO LICRR
T

v (qZ) _ qzo-éfel* (qZ)

! 4mo ’

(31)

where Sgw = 1.0201 £ 0.0003 is the electroweak correction
[132]. In Ref. [133], this relation was systematically verified
for different final hadronic states on the basis of the entire
bulk of the experimental data on the ete™ -annihilation and
T decays available at that time, and the above relations were
demonstrated to be accurate up to 5-10%, in agreement with
the expected accuracy of the isospin symmetry.

As new experimental data arrived and their precision
increased, the picture started to change. The analysis
performed in 2002-2003 demonstrated that the spectral
functions obtained from t decays systematically exceeded
the corresponding functions extracted from the e™e™-annihi-
lation [134, 135]. In a later analysis from Ref. [136], the
discrepancy between the spectral functions is declared to
almost vanish with a correct account for p—y-mixing. Never-
theless, the problem of a precise evaluation of the corrections
due to isospin breaking persists and, in order to be solved, will
require both new tests of the CVC relations, based on more
accurate measurements of the hadronic spectra in T decays, to

become possible in the Belle II experiment and new
theoretical efforts.

The experience gained from the CLEO experiment [137]
has shown that even a relatively low data sample in the decay
1~ — 'm0V, allows one to extract interesting information
on the structure of the a; (1260) meson. This gives hope that a
precision measurement of the three-pion decays of the T with
two possible charge combinations in the final state (n"n n~
and n~n°n%) will considerably improve our understanding of
the decays and excitations of the a;(1260) meson.

5.4.2 Cabibbo-suppressed decays and kaon spectroscopy.
Cabibbo-suppressed decays with open strangeness constitute
slightly more than 3% of all t-lepton decays [9]. They are
decays into the final states with one kaon (K~ or K°) plus
several pions and/or n-mesons and (with a small probabil-
ity#) into three kaons. Detection of all possible final states
and measuring the mass distribution in the hadronic system
(the strange spectral function) allows us to estimate the mass
of the strange quark and the element Vs of the CKM matrix
[138]. Similarly to decays with hidden strangeness, this
problem has not yet been solved at B-factories, and calcula-
tions rely on the old results on the spectral functions from
ALEPH [139] and OPAL [140].

In many cases, the produced hadronic system is experi-
mentally known to form a resonant state— an excited kaon.
At present, the spectroscopy of such states is poorly under-
stood. The last systematic study of excited kaons was carried
out over thirty years ago in K~p collisions in the LASS
experiment (see review [141] and references therein). Since
then, except for considerable efforts to prove the existence of
K5(700) or x [9], new experimental information on excited
states of K mesons arrived mainly from a few experiments
with amplitude analysis in the decays of D- [142] and B-
mesons [143].

In all these experiments, K*’s are produced, accompanied
by other hadrons; furthermore, hadrons are also present in
the initial state, which leads to poorly controlled effects of
strong interactions and systematic errors that are potentially
unaccounted for. These serious drawbacks are absent if the
decay products of the K* meson are produced in a t-lepton
decay. Then, there are no other hadrons involved in the
process, which facilitates the interpretation of the results
and reduces systematic effects. An example of such a study
is the decay ©= — K n*n~v,, for which an analysis of
statistics from about 7000 events allowed observing the
K;(1270) and K;(1400) mesons [144]. Unfortunately, this
data sample is insufficient for more accurate measurements
because of the proximity of the studied states to each other
and their large widths. High-statistics experiments like studies
of the decay 1= — K(S)Tc*vt at Belle using over 53 thousand
events allowed the mass and width of the K*(892)-meson to
be measured with the world’s best precision [145].

There are currently 12 known K*-states with the mass
below that of the t lepton. A significant increase in the
statistics in Belle II together with improved methods of
amplitude analysis developed in recent years [146] will allow
a detailed study of these mesons and their decays and, thus,
will significantly improve our understanding of strong
interactions involving the s-quark.

4 The branching ratio of the decay mode 1~ — K~ K*K v, is approxi-
mately 2 x 1073,



May 2021

V1 Zhukova, A V Nefediev, P N Pakhlov, S T Eidel’'man 489

5.4.3 Search for second-class currents in wlepton decays.
Hadronic currents can be classified according to their
quantum numbers J7¢, spin, parity, and G parity as first-
class currents (FCCs) with the quantum numbers
JPC =0t (s), 07— (n), 17 (a;), 1~ (p) [147] and second-
class currents (SCCs) with J7¢ = 0% ~(ay), 0~ (1), 17 (b)),
1=~ (w), which have not yet been discovered. The G parity
combines the charge and isospin symmetries. The latter is
broken, since my # my and ¢, # qq4. However, since this
breaking is relatively small, the G parity is a good approx-
imate symmetry of strong interactions. For this reason, in the
framework of the SM and for some quantum numbers J %,
hadronic systems with G parity corresponding to the left-
handed weak (light) quark current are allowed and can be
easily produced. Meanwhile, hadronic systems with a ‘wrong’
G parity possess SCC quantum numbers and are suppressed.
In the SM, a small violation is induced by isospin breaking,
resulting in induced SCCs. In addition to this suppressed
effect, ‘generic’ weak SCCs may exist, which are caused by NP
and reveal themselves in somewhat enhanced probabilities
compared to what is expected from the isospin-symmetry
breaking or a background evaluated in the SM.

Observation of the decay T~ — by v; or 1~ — a; v; would
be a clear manifestation of an SCC [148]. For the most
frequently discussed SCC decay 1~ — mn~v,, theory pre-
dicts a partial branching at the level of 1073-107°. Smallness
makes this quantity sensitive to various background pro-
cesses. To better understand this, Belle made an attempt to
search for various exclusive decays with the m meson in the
final state [149]. In the BaBar searches, the decay mode
N — nrnn® was used, which, in addition to the dominating
background from the decay 1~ — nn~n’v,, receives contri-
butions from other processes. In the future, the decay n — 2y
may appear quite promising, despite a considerable back-
ground contribution from the decays 1~ — mn v, and
1~ —mn n’v,. Nevertheless, for the branching ratio
B(t~ — nnv;) ~ 1 x 107 predicted by theory, the statis-
tics from Belle IT should definitely guarantee the discovery of
SCCs. In this case, NP can reveal itself through an
anomalously large probability of such a decay and allow
setting the upper limit on the possible charged Higgs boson
exchange [150].

The decay t~ — on~ v, proceeding through the vector
hadronic current induced by p, p’, p”, ... mesons has a
probability of the order of 2%. However, the SCC may
contribute to it, for example, through the b;(1235) reso-
nance, which will result in a modification of the angular
distribution for the angle between the normal to the decay
plane of the ® meson and the direction of the fourth pion in
the o rest frame. The expected forms of such distributions are
given in Ref. [151]. BaBar used statistics of 347.3 fb~! to
search for the SCC contribution and set the upper limit at the
level of 1.4 x 10~* [152], while the theoretical calculation
gives 2.5 x 1073 [153]. A simple estimate demonstrates that,
in Belle II, with approximately 1400 times larger luminosity,
one can expect to observe SCCs in this t decay, too.

6. Hadronic physics

The Belle 1T experiment, like the preceding experiments
at B-factories, provides unique new opportunities to search
for and study hadronic states containing heavy quarks. The
most up-to-date classification of such states according to
PDG [9] is given in Table 2.

Table 2. Classification of states containing a heavy Q0 pair * adopted by
PDG [9] (adapted from review [17]).

PC -+ +- -- ++
Isospin | QQ-pair
I=0 cc MNe he Xe
1=0 bb ufs hy, T b
I1=1 cC I, Z. R, W,
I=1 bb I, Zy Ry W

“For isovector states, C implies the charge parity of their electrically
neutral components. An additional lower index may indicate the total
spin of the state J (see Figs 11 and 12). If the quantum numbers of a state
are not determined, they are temporarily denoted as X.

B-meson decays
(any quantum numbers)
o

Two-photon production
(JPC = 0*t+ 2i+)

b N I
B W+ N C
g 3 (K

Initial-state radiation
Ure=17)

(JPC — Oi-%—)

Figure 10. Production mechanisms for charmonia at B-factories. (Adapted
from Ref. [154].)

Vector bottomonia Y can be produced in eTe™ collisions
directly through the annihilation of an electron—positron pair
into a virtual photon. It is sufficient just to set the invariant
energy of the ete™ pair near the mass of the corresponding
resonance, my, and collect statistics sufficient for the analysis.
Bottomonia with other quantum numbers are produced in the
decays of the vector Y with emission of light hadrons (for
example, pions or n mesons) and photons. The ability to
detect such particles, especially neutral ones, makes the
Belle II experiment a unique tool for studies of hadronic
states containing heavy quarks.

Charmonia with various quantum numbers can be
produced at B-factories through several mechanisms; the
most important of them are illustrated in Fig. 10. As in the
case of bottomonia, vector charmonia are produced most
copiously. Figures 11 and 12 demonstrate experimentally
observed states to date containing a heavy quark—antiquark
(cC or bb) pair. Many of them were observed and studied in
experiments at B-factories, and the Belle Collaboration
contributed a great deal to these studies. As examples, one
could mention investigations of the low-lying (and therefore
the most difficult for experimental studies) states in the
spectrum of charmonia and bottomonia— the pseudosca-
lars n.(1S), n.(2S) [155] and M, (1S) [156], M, (2P) [157] or
axial vectors hy, (1P) and hy, (2P) [157, 158]. On the other hand,
the Belle experiment has contributed much to the observation
of candidates for previously unknown charmonia (for
example, ., (2P) [159]) and bottomonia (for example,
Y(10750) [160]). Recently, Belle provided the first measure-
ment of the radiative decay from a vector bottomonium to an
axial vector charmonium Y(1S) — vy, [161]. Thus, an
important task for Belle II is the observation of the
remaining states predicted by the quark model below the
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Z.(4430)
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1/ (1S)
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0" 1== 1*= 0o*+ 1*+ 2%+ 2= 3—— 0o~ 1

JPC

Figure 11. Spectrum of experimentally observed charmonium. States
regarded as well established (according to PDG) are shown with the solid
line and those which still need confirmation, with the dashed line. The
name of each state (see Table 2) is followed, in parentheses, either by its
measured mass or the quantum numbers of the QQ pair if this state is well
described by the quark model as a generic quark—antiquark meson.
(Adapted from review [17].)
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ot 1= 1t ottt 1+t 2tt 2= It
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Figure 12. Same as in Fig. 11 but for the spectrum of bottomonium.

open-flavor threshold, for instance, the tensor charmonium
Ne(1D). The quark model predicts it at around 3.74 GeV
(see, for example, Ref. [162]). Experimental searches for this
state can be performed in the B-meson decay chain
B — nu(1D)K — h (1P)yK — n.(1S)yyK with a conse-
quent M (1S) decay into hadronic channels. Such a task is
not feasible for the LHCb experiment, while it could be
accomplished at Belle II. Detailed information on the
prospects of the Belle II experiment in various studies of
bottomonia and bottomonium-like hadrons can be found in
review [163].

An important result obtained in the Belle experiment and
still open for further improvement is the measurement of the
exclusive cross sections of ete™ annihilation to open-charm
states [164] (the accuracy of the most recent Belle data exceeds
that of all previous studies performed by CLEO and BABAR,

as well as Belle itself about ten years earlier). A theoretical
analysis of these data wusing unitary coupled-channel
approaches should allow extracting the parameters of the
vector states in the spectrum of charmonia and bottomonia in
a model-independent way [165]. An alternative source of
information on such exclusive cross sections is provided by
the BES III experiment.

The expected potential of Belle II will exceed that of Belle
proportionally to the luminosity growth and, therefore, the
collected data. In particular, this will allow us to establish the
quantum numbers of the states, which can not be analyzed
using the statistics from Belle. Also, this will allow us to perform
an energy scan in a wider range and with a smaller step than was
done before at B-factories of the previous generation.

The list of achievements of the Belle experiment and hopes
related to Belle IT concerning hadronic physics would not be
complete without mentioning exotic hadrons. From Figs 11
and 12 one can see that some hadronic states (for example,
isovectors—see the notations in Table 2) definitely contain
not only a heavy QQ pair but also light quarks, which
automatically classifies such hadrons as exotic (not quark—
antiquark states) (see Section 2) and makes them very
interesting objects for both experimental and theoretical
investigations. Let us discuss in some more detail the
potential of Belle II in studies of such hadrons.

After the November 1974 revolution (the experimental
discovery of the charmed quark), followed in 1977 by the
observation of the b-quark, the spectroscopy of hadrons
containing heavy quarks developed extensively and predict-
ably. New states of charmonia and bottomonia were found
experimentally and were quite well described by the quark
model as quark—antiquark mesons. Furthermore, given that
the ¢ and b quark are quite heavy compared to the typical
QCD scale (m¢, my, > Aqcp), a good description of heavy
quarkonia can already be achieved in the framework of the
simplest nonrelativistic quark model, like the Cornell one
[166]. Proceeding to excited charmonia and bottomonia
implied only an inclusion of the relativistic corrections;
however, no surprises were expected along this way.

This status quo was challenged in 2003 when Belle
discovered the state X(3872) in the spectrum of a charmo-
nium with properties at odds with the predictions of the quark
model [167]. It is interesting to note that, despite a very wide
spectrum of studies performed at Belle, so far this publication
of the collaboration remains the most cited. A review of the
current status of this state can be found in Ref. [17], while its
description in the framework of one of the most successful
approaches to exotic hadrons—the molecular model —is
contained in [168].

In the nearly twenty years that have passed since the first
observation of X(3872), about twenty new exotic charmo-
nium-like and bottomonium-like states have been discovered.
To be certain of the considerable progress gained in this field
of hadronic spectroscopy, one can check review [154], where
the state of the art of charmonium spectroscopy is outlined
for the end of the first decade of the 2Ist century. In
particular, at that moment, the number of observed exotic
states was fewer than 10, while now the number of declared
exotic states in the spectrum of a charmonium exceeds 20, and
approximately half of them are regarded as confirmed and
well established (see Figs 11 and 12).°

3 In this Fig. 12, the states are labeled according to Table 2, so that X(3872)
is denoted as ¥, (3872) as per its quantum numbers J7¢ = 1++ [9].
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It is easy to see that one of the key features of X(3872) is
that it resides fantastically close to the neutral threshold DD*,
which should strongly affect the process of the formation and
further properties of this charmonium-like state (the latest
and the most precise measurement of its properties can be
found in Ref. [169]). Furthermore, it is legitimate to claim that
exotic states could be observed due to the ability of
contemporary experiments, at B-factories first and fore-
most, to work at energies above the open-flavor threshold,
where decays of a heavy quarkonium into pairs of heavy-light
mesons in the relative S wave become kinematically allowed.

Let us illustrate the potential of the Belle I experiment in
studies of exotic hadrons using the example of the Z,(10610)
and Z,(10650) states in the spectrum of a bottomonium (see
Fig. 12). In 2011, these states were found by the Belle
Collaboration in dipion transitions from the Y(10860) to
lower-lying vector bottomonia Y(nS) (n = 1,2, 3) and axial
vector bottomonia /i, (mP) (m = 1,2) [170]. Somewhat later,
Belle observed the same resonances in the decay channels of
Y(10860) to the open-bottom final states tB*)B* [171-173].
The exotic nature of Z;, bottomonia is obvious, since they are
seen as peaks in the mass distributions Y(nS)n® and
hy(mP)7®, that is, on the one hand, they contain a bb pair
but, on the other hand, are charged (have isospin 1)—a
feature accessible only if at least one pair of light quarks is
contained in the system. Thus, the minimal content of these
states is four-quark.

The main competing theoretical approaches which pur-
port to describe data on the production and decay modes of
the Z;, states are the molecular and tetraquark models. A
detailed description of these approaches and related refer-
ences can be found in reviews [163, 174] on the molecular
model and in review [175] on the tetraquark model. It should
be noted that the molecular model for Zy’s suggested shortly
after their experimental discovery [176] allowed naturally
resolving one of the main puzzles related to dipion decays of
the bottomonium Y(10860). The problem is that, in order to
build a vector state (JP“=1"") from a quark and an
antiquark, their spins need to be aligned, so that the total
spin of the quarks is Sy = 0, while for an axial vector state
(JP€ = 1*7) it should be S,; = 0. Therefore, the transition
from a vector bottomonium to another vector bottomonium
proceeds without the heavy quark spin flip, while transitions
to axial-vector bottomonia require such a flip. Then, since the
spin-dependent operators in the Hamiltonian contain the
mass of the corresponding particle in the denominator, the
probability of a spin flip for the heavy b quark is suppressed
by the small ratio Aqcp/my, < 1. If applied to the decays
Y(10860) — nn Y (nS) (n=1,2,3) and Y(10860) — nrhy(mP)
(m = 1,2), this implies a considerable (up to two orders of
magnitude) suppression of the latter decays compared to the
former ones. Contrary to this expectation, both types of
decays were experimentally found to have similar probabil-
ities [170].

To explain this result, it is conjectured in [176] that studied
decays proceed not directly but as cascades through the
formation of intermediate isovector bottomonia Z;, and Z;
with quantum numbers J ¢ = 17~ (as before, we quote the C
parity of the neutral component of the isovector) residing
near the thresholds BB* and B*B*, respectively. If, in
addition, the wave functions of the Z;’s are assumed to be
two orthogonal superpositions of states with different
orientations of the heavy quark spins, Sy =0 and S, = 1,
then transitions to the final states with Y and /, have similar

probabilities, since they proceed via different components of
the wave functions, which, however, have the same weight.

This conclusion is an example of predictions of the so-
called Heavy Quark Spin Symmetry (HQSS), which estab-
lishes relations between partial probabilities of the decays of
Z, molecular states (see, for example, Refs [177, 178]).
Furthermore, this symmetry predicts the existence of mole-
cular states with a different orientation of the quark spins
and, as a result, different quantum numbers. Such states
are known as spin partners and, for a given total spin J
(only S-wave molecules are considered, so that the angular
momentum equals zero), their spin wave functions are
composed from combinations of the form [Spp ® Sy4l;,
where Sy and S, are the total spins of the heavy and light
quark—antiquark pair, respectively [177]. The spin partners of
the Zy states are traditionally denoted as Wy, have the
quantum numbers J7C€ = 0++, 17+, 2++ (there are two 0F
states), and reside near the thresholds BB, BB* and B*B* [163,
176-180]. Since Wy; bottomonia have a negative G parity,
they can be produced in the radiative decays of the vector
Y(10860); the corresponding scheme is depicted in Fig. 13.
Model-independent predictions for the line shapes and
branching ratios of the spin partners Wy, in different
channels can be found in Ref. [180].

It is important to mention that the observation of Z’s
became possible after the Belle Collaboration raised the
energy of the colliding beams to approximately 11 GeV
(data taking was performed at energies close to the masses
of Y(10860) and Y(11020)), which exceeds the ‘standard’
energy of B-factories working near the Y (4S) resonance for
approximately 1 GeV. Similar measurements but with a
substantially higher statistics are expected in the Belle II
experiment, which is very important for the discovery of
Zy’s spin partners. Indeed, because of a different production
mechanism of Wy,’s compared to Z,’s (radiative decays
rather than pionic ones), the corresponding probabilities are
expected to be about two orders of magnitude lower than for
Zy’s. For this reason, the data collected at Belle seem
insufficient for searches for their spin partners. In the
meantime, the considerable increase in the luminosity and,
as a result, the much higher statistics expected at Belle II
should allow us to perform data analysis to search for the
ij,s.

In concluding this section, let us note that the experiments
at the LHC also provide a lot of quite valuable information on
hadrons with heavy quarks. Here, we quote only a few
interesting and important observations made by the LHCb
Collaboration in this field quite recently. In Ref. [181], they
report evidence of the existence of narrow pentaquark states
(in only one year since publication, these results have already
been cited hundreds of times), and in Ref. [182] a candidate is
found for a genuine charmonium state {;(3842) with the
quantum numbers 37~ (see Fig. 11). In Ref. [183], they
discuss suppression of the charmonium-like state y ., (3872)
production compared with that of the generic charmonium
Y(2S) (see Fig. 11) in proton—proton collisions at an energy of
8 TeV. In addition, in both cases, the production probability
decreases with multiplicity. Such a behavior is unique for the
prompt production of charmonia in pp collisions, since
similar production probabilities in weak decays of B-mesons
demonstrate a different pattern.

In Ref. [184], the line shape of ., (3872) in the final state
nrJ / is studied in detail, and the value of the Breit-Wigner
width is obtained for the first time (as opposed to the upper
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Figure 13. (Color online.) Production and decays of Z;, states and their
predicted spin partners Wy;. (Adapted from Ref. [180].)

limits set up and corrected several times at the B-factories). In
addition, the pole of the amplitude responsible for this state
was extracted. In Ref. [169], branching ratios of the produc-
tion of the \,(3823) and ¥, (3872) charmonia in weak decays
of B-mesons were measured, and the width of the y, (3872)
state was determined more precisely.

Finally, in Ref. [185], the probability of double-J/y
production in proton—proton collisions is measured at
energies from 6.2 to 7.4 GeV, and nontrivial structures are
observed in the line shape, which are attributed to the
existence of fully charmed tetraquark states. This observa-
tion immediately initiated a lively discussion in the scientific
community and resulted in the appearance of several dozen
theoretical papers devoted to various attempts to explain the
data [186-203].

Some studies of quarkonia were also performed in the
ATLAS [204] and CMS [205] experiments.

7. Conclusions

For ages—the entire time of its development—science
surprised the researchers. Probably not a single important
discovery or observation has been made routinely and
predictably but instead has happened accidentally and not
where it was expected. This must be so in the future too.
Meanwhile, this does not imply that advanced scientific
investigations should not be well prepared and organized.
The Belle IT experiment is a good example of such a systematic
approach. An important feature of this international project
is the involvement of scientists from many leading institutes
and universities all over the world, which demonstrates strong
cooperation among them.

It might well be that this experiment will provide an
important clue to our future understanding of what seems
mysterious now and let us proceed beyond the SM towards
the Theory of Everything. However, even if not, one can be
absolutely certain that the enormous efforts spent on the
preparation of this experiment will not be in vain, and it will
definitely advance our understanding of the fundamental
foundations of our world.

Not all the opportunities related to the Belle IT experi-
ment can be described in a single review, so we tried to
mention in our point of view the most important and
promising investigations to be performed in it. Given the
absence of other operating B-factories as direct competitors
of Belle I, ® all results obtained in it will have a very strong

¢ As was discussed in Section 3.1 another factory of beauty, SuperB [206,
207], was supposed to work in parallel with Belle I, however because of
the economical difficulties this project was eventually discontinued.

impact on high energy physics. Time will tell how justified
our present judgement is, while now we would like to wish
Belle IT a long and productive lifetime and many interesting
and surprising results.

The authors are grateful to R Mizuk for the useful
discussions. The reported study was funded by RFBR, project
number 19-12-50167.
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