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Abstract: The aim of this text is to present the covariant confined quark model (CCQM) and review
its applications in the decays of B mesons. We do so in the context of existing experimental measure-
ments and theoretical results of other authors, which we also review. The physics principles are, in
detail, exposed for the CCQM,; the other results (theoretical and experimental) are surveyed in an
enumerative way with comments. We proceed by considering, successively, three categories of decay
processes: leptonic, semileptonic and non-leptonic.
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1. Introduction

The confinement property of quantum chromodynamics (QCD) implies that it is not
possible to study the strong force using the scattering of free quarks. Since the confinement
itself is a manifestation of the strong force, one cannot help but analyze more complex
systems such as hadrons, i.e., bound states of quarks. All hadrons are colorless (white)
objects, including mesons consisting of two quarks only. Even though no stable mesons
exist, meson physics is often seen as the most simple testing ground for QCD.

Various measurements have provided us so far with a large amount of experimental
data (masses, decay rates), which challenge our ability to provide theoretical predictions.
For the above-mentioned reasons, the perturbative calculations performed at the partonic
level need to be complemented by the so-called hadronic effects, which are non-perturbative
in nature and originate in the long-range interaction between quarks and gluons. As of now,
we do not have a well-established general method for reliable computation of hadronic
effects for arbitrary processes from first principles.

Our ability to describe mesons and other QCD states without model dependence is
limited, but has improved in time. Light meson physics is often treated within the chiral
perturbation theory (ChPT), based on an (approximate) flavor chiral symmetry of the QCD
which is spontaneously broken. Assuming this symmetry, together with constraints from
the analyticity and unitarity, phenomenological Lagrangians were proposed in [1]. This
allowed the authors to reproduce the results from complicated methods using the current
algebra. In [1], the Lagrangians were given in the leading order only; the extension of this
approach, which included meson loops, was formulated in two original papers [2,3]. Since
then, the ChPT proved to be a successful effective field theory approach with remarkable
results [4,5]; however, the large masses of other quarks—other than u, d and s—exclude the
heavy-quark physics from ChPT’s applicability range.

A different approach is represented by non-perturbative methods, such as the Dyson—
Schwinger equations. The latter were formulated decades ago [6-8] in terms of an infinite
number of coupled differential equations imposed on the Green functions of the theory.
With necessary simplifications, results were derived first for abelian theories. Then, the
approach was extended also to the more complicated case of non-abelian theories [9], thus
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including QCD and hadronic physics. The application to heavy quarks was, for the first
time, presented in [10].

A distinctive non-perturbative theoretical technique to investigate the strong-interaction
physics are the QCD sum rules [11,12]. The central objects of interest are the correlation
functions of interpolating quark currents, treated using the operator product expansion
(OPE) and expressed in term of a perturbative continuum contribution and a low-energy
parameterization. These are then matched by assuming the quark-hadron duality. The
results are derived in the form of sum rules, while the uncertainties have to take into
account various necessary approximations. Among others, the results for leptonic decay
constants and hadron transition form factors have been derived [13,14].

In the domain of heavy meson physics (which we are interested in), a specific tool is
available: the approximate realization of the heavy quark symmetry gives rise to the heavy
quark effective theory (HQET) [15-17]. The symmetry appears when the mass of the heavy
quark goes to infinity; it is the combination of a heavy quark flavor symmetry and the
independence of hadronic properties on the heavy quark spin state. It allows for important
simplifications and leads to results expanded in the inverse of the heavy quark mass.

An important model-independent approach with possibly very broad applicability
is represented by numerical QCD calculations on the lattice. Here, important progress
was made over last decades [18]; nowadays, predictions of form factors in weak decays of
heavy particles become available [19-22]. The potential of this method is immense, since,
as is evident from [23], the bulk of experimental data in high-energy physics are related to
hadrons and explaining them at a few-percent level accuracy would be a triumph.

However we are not at this point now and the possibility for lattice calculations to
become the mainstream of theoretical predictions will depend on the future developments.
Thus, despite the important achievements of the lattice QCD, model-dependent methods
remain the most popular and versatile tools in making QCD predictions with hadronic
effects included. This is mainly due to the fact that the lattice QCD remains limited to a
narrow set of specific processes, while the model framework can be usually easily adopted
to various settings, thus making predictions more easy to produce. This is especially
true in relation to the B factories, i.e., very high-luminosity accelerator facilities which
are nowadays in operation, where a large number of various heavy hadron decays are
registered and measured. Many of these approaches can be described as “quark” models,
since they describe the hadron by considering its valence quarks using some specific
assumptions or anséitze (see, e.g., [24,25]).

The Nambu-Jona-Lasinio (NJL) model, based on the ideas of Y. Nambu and G. Jona-
Lasinio (Refs. [26,27] are the original papers), is widely used in the low-energy phenomenol-
ogy of light quarks (1, d, s). The hadron masses are generated by the spontaneous breaking
of chiral symmetry, where the pion plays the role of the Goldstone boson. This approach
has found many applications in light meson physics due to the simplicity of calculations;
for review, see, e.g., Ref. [28]. Some efforts have been made to extend the NJL model to
applications in heavy mesons by taking into the account the heavy quark symmetry [29,30].
In our earlier paper [31], which was a predecessor to the CCQM, a clear relation of the
so-called compositeness condition (addressed later) with the requirement for the correct
normalization of the kinetic term in the NJL Lagrangian after the spontaneous breaking of
chiral symmetry was shown.

As far as quark models are concerned, for weak decays, they are usually combined
with a perturbative computation at the quark level. Here, it is customary to use an effective
four-fermion theory derived using the OPE and governed by the low-energy Hamiltonian:

e G
Heg! = 7%%% Y Ci(m)Qi(n) 1)

here written for the b — g € {s,d} transition. Q;(u) are local operators expressed in terms
of quark fields, C;(u) are the Wilson coefficients which can be evaluated perturbatively,
Vij are Cabibbo-Kobayashi-Maskawa (CKM) matrix elements and y is the QCD renormal-
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ization scale. Its value is set to a typical momentum transfer which is, for weak decays,
significantly smaller that the W mass. Thus, W is effectively removed from (1) and it enters
in computations of C;(u). An excellent overview of weak decays is given in [32].

The heavy decay processes are of special interest for the particle physics community
for several reasons [33]. One of them is the determination of the CKM matrix elements and
the study of related questions such as the CP violation, unitarity triangle, baryogenesis
and weak physics in general. Further, B factories are used to search for new exotic states,
including tetraquarks, pentaquarks, glueballs and so on. The collected data also allowed
researchers to study fragmentation processes, test the lepton universality, investigate
possible lepton flavor violation and address the questions related to a new set beyond
Standard Model (SM) physics [34,35].

Indeed, various new physics (NP) scenarios [36—42] predict deviations from the SM
in B meson decay processes. Because of the very high luminosity possessed by colliders
nowadays, there is a hope that even rare (small in number) deviations from SM physics can
be detected.

We present here how the covariant confined quark model (CCQM) [43] has been used
to investigate the B-physics processes. A dedicated effort was made in previous years and
decades to cover most of the measured B meson data, and, since the number of articles
is large, we believe it is appropriate to review them. We provide in this text an overview
of the results from the perspective of the CCQM, but we also point out contributions and
achievements from other approaches and authors. With some exceptions, the majority of
the outcomes were formulated in terms of the SM predictions, which were then compared
to data. In this way, possible tensions or deviations were identified or hypotheses about
the nature of an exotic state were expressed. This then points to possible NP phenomena
or better understanding of exotic particles, especially when there is agreement with other
theoretical works.

The large quantity of various B-related results which have been published in the past
does not allow us to review each decay in full details. We therefore define three categories
and for each we present a demonstrative calculation with one or two example processes.
The categories are leptonic, semileptonic and non-leptonic (radiative) decays.

The text is structured as follows. In Section 2 the general features of the CCQM are
presented. The following three sections are dedicated to specific process categories, as
mentioned above. Each has three subsections, one with a general overview, the second
presenting in more detail the computations for a chosen example process and the third
where results obtained within the CCQM framework are summarized. The text ends with
conclusions and an outlook.

2. Covariant Confined Quark Model
The key points for the model construction are the following:

. Lorentz symmetry and invariant Lagrangian;

¢  Compositeness and double counting;

¢  Confinement of quarks;

*  Gauge symmetry and inclusion of electromagnetic (EM) fields.

The above are addressed is the order shown. In an additional subsection, we also
briefly describe the computational techniques.

2.1. Lagrangian

To construct a theory with Lorentz symmetry, one naturally uses a Lagrangian formu-
lation. This was carried out for the CCQM, which is an effective field approach where both
quark and hadronic fields occur. The quark-meson interaction term is written as

Ling = guM(x)Jm(x) + Hee,  Jm(x) = /dx1 / dxoFr(x; %1, %2)G, (x2) Tvg1 (x1),  (2)
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where M represents the mesonic field, q the quark field, gy is their coupling and H.c.
stands for the Hermitian conjugate. The interpolating quark current J; is non-local and
the integral over the positions x1, x, of constituent quarks is weighted by a vertex function
Fj1. The symbol I'y; represents a combination of gamma matrices that depend on the spin
of M. For a scalar M, one has Iy = 1, while, for pseudoscalar, I'y; = 75 and, for a vector
particle, the expression is I'y; = ¥. In the latter case, the mesonic field has a Lorentz index
too (M) and the indices are contracted.

It is interesting to see what happens in the case of local interation when Fyy(x; x1, xp) =
d(x — x1 — x2). Then, one clearly observes that the interaction Lagrangian given by
Equation (2), together with free meson and quark Lagrangians, corresponds to the NJL model
after bosonization.

The explicit form of Fy is driven by two requirements. First, the positions of quarks
are constrained so as to make the hadron be situated in their barycenter. For this, a delta
function is introduced, where the weights in its argument depend on the constituent quark
masses w; = m;/(mj + my). Second, to manifestly respect the Lorentz symmetry, the
remaining dependence is written as a function of the spacetime interval:

FM(X; X1, Xz) = 5(3( — W1 X1 — wzxz)CDM [(Xl — xz)z} . (3)

Further steps in the construction of Fy; are performed with respect to the computational
convenience. @) is assumed to have a Gaussian form in the momentum representation:

@M[(xl _XZ)Q} _ / (ji’f)4e—ik(x1—xz)5M(_k2)’ <I~>M<—k2> _ /Ay @)

where Ay is a free parameter of the model related to the meson M. The square of the
momentum in the argument of the exponential becomes negative in the Euclidean region
k* = —k%, which implies an appropriate fall-off behavior and removes ultraviolet diver-
gences in Feynman diagrams. The question of other possible function forms of ®); was
addressed in [31], where four different ansdtzes were tested, each having a meaningful
physical interpretation. The dependence of the results on the function form was found to
be small.

The S-matrix is constructed from the interaction Lagrangian as S = T exp{i [ d*xLint(x)}.
The calculation of the matrix elements in S proceeds in a standard manner: first, by making
convolution of the quark fields with the help of T-product and, second, by using the Fourier
transforms of quark propagators and vertex functions to transfer to the momentum space.
Note that we use the ordinary local forms of the quark propagators S(k) = 1/(m;— k) in
our approach.

In addition to the hadron-related Ay, the CCQM comprises four “global” parameters:
three constituent quark masses and one universal cutoff which plays a role in the quark
confinement (as explained later). The values expressed (in GeV) are

mg = m,g = 0241, ms=0428, m.=167, m, =505 A=0181, (5)

where one does not distinguish between the two light quarks, using the same mass for both.
The values changed slightly in the past because they were updated a few times [44,45] as
significant new data became available. They were extracted by over-constrained global fits
of the model on available experimental points.

The CCQM does not include gluons. The gluonic effects are effectively taken into
account by the vertex function, which is adjusted to describe data by tuning the contained
free parameter.

Finally, we have to mention that the CCQM is suitable for description of various
multi-quark states, including baryons [46,47] and tetraquarks [48]. In this text, we focus
on mesons; the approach is, in other cases, very similar: the interpolating quark current
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is constructed for a given number of quarks (more alternatives can be considered) and
multiplied by the hadronic field to provide the interaction Lagrangian.

2.2. Compositeness Condition

The interaction of a meson is given by the Lagrangian (2): the meson fluctuates into
its constituent quarks; these interact and, afterwards, combine back into a mesonic final
state. However, (2) implies that both, quarks and mesons, are elementary and this raises
concerns about double counting.

These questions were addressed by implementing the so-called compositeness condi-
tion [43,44,49], which originated in the works [50-52] (see [53] for a review). The interaction
of a meson through the creation of virtual quark states implies the mesonic field is dressed,
i.e., its vertex and wave function need to be renormalized. This is reflected in the renormal-
ization constant Z,, which can be interpreted as the overlap between the physical state
and the corresponding bare state. By requiring Z); = 0, one makes this overlap vanish, i.e.,
the physical state does not contain a bare state and can be regarded as a bound state. As a
consequence, the quarks exist only virtually and quark degrees of freedom do not appear
on the level of the physical state.

Zy is expressed in terms of the derivative of the meson mass operator H’M (its scalar
part for vector mesons):

Zy = 1- gy (my) =0 (6)

and, at the one-loop level (Figure 1) is given by

M M

Figure 1. Meson mass function diagram.

—i 4 d 4 52 2 5 5

= 22F G /d k @pg(—k%)tr ['V S1(k +wip)y Sz(k—wzp)], @)
—i Pupv) 1 d 4,52 12 .

= 3(8uv 2 )ziﬂpadptx /d k @ (—k2)tr[y# Sy (k + wip)vy"Sa2(k — wap)], 8)

for pseudoscalar and vector mesons, respectively. The symbol S; denotes the quark prop-
agator S; = 1/(my, — v"k;) and the differentiation is carried out by using the identity
dI1/dp* = (p* dl1/dp")/ (2p).

To reach equality (6), one benefits from the as-of-yet undetermined coupling constant
gM, tuning its value so that (6) is satisfied. As a consequence, the coupling gy becomes a
function of Ajy;. In this way, the number of parameters in the model is reduced and one
increases its predictive power and stability. If the values Ajs and gy are unknown from
previous studies, their determination is the first step in the application of the CCQM.

As is discussed in the next sections, the adjustable parameters of the model (quark
masses, size parameters and infrared cutoff) are determined by fitting the experimental
data of physical observables. For instance, in the case of the B meson, the size parameter
is found to be equal to Ap = 1.96 GeV. By using the compositeness condition it gives the
numerical value of the coupling constant gg = 4.80.

2.3. Infrared Confinement

The CCQM is a successor to the so-called relativistic constituent quark model (see [54])
and, in [43], it was proposed to refine the latter by effectively implementing quark confine-
ment into it. This was motivated by data on heavy particles which required an extension to
situations where the hadron is heavier than the sum of its constituent quarks. To prevent
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the decay into free quarks in such a scenario, a technique inspired by confined propagators
is used. Here, the propagators are written in the Schwinger representation and a cutoff is
introduced in the upper integration limit. The propagator then becomes an entire function:

2 1/)\2 _ 2 42 1—
/doce“ ik)—>/ doce“(mqik): 62 5
0 mql_p

—(m2,—p?) /A2

(mq +')/P‘k » O

where the absence of singularities indicates the absence of a single quark asymptotic state.
A modified version of this strategy was adopted and the cutoff was applied to the whole
structure F of the Feynman diagram. It can be formally written as

n

00 co—1/A2 1
H:/ d"aF(aq, ..., a0) :/ dtt”fl/ d"wd(1—Y w;)F(tay,... tay)  (10)
0 0 0

which can be obtained by inserting the unity 1 = fooo dtd(t — Y1 4 ;) into the expression on
the left hand side. The single cutoff (indicated by the arrow) in the t variable is performed in
the last step; the remaining integration variables are confined to an n dimensional simplex.
After the cutoff is applied, the integral becomes convergent for arbitrary values of the
kinematic variables, meaning that the quark thresholds are removed, with quarks never
being on the mass shell. Then, the cutoff value (5) is the same for all processes.

2.4. Electromagnetic Interactions and Gauge Symmetry

Radiative decays represent another important class of processes measured in heavy
meson factories. For their description, one has to include the interactions with photons into
the CCQM [43,55]. Because of the non-local interaction Lagrangian, this is not straightfor-
ward and requires a dedicated approach. Taking into the account quarks and scalar mesons,
the free parts of the Lagrangian are treated in the usual way;, i.e., the minimal substitution
is used:

M — (B —ieyAF)y, P — (3 + ieyAF)P, (11)

where ¢ € {g, M} and ey is its electric charge in the units of the proton charge. One
then obtains

£ = e (0} () + A2 IM ()M () + Dy (] 3, (12)

Ja(x) = i[M™ (x)9" M (x) = M* ()" M~ (x)], ]q( x) = q(x)v¥q(x).  (13)

The compositeness condition formulated above, however, prevents a direct interaction
of the dressed particle, i.e., the meson, with photons: the contributions from the photon—
meson tree-level diagram, and analogous diagrams with self-energy insertions into the
external mesonic line, determine the renormalization constant Z and Z = 0 implies they
cancel. The interaction thus proceeds only through intermediate virtual states.

The gauging of the non-local interaction (2) is carried out in a manner similar to [56].
First, one multiplies the quark fields in (2) by a gauge field exponential:

gi(x) — e " (xzx%l( ), I(xj,x,P)= /x . dz, AV (z), (14)

where P is the path connecting x; and x, the latter being the position of the meson. One can
verify that the Lagrangian is invariant under the following gauge transformations:

gi(x) = /W gi(x), 3(x) = gi(x)e oS, (15)
M(x) — M/ M(x), AF(x) — AF(x) + *f(x). (16)
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Here, f(x) is some scalar function. The apparent path-dependence of the definition (14)
is not an actual one: in the perturbative expansion, only derivatives of the path integral
appear and these are path-independent:

2]
w[(x,y,P) = Au(x). (17)

The individual terms of the Lagrangian are generated by expanding the gauge field expo-
nential by orders in A¥. At first order, one has

LEM: (1) = g3 M(x) // dxy dxy dy By (631, %, v) A (9)3p(x2) Toggn (x1), (18)

where E) is defined through its Fourier transform Eae: (x1 —x,xp — X,y —X) A (p1,v2,9),
~ 1,
Bl (pip2g) = Y Sieqwi(wigh + 6;4121") /O Ay [ —t(awig + 811)% — (1 1)), (19)
i=1,2
I =wipy +wops, Y= (—1)1. (20)

The symbol &DlM denotes the derivative with respect to the argument. In corresponding
Feynman diagrams, the photon is attached to the non-local vertex.

2.5. Computations

From the Lagrangian, one derives the Feynman diagrams. Gaussian expressions in
the vertex function (4) and in the Fock-Schwinger propagator (9) can be joined into a
single exponent, which takes a quadratic form in the loop momenta k. It can be formally
written as exp(ak? + 2rk + z), a = a({a}), r = r({a}, {p}), where {a} denotes the set of
Schwinger parameters and {p} denotes external momenta. The exponential is preceded
by a polynomial P in loop momenta which originates from the trace of Dirac matrices
(numerators of propagators). Since the powers of k can be generated by differentiation with
respect to 7, the loop momenta integration is formally written as

/d4k P(k) exp(ak® 4 2rk 4 z) = exp(z)P (iaar) /d4k exp(ak? + 2rk). (21)
Using the substitution u = k + r/a, the argument of the exponential is transformed:
/d4k exp(ak? + 2rk) = /d4u exp(au® —r*/a) = exp(—r*/a) /d4u exp(au®)  (22)

and the integration is performed in the Euclidean region as a simple Gaussian integral.
Further, the differential operator and the r-dependent exponential can be interchanged, i.e.,

190 r? r? r 19
P(Zar) exp(—a) exp<_a>P<_a+287’) (23)
which simplifies the action of the differential operator. One arrives at

/ doq--'/ danF(ay, ..., 0n), (24)
Jo JO

where F represents the whole structure of the Feynman diagram, including (23). A
FORM [57] code is used to treat symbolic expressions; in addition to computing traces, it
is also used to repeatedly perform chain rule application in (23) and arrive at an explicit
formula with no differential operators. The implementation of the infrared confinement, as
expressed by (10), is the last step before the numerical integration.



Symmetry 2023, 15, 1542

8 of 51

3. Leptonic Decays of B Mesons
3.1. Overview

A large mass difference between heavy mesons and leptons implies, by phase-space
arguments, small branching fractions of pure and radiative leptonic decays. Some of these
are further suppressed by CKM elements or helicity. Thus, for most leptonic decays, only
limits have been measured.

At the usual 95% confidence level, a branching fraction measurement is available only
for BY — 2y [58-61] and B* — 1% v, [62-65]. If the criteria are loosened to (at least) one
sigma significance, additional results can be cited: B — 2y [58], B" — v, [66,67] and
BT — £ty [68]. The limits are settled [23] for BY — eTv,, BT — etv,y, BT — utv,y,
BT — ptu~ptv, BY — ete”, B® — eTemy, B = putp=v, B® — pytyputyu~, B —
1, B) = ete”, B » tTt and BY — ptuutu.

These experimental results motivate various analyses. Pure leptonic decays are consid-
ered as theoretically clean, with the main source of uncertainty represented by the hadronic
effects of the initial state, which are contained in the leptonic decay constant of the hadron.
The neutrino production process corresponds, in the leading order, to the annihilation of
the constituent quarks into a virtual W meson, which subsequently decays. The branching
fraction is given by

2
GZmpm? m?
B(BT — ttv) = =L {1 - =L | f3|Vi| 5+, (25)
87 m3

where Gr is the Fermi coupling constant, Vj; is the CKM matrix element and 7p is the
lifetime of particle P.

General information about B leptonic decays is contained in several reviews. In
addition to [32], a more specific focus on processes with charged pseudoscalar mesons is
given in [69] and a summary concerning, specifically, B decays (leptonic and semileptonic)
is provided in [70]. The existing theoretical approaches follow two directions. One focuses
on the SM contributions at different precision levels; the other is concerned with NP beyond
the SM.

Dilepton final states are produced in one-loop through box and penguin diagrams.
The cross-section formula can be found, e.g., in [71], Equation (4.10). The leptonic decay
constants of B (and D) mesons were determined in a model-independent way using lattice
calculations in [72]. The SM treatment of dilepton decays includes the computation of
three-loop QCD corrections [73], the evaluation of the electroweak contributions at the two-
loop level [74] and further improvements of theoretical predictions reached by combining
additional EM and strong corrections [75]. The authors of [76] investigated the effect of the
virtual photon exchange from scales below the bottom-quark mass and found a dynamical
enhancement of the amplitude at the 1% level. The soft-collinear effective theory approach
was used in [77] to evaluate the power-enhanced leading-logarithmic QED corrections.

The radiative processes have the advantage of not being helicity-suppressed, at the
price of one additional ag) factor. A larger number of results can be cited for radiative
dilepton production. An evaluation within a constituent quark model was performed
in [78] to estimate branching fractions; the same observables were predicted by the authors
of [79,80] using the light-cone QCD sum rules and by those of [81] using the light-front
model. Universal form factors related to the light cone wave function of the B; meson
allowed the authors to make estimates in [82]. Interesting results were given in [83], where it
was shown that the gauge invariance and other considerations allow significant constraint
of the form factor behavior, and also in [84], where the authors demonstrated that the
non-perturbative hadronic effects largely cancel out in amplitude ratios of pure leptonic
and radiative decays. The impact of the light meson resonances on long-distance QCD
effects was studied in [85]. In [86], the authors identified the effective B — upuy lifetime,
and a related CP-phase sensitive observable, as appropriate quantities to study the existing
B decay discrepancies.
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Furthermore, for decays B — 7lv;, several studies can be cited. The work [87] was
concerned with photon spectrum and the decay rates of the process. The authors of [88]
used the HQET to predict form factors and, in [89], the heavy-quark expansion and soft-
collinear effective theory were applied to evaluate the soft-overlap contribution to the
photon. The process was also studied in [90]. There, assuming an energetic photon, the
authors aimed to quantify the leading power-suppressed corrections in 1/E, and 1/m,,
from higher-twist B meson light-cone distribution amplitudes. The soft-collinear effective
theory was the approach adopted in [91,92].

A recent publication [93] focused on four-body leptonic B decays: off-shell photon
form factors were computed within the QCD factorization formalism and predictions for
differential distribution of various observables were presented. Similar processes were
addressed also in [94-96].

Although the most tensions with the SM are seen in the semileptonic sector, the pure
leptonic decays are of concern too. The summary papers [35,97] mention two tensions.
The first is related to the combined likelihood for BY and BY decays to u*u~ where the
theory—measurement difference reaches 2.3¢. The other concerns the branching fraction
ratio for the BY — Ty~ reaction R = Bexp/Bsm which deviates from 1 by 2.40. In [98],
the difference between the theory and the experiment for the dimuon B, decay is quantified
to be 2.20.

The possible NP contributions are usually assessed by introducing new, beyond SM
four-fermion contact operators and the corresponding Wilson coefficients. Once evaluated
in the appropriate NP approach, it is possible to conclude about their effect on the theory-
experiment discrepancy, see, e.g., [99].

An overview of various flavor-violating extensions of the SM, also with relation to
B — {{ decay, was presented in [100]. In [101], the Bs dimuon decay was considered
and it was argued that the decay width difference between the light and heavy Bs; mass
eigenstates is a well-suited observable for the detection of NP. The work [37] pointed to the
ambiguity in choice of the NP operators that might play a role in explaining the tensions in
the B semileptonic decays. They show that this ambiguity can be lifted by analyzing the
longitudinal polarization asymmetry of the muons in B — uu. Various discrepancies in
measured data are addressed in [102]; also among them are dimuon branching fractions.
The attempt to explain them is based on lepton-flavored gauge extensions of the SM, a
specific construction with a massive gauge boson X, and “muoquark” S3 is presented.
Several texts are interested in decays with tau lepton in the final state. In [103-105], these
decays were studied in relation to various alternative scenarios of the Higgs boson model
and, in [106], they are analyzed in the context of non-universal left-right models.

3.2. Radiative Leptonic Decay Bs — £+ ¢~y in CCOM

Before reviewing other CCQM results on leptonic B decays, we present, in more detail,
the evaluation of the branching fraction for B; — ¢ ¢~ [107]. The computations are, in
many ways, similar to those of other cases and provide an insight into how leptonic and
radiative decays are treated within the CCQM. Since B; is the only hadron, one needs
to extend the set of parameters (5) by only one number, i.e., Ap, = 2.05GeV, which was
settled in previous works. The values of the remaining parameters are identical to (5) (see
Equation (8) in [107]). Two explicit forms of the effective Hamiltonian (1) are considered:

- Gra - 21 Lo -
o' =2y, vy [cs“{sw( )b} (Tyul) — q—;’csff{s-ww(l+v5>b}(w>

2V27
+ Cro{57"(1 - 75)17}(2%175@} (26)
Mo = \/2 Vi ;;c;ff; 2 [50, (1 + 75)b] F, (27)

where 0y, = i[7,, 7v] and FI is the EM field tensor. In (26), the dilepton is produced from
the weak b—s transition (Figure 2); in (27), the weak transition gives birth to a real photon
(Figure 3). An additional set of diagrams depicted in Figure 4 is considered too, where the
real photon is emitted as the final-state radiation (FSR).
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Figure 2. Diagrams with the dilepton produced from the b-s transition. Figures were originally
published in [107].
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Figure 3. Diagrams with a real photon produced from the b—s transition. Figures were originally
published in [107].
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Figure 4. Final-state radiation diagrams. Figures were originally published in [107].

The tilde notation in (26) and (27) indicates the QCD quark mass (different from (5)),
which is 1, = 4.68 £ 0.03 GeV [108]. The values of scale-dependent Wilson coefficients
were determined in [109] at the matching scale yg = 2my and run according to the hadronic
scale up = 4.8 GeV. The effective operators are defined through the standard SM operators
as follows:

Csf =C; — C5/3 - Ce,
1
CSf =Co + Co[h(tfte,s) + Q] — Eh(l,s) (4C3 4 4C4 +3Cs + Cg) (28)

1 2
— Eh(o,s) (C3+3Cy) + §(3C3 + C4+3Cs5 + Cg),

where
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Co=3C1+C+3C3+C4+3C+C, Q= FK

e = titc/mp,, 1 =127 +£0.03GeV, s=q*/mp, x=1/C,

8 8. i, 4 4.
h(0,s) = 57 9ln " 9lns+ 5T
. 8 my X 2
h(iic, s) = 9{lny +In. — 3—2} —§(Z+x)\/\1—x|®(x),
VvV1i—x+1 ) 1
O(x)|x<1 =1In T—x_1 —im, ©O(x)|y>1 = 2arctan Nt X =

2 _ 2 _ . 7
Vi (o) (2s) My, — 17 — imy Ly,

(29)

The Q) function in Cgff parameterizes, in the standard Breit-Wigner form, the resonant

contributions from ¥(1s) and ¥ (2s) charmonia states.

Amplitudes given by the diagrams in Figures 2 and 3, where the photon originates
from the intermediate QCD-generated states, are labeled as structure-dependent and can
be described by four B; — v transition form factors (see, e. g [85]) Defining momenta
as Bs(m) = 7(p2) £ (k) €7 (k-), q = p1— pa, with pf = mj, p3 = 0, €] - py = 0 and

k% = m?, one has

(7(p2,€2)[87"b|Bs(p1)) = e(e

(7(p2, €2)[57"5b[Bs(p1)) = ie(
(v(p2 €2) |50 qgb|Bs(pr)) = ie(
(7(p2,€2)|30"Pqgy5b|Bs(p1)) = (€]

e (p1)g(p2)sFv (%) /m,,

€3)a (8" p1p2 — piph)Fa(q®) /mpg,

€5)ue P (p1)p(p2)sFrv(q?), (30)
(8" p1p2 — PPy ) Fra(7),

where € is the polarization vector. Each of the four introduced form factors can be expressed
as a sum of contributions from the particular Feynman graphs in Figures 2 and 3. One has

FV = mp, (Ebﬁslyb + ESF‘S/:Ys),

=byb =~ = — = _
Fy = mBs(ebFAﬂy +esF 575+e Fbubble b+estubble S),

Fry = ehﬁ?"y/b +gSF575 +ep F ( £)b T e ~S(Zf)s’

=byb
FTA — ebFT;y} +esF5'Y5 +ep Fbubble b +es Fbubble s_|_e F

W)

(31)

~s(00)s
+€5 TE&‘)/

where the “qyq” superscript refers to a real photon emission from the quark line, “bubble”

refers to the real photon emission from the non-local hadron-quark vertex and "g(#¢)q
corresponds to the virtual photon emission from the quark line.

"

The branch point at g% = 4m?2, corresponding to the virtual photon emission from the
s quark (left in Figure 3), is situated well inside the accessible physical g2 region. This leads
to the appearance of light vector meson resonance, which prevents us from computing the
corresponding form factors within the CCQM. An approach inspired by [110] is adopted
and a gauge-invariant vector-meson dominance model is used to express the form factors

in question:

2
q-/ My
070 - ot o)

Gl : (V(p2 e2)lso™ bIBs(Pl))>

= (e3)a | P PsG{ (¢%) + e q5 G (%) + *P1 Pugg

M2 +iMyTy’

(32)

Gq (4°) 39

7

(mBs + ]\/Iv)2
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where P = p; + pp. With all these objects defined, one can write down the amplitude for
the structure-dependent part:

GF ‘XEMVhV * av FV(‘JZ) FA(q ) 7
Msp _\7@# (ez)a{ {8” P(p1)v(p2)p - —iT" el (C§%Pry 0

] , 3
+ Crolyuyst) + [€"F (p1)v(p2) gFrv (7%) — iT]" Fra(g*)] =" 7 eyt (34)

where T} = [¢"*p1p2 — (p1)*(p2)#]. The structure-independent bremsstrahlung (Figure 4)
amplitude takes the form:

Gr apmVip Vis . 'hoo
= —j————1 2 C k 35
Mpr = Zﬁ 7 el€a)a(2mfp,Cro)i(k-) Fn?  u—n? 5 | vs0(ky).  (35)

Here, t = (po +k-)?> and u = (po + k+)?. To avoid infrared divergences in (35), a lower
boundary on the photon energy has to be introduced, i.e., E, > E,min (set later), in
numerical computations (Table 1), to 20 MeV.

The differential branching fraction in t and s = g° has a general expression

dr 1
dsdi = o Z\M5D+MBR| (36)

where one sums over the polarization of photons and leptons, 4m?2 7<s< m2 B - <t<ty,

with ty = m?2 + (m? B —S)[1E4/1- 4m?% /s]/2. The explicit formulas for double and single
differential distributions we omit here because of their complexity; they are stated in
Equations (32)—(38) of [107].

The form factors predicted by the CCQM model are shown in Figure 5. For Fry /T4,
the form factors for two scenarios are presented; by including the VMD component (32),
these form factors become complex and thus their norm is shown. Alternatively, they can
be shown without the VMD component as real functions:

~ ~s(00
Frv,ra = Frv — esF;(V,%Z. (37)

Figure 5. Transition form factors B — <, as defined by (31) and (37). Figures were originally
published in [107].
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The form factors were also compared to those determined in [110], with which they
agreed well. The differential branching fractions shown as a function of dimensionless
variable § = g?/mp, are, together with the branching fraction ratio,

dB(Bs — yutu=)/ds

r+(8) = ~ 38
7(8) dB(Bs — yete™)/ds 38)
as depicted in Figure 6.
3.0 3.5
o F
',5- 2.5F g 3.0
T 1 £
la 2.0F +;_ 2.5
2 £ 2,00
T 1.5} 0
< o 15
g L0t 2 1ot
b )
= 05p =05
0.0 0.0
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
§ §
6,
<o
=
= 5t
+l-'
3 LA
1; = 30
)
3 2
E 1 A =
L L L ' h (1] L L s L d
05 06 07 08 09 10 0.0 0.2 0.4 0.6 0.8 1.0
8 §

Figure 6. Differential decay rates for B — £+ ¢~ v and the ratio # (38), with long-distant contributions
included (solid line) and excluded (dashed line). Figures were originally published in [107].

The total branching fractions for the three lepton flavors are presented in Table 1.

Table 1. Branching fractions for the three lepton flavors. Values in brackets take into account
long-distance contributions. Table was originally published in [107].

Struct. Dep. Bremst. Interf. Sum
10°B(Bs — yeTe™) 3.05 (15.9) 32x107° —4.8 (—9.5) x 107 3.05 (15.9)
10°B(Bs — yputu™) 1.16 (10.0) 0.53 —7.4(—144) x 1073 1.7 (10.5)
10°B(Bs — 41+ 17) 0.10 (0.05) 13.4 0.30 (0.18) 13.8 (13.7)

The numbers in brackets indicate the results of computations with long-distance
contributions included (but one excludes the region of the two low-lying charmonia
0.33 <8 <0.55). Results without the long distance contributions correspond to x = 0
in (29). The comparison with theoretical predictions of other authors is shown in Table 2.

Table 2. Comparison of branching fractions with other theoretical predictions. Table was originally
published in [107].

CCOM [78] [79] [80] [81] [82] [85] [111] [112]

electron 15.9 6.2 2.35 - 7.1 20.0 24.6 18.4 17.4
muon 10.5 4.6 1.9 - 8.3 12.0 18.9 11.6 17.4
tau 13.7 - - 15.2 15.7 - 11.6 - -
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The dominant error source of the results was identified to be the uncertainty in the
hadronic form factors and the error on the branching fractions was estimated to reach 30%.
One should remark that the resonant peaks induced by light ¢ particles lead to significant
enhancement of the branching fraction (~=15%).

In summary, in the presented SM computations within the CCQM, the hadronic
transition form factors and radiative leptonic branching fractions of the B; meson were
evaluated. The form factors are in very good agreement with those presented in [110] and
the branching fraction numbers for light leptons agree with [111]. For the tau lepton decay
mode, where bremsstrahlung dominates, the presented results agree with all other authors.
Together, these results from various authors, with [107] included, reflect our understanding
of the SM description of the B; — ¢*{~ v decay process and provide an estimate of the
error in theoretical SM predictions, beyond which one can claim NP manifestations.

3.3. Other CCQM Results on B Leptonic Decay

The CCQM was applied also to the leptonic decays B — ¢~ 7, [113] and B, — t7 [114].

The work [113] provides an SM analysis of pure leptonic and semileptonic decays.
Most of the results presented there concern the semileptonic processes, which have richer
structure and significant hints for the NP. However, the results for purely leptonic branching
fractions were presented too:

l e U T
BB~ — (7)) 116x1071 049x107° 1.10x107* °

These numbers were in good agreement with the experimental values for the tau
lepton (1.090 & 0.24) x 10~ [23] and the muon (0.53 & 0.22) x 10~? [67], which have since
become more precisely measured, and also with the experimental limit for the electron.
The agreement with several theoretical predictions by other authors was shown too. Since
the leptonic decay constants are crucial in the description of purely leptonic decays and
carry all of the necessary non-perturbative information, their values have also been listed

for Bg:’)c) and DE:)) mesons (see Table I in [113]).

In [114], possible NP contributions were evaluated for chosen leptonic and semilep-
tonic decays. It was assumed that these contributions affected only the third generation of
leptons and all neutrinos were considered as left-handed. New, beyond SM four-fermion

operators were introduced in the Hamiltonian (1):
QVi = (q_')/ypib)(f')/yPLVT), Qsi = (qplb) (TPLVT), QTL = (l?O’VVPLb)(TO'yVPLUT) (39)

with oy = [y, ], PLR = (1Fv5)/2 and i € {L,R} (left, right). Most of the text

dealt with semileptonic decays where the R,(.) discrepancy is observed (41). The set of

observables was extended to
B(BY — t(p)tv)

Ry = R =

Tp B(B~ — 1) Re — T80 B(B: — )
™0) = B(BY — m(p)uv)’ -

T3 B(B® — muv)” " 13- B(B® — Duv)’

(40)

in which, the first is meant to analyze the R anomaly also for the b — u transition and
the two others concern leptonic decays. The limits on the Wilson coefficients Cy, s, 1, were
extracted by assuming that only one of them was dominant at a time (other than the SM
ones). Including in the analysis the leptonic observable RY (together with R,(.)), it was
found that no Cs, 5, values were allowed (within 2 ¢) and, for Cy, v, r,, allowed regions
were identified in the complex plane (Figure 1 in [114]). Further, the leptonic B, branching
fractions were evaluated within the SM, B(B. — t7) = 2.85 x 1072, B(BZ — uv) =
1.18 x 10~ and observables (40) were predicted for the SM and NP scenarios. In the latter
case, the corresponding Wilson coefficient C; was varied (one at a time) in the allowed
region of the complex plain and the impact on the observable was determined. For the
leptonic RS variable, the prediction stands.
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_ B(B— KMty R B(B — DWtuy) B(B— J/¥tve)

SM Cy, Cvy Cr
RS = 3.03 394540735 3.925+0.815 3.03.

T

In summary, one can say that, within the given scenario, the text translated existing
experimental information into the constraints on NP Wilson coefficients. Contributions of
some of them (Cs, s, ) were excluded and some (Cy, v, 1, ) were constrained.

4. Semileptonic Decays of B Mesons
4.1. Overview

The experimental information on semileptonic B decays is much larger than on pure
leptonic decays. The LHCb experiment alone published, in the past 10 years, more than
35 papers on this topic and the number further increases if other experiments (Belle,
BaBar, Belle II) are taken into the account. The same is true for theoretical publications,
which are large in quantity. With the aim to provide an overview of the CCQM results,
we restrained ourselves only to the most significant experimental measurements and
theoretical predictions by other authors.

The focus of the community is predominantly driven by the so-called flavor anomalies.
They are often defined as ratios of branching fractions, the most prominent of which are

(41)

*) ’ *) — ’ R = .
KO BB = K®ete)” PV T BB = DMay) YT BB [/ Yuv,)

The first observable is sensitive to the b — s quark transition, while the two others are
sensitive to b — c. Other quantities measured in semileptonic decays of the B meson are
listed, for example, in Section VII of [115]. In these and other observables, deviations were
seen (see, e.g., Tab XVIII of [116] for a comprehensive review), with some of them reaching
up to 40, which is naturally interpreted as a significant argument in favor of the NP (see
e.g., [117] ). The most recent LHCb measurements, nevertheless, weaken some of these
observations and imply that the discrepancy with the SM may not be so pronounced after
all. In [118], the deviation of correlated observables Rp and Rp+ from the SM prediction is
1.90 and the results for Rg and Rg+ given in [119] are in agreement with the SM. However,
if one also includes older measurements and measurements from different experiments,
the situation seems to not yet to be resolved and discrepancy is still close to 3¢ [120].

The LHCb detector was specifically designed for B physics and the experiment success-
fully reaches its purpose by being the most important source of the experimental informa-
tion on B decays. The measurements of B — K*¢*{~ were presented in works [121-129].
Two of them [126,129] studied the lepton-flavor universality by measuring Rg+, but with
no significant deviations from the SM. Most of the remaining works were concerned with
angular distributions: the coefficients (noted for a p-wave process, such as F;, Arg, S3,..9)
in front of angular terms which appear in the decay width formula are combined into

so-called optimized observables Pi(/) and, here, some significant tensions are seen (e.g., 30
in P, for q2 between 6 and 8 GeV? [128]).

The semileptonic B decays with the K meson in the final state are addressed in [130-132].
The first publication was concerned with the angular distribution and the differential
branching fraction, the two others focused more specifically on the lepton flavor universality
question, with an observation of a 2.5¢ deviation from the SM in Rg. This was, however, as
mentioned earlier, undermined by recent measurements [119] where the deviation is no
longer the deviation.

The process B — D*{*{~ was analyzed in [118,133-135] and no deviation of Rp-
from the SM greater than 20 was detected. The same was true for the R;,y observable
measured in [136]. The decay of the BY particle to ¢u* 1~ was studied in [137-139], where,
in the last analysis, a disagreement with the SM prediction was observed in the differential
branching fraction for 1 GeV? < q2 < 6 GeV?, at the level of 3.60.
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Various other semileptonic B decays were measured at the LHCb, which we do not
mention here. An overview of the lepton flavor universality question in B decays at the
LHCb was, in 2022, given in [140].

Additional experimental information on the semileptonic B decays comes from BaBar
measurements. Studies of the B — D(*)Ew process were presented in [141-147]. In the first
three references, the question of the lepton flavor universality was addressed (¢ = T) and
the measurement of Rp and Rp+ was performed. The authors claimed a deviation of 2.0c
for Rp, 2.7c for Rp+ and 3.4c¢ for their combination. The four latter references present the
measurement of the |V;| element of the CKM matrix and the analysis of corresponding
transition form factors.

The decays with the K™ ¢+ ¢~ final state were addressed in [148-153]. The texts
presented the measurements of branching fractions, the Ry(.) observable, the isospin and
CP asymmetries, the forward-backward angular asymmetry of the lepton pair and the K*
longitudinal polarization (among others). Overall, the results are in an agreement with the
SM expectations; the anomaly observed for isospin asymmetries in both K and K* channels
in [150] was not later confirmed in [151].

The BaBar collaboration also published results on semileptonic B decays into light
mesons 7T and p [154,155]. Here, the branching fractions and the |V,;| element were
determined and, also, transition form factors were discussed.

Further, BaBar published results on semileptonic decays, where hadronic state X con-
taining kaons was produced and corresponding branching fractions were measured [156,157].
One can also mention the measurement of charmless semileptonic decays [158,159] and
the measurement with the electron in the final state [160], all of which were used to estab-
lish the |V,;| value. In [161], the semileptonic decay, with five particles in the final state
D™ 7t 7t ¢y, was confirmed.

Important contribution to measurements of semileptonic B decays comes form the
Belle and Belle II collaborations.

Analyses [162-166] investigated both D and D* decay channels (with T and v;). They
measured branching fractions and ratios R(.), where they did not see significant deviations
from the SM expectations. The last work focused also on the extraction of parameters for
the Caprini-Lellouch-Neubert form factor parameterization.

Specifically, D*-containing final states were addressed in [167-172]. Additionally, here,
the objects of interest were the branching fractions and the Rp+ observable; again, no
significant deviations from the SM were seen. Works [168,172] presented, in addition, the
measurement of the |V, | matrix element and form factor analysis; in works [170,171], the T
lepton polarization was measured.

The references [173,174] focused on the D{v, final state. The first work was concerned
with the branching fraction and form factors; in both works, |V,;| was measured. The
authors of [175] reported on the first observation of B — D;/v, decay and measured the
branching fractions of B — D®*)7t/*v, and B — D™+ 71~ £*v, processes.

Production of strange mesons in semileptonic B decays was studied in [176,177] for
the K meson, in [178-180] for the K* meson and in [181] for both, i.e., K and K*. In addition
to branching fractions and R ., ratios, some of the works also presented measurements of
angular and polarization variables and the isospin asymmetry. In general, all measured
values agree well with the SM predictions; some tensions for the subset of the optimized
angular observables P; were reported in [179].

Semileptonic decays to light mesons (77, p and 1) were described in [182-185]; the
works were mostly concerned with the branching fractions and the determination of the
|V.p| element of the CKM matrix.

The Belle(II) collaboration also published articles on semileptonic B decays to a general
hadronic state X containing the s quark, X; [186,187], the u quark, X,, [188-190] and the c
quark, X; [191,192]. The main objects of interest were branching fractions, CKM elements
|Vip| and | V| and the first four moments of the lepton mass squared (for X.). The question
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of the lepton flavor universality in semileptonic decays to a general hadronic state X was
addressed in [193].

Other results from different experiments could be cited in the domain of semileptonic
B decays, yet the measurements of the above-mentioned B factories represent the most
important data from both the quantity and quality perspectives.

The large number of theoretical works implies strong selection criteria, which we
base on the impact of the work, with some preference for review and pedagogical texts.
We have already mentioned thorough reviews [32,33,35,70,116] which cover (also) the
semileptonic B decays. Further survey papers include [194], where the SM theory and
appropriate observables are presented, a pedagogically written article [195], which focuses
on the charged lepton flavour violation and, also, generally-oriented texts [196,197]. One
can, in addition mention [198], in which B flavor anomalies were discussed, and also the
similarly oriented recent text [199].

Reliable SM predictions are the starting point for assessing various anomalies. Al-
ready, decades ago, a quark potential model was used to make predictions for semileptonic
B and D decays [200] with an update several years later [201]. Decays to D*) mesons
were addressed in [202]; the analyticity and dispersion relations were used to produce
parametrizations of the QCD form factors with small model dependence. The same au-
thors later published QCD two-loop level computations [203], including lepton mass effect,
higher resonances and heavy quark symmetry, which further improved the theoretical pre-
cision. The heavy quark spin symmetry was used in [204] to derive dispersive constraints
on B — D) form factors and implications for the determination of |V,4|. Semileptonic de-
cays to light mesons p, w, K* and ¢ were discussed in [205] in the framework of light-cone
sum rules; the authors claimed 10% precision at zero momentum transfer. The angular
analysis of the process B — K{*{~ was presented in [206]. The work was based on the
QCD factorization and large recoil symmetry relations and, in addition to angular co-
efficients, it also gave a prediction of Rg and explored the potential of the introduced
observables to reach the NP. Additionally taking into the consideration the excited state
K*, the publication [207] was dedicated to the charm-loop effect. The results were derived
using QCD light-cone sum rules and hadronic dispersion relations and the evaluated charm
loop effect, which was claimed to reach up to 20% , was represented as a contribution to
the Cy Wilson coefficient. Lattice QCD was used in [208-210] to predict form factors and
matrix elements for processes with D) mesons. In [211], the lattice form factors were used
as input and allowed to determine CKM matrix elements, or, alternatively, constrain the
real part of the Wilson coefficients Cg and Cyg. The CKM matrix was also the subject of
the work [212], where |V,;,| was extracted using the OPE, the expansion in powers of the
heavy quark mass and constraints derived from the experimental values on the normalized
lepton energy moments. A process with a vector meson particle production B — V{1(~
was considered in [213], where the authors used light-cone sum rules to predict form
factors. The paper [214] has a partial review character: it presented three common form
factor parameterizations, summarized the data and the available lattice information (as of
2016) and gave a special emphasis on the unitarity constraints. Then, it presented fits to
experimental points and to the lattice numbers from which the results on Rp and |V,;| were
extracted. Radiative corrections to the Ry.,) observables were of concern to the authors
of [215]; their thorough analysis indicated that these observables were indeed well suited to
be a probe of NP. Similar questions related to the same observables were addressed in [216].
Still, the same observables were, together with the angular observables P;, discussed in a
pedagogical way in [217], with special emphasis on the hadronic uncertainties. Coming
back to D particles and works published withinthe few years after the first measurements
indicating a possible lepton-flavor violation, one can mention [218], where the coefficients
of the Boyd—Grinstein—-Lebed form factor parametrization were constrained by analyzing
the form factor ratios and their uncertainties in the heavy quark limit. With this knowl-
edge, fits to experimental data were performed and Rp+ computed. In [219], two different
form factor parameterizations were used to predict Rp+ and |V,;|. The approach used, in
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addition to data, inputs from the light-cone sum rules and lattice, as well as the relations
between form factors, as given by HQET. To mention more recent theoretical works, one
can point to, e.g., [220,221], where QED corrections and non-local matrix elements were
discussed for B decays to dilepton and a kaon. The status of the b — c¢Tv anomalies, as of
2022, was summarized in [222], where the models for global fits were based mostly on the
HQET and lattice results. The latter were also reviewed in Secetion 8 of [18].

The number of NP papers progressively grew as the evidence for tensions and anoma-
lies became more and more convincing, with the first hints appearing at the beginning
of the new millennium. Often, the NP is theoretically addressed by non-SM operators
appearing in the effective Hamiltonian. This was performed in [223], where the approach
was applied to the b — s process. No strong claims were given there, but it was shown that
the evaluated NP effects can reach up to 13% for Rg+. The same effective-operator approach
was applied in [224] to b — c transition and the impact of the NP on B — D*t#; observ-
ables was evaluated. The authors demonstrated that it is significant, i.e., the sensitivity of
the process was high enough for the NP to be detected. Effective operators were also used
in [225], where, after the NP operator contributions were discussed, two leptoquark models
were proposed to explain two out of three possible scenarios which led to the observed Rg
value. Leptoquarks—vector and scalar—were also considered in [226,227], respectively;
both works claimed that their theory allowed them to simultaneously resolve discrepan-
cies appearing in b — s and b — c transitions. Still related to leptoquarks, the authors
of [228] investigated single-leptoquark extensions of the SM with 1TeV < m;o < 2TeV,
concluding that no such scalar leptoquark can exist, i.e., a vector particle is the only option.
The work [229] used scenarios with light right-handed neutrinos appearing in low-scale
seesaw models as the NP framework for analyzing the lepton flavor violation. Among other
results, the authors proposed observables, i.e., properly chosen branching fraction ratios,
which could discriminate between supersymmetric (SUSY) and non-SUSY NP realizations.
Further works which analyze the Rg and Rg+ anomalies are [230,231]; the former assumed
a composite Higgs model, while the latter used a two-Higgs-doublet model. Finally, we
mention a set of more generally oriented works [97,98,232-235], which focused mainly
onb — s¢*¢~ and which aimed to provide model-independent or theoretically clean
conclusions. By different approaches, they investigated the space for NP parameters and
most of them presented arguments in favor of some NP scenario.

4.2. Semileptonic and Radiative Decays Bs — ¢ ¢~ and Bs — ¢y in CCQM

The B; — ¢p£*¢~ and B; — ¢y decays were within the CCQM analyzed in [236]. The
analysis was performed in light of the LHCb measurements [137,138], where the second
one was recent at that time. The measurement focused on angular observables and the
branching fraction distribution reported on a deviation from the SM in the latter, exceeding
30 for 1 GeV? < qz < 6 GeVZ2. Several years later, two new measurements were performed.
The work [237] addressed the angular distribution, where no significant tensions with the
SM were observed; [139], however, confirmed the discrepancy from the previous branching
fraction measurement. One may put this observation in relation with Rx and Rk« anomalies,
which also happen for the b — s transition, from where we derived the motivation to study
this process in more detail.

In [236], the authors analyzed both the angular coefficients and the differential decay
rate distribution. In addition to (5), the necessary model inputs are

Ap, =2.05GeV and Ay = 0.88 GeV (42)
as determined in prior works. The transition is expressed through two matrix elements:
My =< ¢(p2,€)[50"b|Bs(p1)) >, My =< ¢(p2,€)[s[c"qu(1+7°)]b[Bs(p1) >, (43)

where O¥ = 7#(1 — %) and p; are momenta, with § = p; — p» and P = p; + p,. The

variables satisfy p? = m%q =m3, p3 = mé = m3 and €} - p» = 0. In total, seven invariant
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form factors, defined as coefficient functions in front of the Lorentz structures, are necessary
to parameterize them:

= [ —gMP-qAo(q%) + PIPY AL (q?) + P  A— (%) + i PagyV (¢2)],

U t nv quv 2 Upv U vP-q 2 : Hvaf 2
My = €| =\8" =T |Paao(q) + ( PR —g"P = Jas (q7) + 1€ Pugp g(7) |

The same amplitudes can be expressed in the CCQM:

q2

a*k . .
MY, = Negs,8p / WCDBS(—U{ +wizp1]?) Py (— [k + waspa]?) x Tio,

Ty = tr[O"Sy (k1 + p1)7°Ss (k)¢3Ss (k + p2)],

T = tr[oc"qy (1 + 75)Sb(k1 + Pl)’YSSS(k)ﬁ(;SS(k +p2)l,

(44)

(45)

(46)

(47)
(48)

with S; being quark propagators and N, being the number of colors. The origins of various
terms in (46)—(48) are schematically represented in Figure 7. Once the model expression
(46) is evaluated to the level of invariant Lorentz structures, it can be compared to (44) and
(45) and the form factor expressions can be read out. Their behavior is shown in Figure §;
they determine the necessary model input and complete the model-dependent part of
the calculation.

JH = (1 —~%),io" g, (1 + 7°)

G k+p k+p a
Bs(p1)

3 k s
P (—(k+wi3 p1)?)

®(p2)

®4(—(k+wa3 p2)?)

Figure 7. B; — ¢ transition in the CCQM. Figure was originally published in [236].
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Figure 8. Vector and tensor form factors for the B; — ¢ transition, as predicted by the CCQM. Figures
were originally published in [236].
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Let us also briefly review the remaining steps to reach observable quantities. The set
of the SM four-fermion operators is written as

Ol — (S_all)’ﬂPLcllz)(Eﬂz’YVPLbal)’ 02 = <§’)/VPLC)(C_’Y]1PLb>/
O3 = (39" Pb) ) (G7uPra), O3 = (50,7 Prbag) ) (G YuPL ).
7 q
Os = (57" Pb) Y (474 Pr4), Os = (507" Prbay) } (day VuPRay ), (49)
7 q
e L
07 = @mb(SUVVPRb)FHW Og = Sgﬁmb(sﬂlaPWPRTﬂlazbﬂz)GP”/’
2 } et -
Oy = 8?(57%‘&19)(%#5), O = 8?(57}‘&19)(57#755),

where PL g = (1F ')/5), a; are color indices (implicit for color singlet currents), T;,4, are
generators of the SU(3) color group, G, is the gluonic field strength and g; is the QCD
coupling (note: other symbols have meaning as defined before). Operators O; and O, are
referred to as current—current operators, O3 — Oy are QCD penguin operators, Oy g are
so-called magnetic penguin operators and Og and Og operators correspond to semileptonic
electroweak penguin diagrams. The transition amplitude takes the form

Gr |V Vi

M:
2V2 0w

_ 21 . -
C$%(p|5y" PLb|Bs) (Tyut) — TJ’CSff<¢|§w””qVPRb|BS>(M,ﬂ)
+ C10(¢|57" PLb|Bs) (Lyyuysl) | (50)

The Wilson coefficients C1—Cg are absorbed into the effective coefficients C?ff and Cgff ;
Cgff = (7 —C5/3 — Cgand C9eff is defined by (28) and (29), where, again, the ¢c resonances
appear in the Breit-Wigner form and one drops them by setting ¥ = 0. The renormalization
scale is set to p = 171, pole- Numerical values of Wilson coefficients were taken from [109],
as we described already in Section 3.2. Furthermore, the QCD quark masses are the same
as in the leptonic-decay section. In addition to the charm loop contribution, one takes into
the consideration the two loop effects, as computed in [238,239]. These modify the effective
coefficients

7)

s w o - 2@ +GE), oo R+ R, 6

where the functions F1(72’9) were made publicly available by the authors of [239] as Wolfram
Mathematica code.
The differential decay rate is then expressed as

AL(Bs = ¢l0) _ GE_(alVaVil\*Ip2l®Bu,, o)
dg? @m)*\ 2m 12m2 Y
1 Hif My 3HE
'Hwt‘z(Hi}W@””?**‘?)””(z”‘ i+ —HE ) 69

where &y = 2m3/q?, By = /T — 25y, and |p2| = \/AKéﬂén (m3,m3,4%)/(2my) is the mo-
mentum of the ¢ meson in the B rest frame. The objects "Hé’; represent bilinear combinations
of the helicity amplitudes:

iLil = |H£++|2 + |Hi——|2/ 1Ll = ‘H60|2/ lsl = \H{O\Z, (54)
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which are related to the invariant form factors through intermediate functions Aﬂr ~0
and V':

Hjy= —— Pg(—Ay+AL)+q A}, 55
t0 m1+m2m2\/q7{ q(—Ap Y)+q } (55)
. 1 , ,
H , = —"(—PgAy+2 vh, 56
tt m1+m2( qAp & 2my[p2|V') (56)
‘ 1 1 , .
i _ o 2 2 2\ Al 2 2 pi
Hy = P zmz\/qj{ Pg(my —mjy — q°) A + 4m3|p2|“Al }, (57)
with
V= CfV + Gy g, VZ=CyV, (58)
Al =csfA, +Cfxay, A% = CpAs (59)
AL =C$A_ + CSxPq (ag —a1) /4, A = C§TAg + C§Txap,  (60)
A3 = CypAo, where  x = 21, (my +mo) /g% (61)

The full description of the B; — ¢¢¢ decay requires, other than the ¢, three additional
angles; see, for example, Equation (2.1) in [240], where a completely analogous formula
is written for the fully differential decay rate of B; — K*utu~. The advantage of the
helicity formalism is that the angular observables, i.e., the coefficients in front of various
angular terms, have simple expressions. For the longitudinal polarization fraction F; and
the forward-backward asymmetry Agg, they are

1 H' +HP 3, HE
) — 274 L A __> P 2
L= 5P T FB 1Pt T (62)
where H}? = Re [H}H(HLF)*} —Re [Hl,,(HZ,,)q (63)

The CCQM-predicted behavior of the branching fraction and of the two angular observables
F; and Agg is, as a function of qz, are shown in Figure 9.
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Figure 9. Cont.
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Figure 9. Branching fraction, F; and App as functions of ¢° for y and 7 in the final state. Figures were
originally published in [236].

The qz—averaged numbers were computed for F;, App, additional angular observables S3,
S4 and also for optimized observables P; and P!L, from which we derive P, = 253/(1 — F.),
PA; = S4/+/Fp(1 — Fp). The results are presented in Table 3.

Table 3. Total branching fractions and averaged angular observables of selected decay channels for
the whole kinematic region. Table contains data originally published in [236].

Bs — ¢pputu~ Bs — ¢tHT™ Bs — ¢vv

Biot (9.114+1.82) x 1077 (1.03 4 0.20) x 1077 (0.84+0.16) x 1075
(Apg) —0.24 +0.05 —0.18 + 0.04 .

(F) 0.45 + 0.09 0.09 + 0.02

(Py) —0.524+0.1 —0.76 +0.15

(P) 1.0540.21 1.334+0.27

(S3) —0.14 +0.03 —0.067 +0.013

(Sy) 0.26 4 0.05 0.083 4 0.017

The table also shows the branching fraction for B; — ¢v7; the corresponding decay
formula is indicated in Equations (34)—(36) of [236]. The text [236] also contains predictions
for the radiative decay to ¢y and non-leptonic decay to ¢J/¥ (Formulas (37) and (38)
therein):

B(Bs — ¢y) = (2.39£0.48) x 107°, B(Bs — ¢J/¥) = (1.6 £0.3) x 107°. (64
The results can be compared to actual experimental numbers [23]:

B(Bs — ¢utu~) = (84404) x 1077, B(Bs — ¢vv) < 540 x 107>, (65)
B(Bs — ¢y) = (34+0.4) x107°, B(Bs — ¢J/¥) = (1.04£0.04) x 1073, (66)

The branching fraction to ¢p ™ u~ is in good agreement with the SM; in fact, the experimental
numbers measured after publication moved closer to the published CCQM value. The
same is also true for the two non-leptonic decay channels, yet a discrepancy on the order of
2 0 remains.

Coming back to the semileptonic decays, detailed interval values were presented
in Table VI in [236] for B; — ¢utpu~. They mimic the way the experimental measure-
ments are performed and they are of interest because the largest discrepancy observed
by [138,139] was the branching fraction on the q2 interval of 1-6 GeV?. (In [139,237], the
lower interval limit was 1.1 GeV?; this effect was considered as negligible because the
measured quantities are intensive (not additive), e.g., the branching fraction measurement
is g>-averaged (the number of entries in the interval is divided by the integral length.))
Moreover, the table presents the effect of the two-loop contributions by giving the numbers
with and without them. We do not reproduce here all of them but focus only on the interval
1GeV? < q2 <6 GeV? and observables measured on this interval (see Table 4).
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Table 4. Branching fraction and selected angular observables on the interval 1GeV? < g2 < 6 GeV?
for B; — ¢ut ™. Indicated are the CCQM predictions with and without 2-loop contributions and
the experimental value. Table contains a subset of data originally published in [236].

CCQM, 2-Loop CCQM, 1-Loop Experiment [138,139,237]

107 Biot, 1.56 +0.31 1.64 £0.33 1.41+0.11 (1.29)
Fr 0.69 £0.14 0.71+0.14 0.715+0.036 (0.63)
S3 —0.034 £ 0.007 —0.039 £ 0.008 —0.083 +0.047 (—0.02)
Sy 0.17+£0.03 0.19 £0.04 0.155 £ 0.058 (0.19)
Sy 0.0065 £ 0.0013 0 0.020 £ 0.059 (—0.03)

In the table, older measurements are also indicated in brackets and one sees that,
for all indicated observables except S3, the new measurement brings the experimental
value closer to the theoretical one. The large error in the S3 measurement implies that
both CCQM predictions (one-loop and two-loop) do not exceed 1 ¢ deviation by much.
Considering the two-loop results, one observes that no significant deviations from the
experiment are observed; especially, in the branching fraction case, they bring the value
closer to the measurement (w.r.t. one-loop calculations).

In summary, we can conclude that the interesting decay channel B; — ¢¢* ¢~ was
addressed in the framework of the CCQM. Already at the time of the publication, the
comparison with the LHCb numbers did not allow us to claim NP presence: the major
discrepancy in the branching fraction on the 1-6 GeV? interval was reduced significantly
by the CCQM prediction. This was also true for other discrepancies (Fy, S4) seen on other
intervals. The new data further decreased the branching fraction discrepancy and, with
results of the CCQM, one can no longer talk about a discrepancy.

4.3. Other CCQM Results on Semileptonic B Decays

Quite a few papers were dedicated to the study of semileptonic B decays in the
framework of the CCQM. We did not include in this overview older texts where an earlier
version of the model was used [54,241-248].

The first text we mention [43] was already cited several times here. It is a generally
oriented text, focusing mostly on the model itself and presenting its various aspects,
including, for the first time, the infrared confinement of quarks. A global fit on basic
experimental quantities, such as weak leptonic decay constants, was performed in order to
determine universal and hadron-specific model parameters. These parameters were used in
the same text to predict weak leptonic decay constants (including for B mesons) and Dalitz
dacays of several light mesons. The results were encouraging: most of the predictions were
in quite good agreement with measured data.

The paper [249] is dedicated to various B,y decays with, however, emphasis on the
nonleptonic processes. In the first part of the text, the global fits were refined and the model
parameters were updated. Then, the semileptonic decays were addressed, but only in the
context of the universal transition form factors to several final-state mesons (pseudoscalar
and vector). The results on form factors were given in the form of plots and the comparison
with seven other authors based on the value at 4> = 0 was shown in Table III.

Somewhat similar treatment of the semileptonic decays was given in [250]. Here
again, the emphasis was on exotic and nonleptonic decays. The semileptonic decays were
addressed in the context of transition form factors, similarly to the previous text.

The publication [251] focused on the semileptonic decays of B(,) to scalar mesons with
light masses (below 1 GeV) in the context of the B — K*(— K7t)u™u~ decay. The CCQM
form factors Fi. and Fr were predicted for the range 0.8 GeV < Ag < 1.5GeV of scalar
vector model parameters for the b — u, b — d and b — s transitions. The predictions
were approximated for Ag = 0.8 GeV and Ag = 1.5GeV by a simplified parameterization
which depended on three numbers. They are given in Table II of the text, so as to make
the results available to other authors. Branching fractions (As = 1.5GeV) for various
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semileptonic decays B() — S¢{, B(;) — S{v, are shown in Table IV of their work. The text
then briefly discussed the role of the scalar K{;(800) particle in the cascade decay of the B
meson, pointing out the fact that the narrow-width approximation is not appropriate, and
estimating the S-wave pollution in the B — K*¢* ¢~ decay to 6%.

The leptonic and semileptonic processes B — ¢7 and B — D*){~ 7 were investigated
in [113] to address the question of the lepton flavor universality. We have already com-
mented before on the leptonic results; they were entirely linked to the weak decay constant
which is, for various B and D mesons, computed in Table I. Semileptonic decays are more
demanding and the usual steps are taken: the SM CCQM form factors were determined
(additionally, the simplified parameterization was provided) and were used in a helicity
formulation to predict the full four-dimensional differential distribution for the decay
rate and various g>-dependent distributions for angular and polarization observables. By
integration, one geobtainsts total branching fractions, shown in Tables IIl and IV of their
publication, and their ratios Rp and Rp+ (in Table V). The results are favorable to the NP
presence: the deviation in Ry(.) is not smaller than seen by other authors at that time.

An analogous process with the K* meson in the final state was the subject of the
analysis in [49]. The text followed the same logic as the previous one: the model was
used to predict form factors and then the helicity formalism was employed to derive
various differential distributions. Further to the branching fraction, the emphasis was

on the angular coefficients Apg, F; and Pl.(/), i =1—5,8 depicted in Figures 7-11 of their

publication. The numbers were given for integrated or averaged variables over the whole
kinematical range (Tables 5 and 6) and also for various intervals (i.e., bins, Tables 7 and 8).
The predicted branching fraction exceeded the measured values,; reliable conclusions as to
the angular observables require more precise experimental data.

The article [252] analyzed possible NP scenarios for BY — D(*)T’ﬂT and, in this way,
differed from the previous ones. The analysis relied on the usual effective Hamiltonian
approach, where beyond SM four-fermion operators are introduced with the definition
analogous to (39), where g — c. It was assumed that the NP affects only the leptons of the
third generation and the effect of each NP operator was studied separately, with no other
NP operator interfering. The form factors were computed in the CCQM framework, from
where observables quantities were obtained. By the fit to the R ,(.) ratios, allowed regions
of the complex plane for the Wilson coefficients V; g, S; and T; were identified (Figure 2 of
their text). No room was found for the Si coefficient to explain the observed ratio and, thus,
the corresponding operator was removed from further considerations. Next, full four-fold
differential distribution was derived and various g>-differential distributions analyzed: the
NP Wilson coefficient was perturbed on the 2¢ level from the central value and the effect
on a given distribution was depicted as a gray band around the central line (Figures 4-9).
Depending on what distributions future measurements will provide, the presented results
can serve to identify which NP Wilson coefficients play a role.

The same process was also considered in [253], once again in the NP scenario based
on the SM-extended effective Hamiltonian. Here, the main topic were the longitudinal,
transverse and normal polarization components of the tau lepton and their high sensitivity
to NP effects. Using a model-independent approach and the experimental data, constraints
for various NP scenarios were derived and their effect on the polarization observables was
investigated. To obtain numerical results, the CCQM form factors were used. The acquired
knowledge about the dependence of polarization observables on the NP Wilson coefficients
may be useful in future data analysis as a guiding rule to differentiate between various
NP scenarios.

Very similar analysis was performed in [114] but for different decays. The text focused
on the processes with light mesons in the final state B — 71777, B — pt¥ and on the
leptonic decay B, — 77, assuming an SM-extended set of four-fermion operators. They
used the observables (40), defined already in the leptonic section, and the CCQM-predicted
form factors to constrain the introduced NP Wilson coefficients. The effect of their variation
on (40) and on selected angular observables was analyzed.
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Yet another publication which follows the same logic was [254], focusing this time on
the decays B, — J/¢tv and B, — #.Tv. The observables used to constrain the NP Wilson
coefficients were Rp, Rp+, Rj /p and B(B; — tv). With form factors derived in the CCQM
by assuming the NP, the impact of variation in these coefficients on other branching fraction
ratios and angular observables was evaluated. The work provided a detailed comparison
of the CCQM form factors with form factors from different approaches.

The work [255] was interested in B, — ]/¢fv, and in the hadronic decay B, —
J/ 7t (K). This time, an SM calculation was presented; the agreement with the SM was as-
sessed through comparison of measured and predicted values for R}/, and two additional
observables:

Ryt jyty = B(BE — J/prt)/B(BS — J/¢ppvy), (67)
R+ n+ = BB — J/9K*)/B(Bf — J/ypn™). (68)

The form factors were evaluated in the CCQM framework and results for a set of semilep-
tonic decays with [/ or 7 in the final state were presented (Table 2 therein). The conclusion
regarding the ratios was that an agreement with the SM was reached for R+ /,+, and
Ri+ / 7+, but the theoretical prediction for R;,, was too low with respect to data.

The semileptonic decays B — K*uu, B — ¢uu and the leptonic decay Bs — putu~
were addressed in [256]. This brief text summarized selected results and referred to
previous papers.

The next paper dedicated to semileptonic decays was [257]. It analyzed the B — K(*)vi
process, where the current experimental limits on the branching fraction are expected to
not be very far from the central value predicted by theory (i.e., the central value may be
measured in the future). The CCQM was used to predict hadronic form factors, which
were then used in the helicity framework to predict branching fractions. The results agree
with the experimental limits and also with most other authors. Approximately, the value of
limits were only four times higher than the central values predicted by theory.

5. Nonleptonic Decays of B Mesons
5.1. Overview

The number of experimental measurements concerning nonleptonic (or hadronic)
B decays is even larger than for semileptonic ones. Again, we briefly review the LHCb
results and the results of the two B factories, BaBar and Belle(Il), as the most represen-
tative. Nevertheless, we do not provide an exhaustive list but mention only works with
larger impact.

The question of NP is, for hadronic decays, less pronounced than for the semilep-
tonic ones, since these are theoretically less clean. However, the NP is often mentioned
and treated together with some of the usual topics such as (exotic) multiquark states, ob-
servations of new decay channels, CP-related measurements, fragmentation fractions or
branching fraction determination. In what follows, we try to observe this classification.

The LHCb published several papers reporting the observation of a specific decay
channel, some being observed for the first time. This comprises the first observations of
BY — J/1£0(980) [258], B — J/wDF and B} — J/yD;* [259], BX — BOr* [260], Bt —
D Dy K* [261], B — D**D*~ [262], BY — J/yn'KT [263] or BY — x1(3872) 7t 7w~ [264].
For most of these observations, some quantitative numbers are given—usually, branching
fraction ratios to a different decay mode (normalization channel).

A special interest is given to the observation of "resonant structures", i.e., observation
of possible exotic multiquark states, which are sometimes seen in invariant mass distribu-
tions of particles originating from the B disintegration. An important contribution to the
exotic physics was performed in 2013 when the LHCb measured, in the B decay channel,
the quantum numbers of the X(3872) resonance [265], previously discovered by Belle.
Contemporary texts [266-268] analyze the B — J/¢7tt 7~ and B >/ Y7t spectra
and identify various resonant structures; here, only the usual SM resonances are seen. The
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possible tetraquark character of the £;(980) invoked in the last text has been rejected as
inconsistent with data. The situation became different in [269], where four resonant struc-
tures, possibly tetraquarks, were observed and their quantum numbers were determined.
The work [270] reported on two exotic particles having ccus quark content, determined
with high significance, and also confirmed four previously reported states. The authors
of [271] performed an amplitude analysis of the B~ — J/¢{Ap process, where the |/{pA
mass spectrum contains a narrow resonance, possibly indicating a strange pentaquark;
its quantum numbers were measured. A resonant structure, referred to as X (3960), was
also observed in the Bt — D' D; K™ decay mode, close to the D' D; production thresh-
old [272]. It was established to be consistent with a four-quark state ccs3, having quantum
numbers J’¢ = 0*F. The text [273] analyzed the spectrum of B¥ — D*D~K* and ad-
vanced a hypothesis of new charm-strange resonances. Another recent text, [274], also
sawa new resonance of mass 4337 MeV in the J/¢p (J/¢p) spectrum of the BY — J/¢ppp
decay. A very recent analysis [275] was concerned with decays of the B mesons to |/ 1/147[(2
and presented evidence for the Tg o1 state in the J/pKJ-invariant spectrum (presumably a
tetraquark).

In addition to direct investigations of the invariant mass spectrum, many LHCb
publications rely, in order to identify resonant components, on the Dalitz plot and am-
plitude analysis, where further resonances are identified—see [276-282]. The hadronic
B decays are also often studied in the context of the CP analysis and weak parameter
determination [283-296]. Various topics were addressed in these works: observation of
the CP violation in a specific decay, measurement of the CP-violating phase, B(()S) - B(()S)
oscillations and determination of the CKM angles. The B decay measurements were also
used to determine basic particle quantities, such as production cross-sections, branching
ratios or fragmentation fractions [297-306].

The publications of the BaBar experiment fall into similar categories. We choose to
mention, in more detail, the CP-related results which had, in the domain of nonleptonic
B decays, the most significant impact. Namely, the violation of the CP symmetry was,
before the BaBar measurement [307], only observed for kaons. The measurement was
performed for several decay modes of the BY particle; for each decay, the CP asymmetry
Acp was measured. The latter was defined in terms of a decay-time distribution f (At)
for B and B, decaying into the common final state. The results were derived for the sin(2p)
quantity, where B is an angle of the unitarity triangle, constructed from the CKM matrix
elements, and its deviation from zero measures the CP violation. The significance of the
measurement reached 40 level. The CP-violation topic was then discussed in further
publications for the neutral [308-316] and also charged B meson [317-320]. Both indirect
(i.e., involving particle-antiparticle oscillations) and direct CP violations were seen with
relevant significance. Several texts present measurements where the branching fraction and
the CP asymmetries were addressed at the same time [321-326]. In addition to the direct
CP violation measurements, the closely related measurements of the CKM angles « and
were presented in [327-330].

The BaBar collaboration also investigated, in a variety of publications [331-342], the
usual quantities which characterize decays, i.e., branching fractions and angular observ-
ables. The related topics of resonances and exotic states were subjected to numerous
analyses. The resonances were investigated by invariant mass spectra or the Dalitz plot
method, as presented in [343-345]. Concerning exotic states, most of the BaBar results were
related to the X(3872) particle [346-354] and present related searches, observations and
measurements in various decay modes. The state Y (3940), first discovered at Belle, was
also observed (as a product of a B decay) and its mass and width were determined.

The Belle experiment was very successful in the search for various exotic states,
tetraquarks and pentaquarks. Not all were related to hadronic decays of the B meson, but
the most-cited result [355] was. It presented the discovery of the X(3872) particle seen in
the 7wt 71~ ]/ spectrum of B — K*7tt 7~ ] /4. Other achievements were the detection
of tetraquark candidates Z(4430) [356] and Y (3940) [357], both among the decay products
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of B. In addition to these, further publications on this topic were issued [358-367], all
related to nonleptonic B decays. The physics program, regarding the CP violation, and
weak physics in general, is also very present at Belle. One collaboration published the
BY CP-violation paper [368] only a short time after BaBar did. Notably, it drew a lot of
attention as an independent measurement of the sin(2) parameter. The measurement
was updated later in [369]; direct CP violation was reported in [370,371]. Many additional
papers were published by Belle, where various CP parameters (CKM angles) and weak
physics-related processes were studied [372-392].

Naturally, the research at Belle is also devoted to branching fraction measurements of dif-
ferent B decay modes [393—402], observation and analysis of new decay channels [403—411], po-
larization studies [412,413] and photon energy spectra analysis in radiative events [414,415].

The large amount of data on hadronic B decays motivates theorists to describe obser-
vations and prove our understanding of the underlying physics to be correct. The exotic
multiquark states have a specific character from the perspective of B physics: as a matter of
fact, many of them originate from nonleptonic B decays, yet these decays, seen as exotic
production processes, are not addressed very frequently. They often have a larger number
of hadrons in the final state (three or more) and, thus, large phase space and technically
complicated description. The exotic particles are usually treated in the scenario where they
represent the initial state (for the CCQM model, see [48]) and, thus, are not in the scope of
this text (i.e., they are not B mesons). The emphasis of the theoretical overview is, therefore,
on the remaining topics: branching fractions and weak-interaction physics.

The theoretical grounds to describe (not only) hadronic B decays were laid decades
ago. The CP violation in, the SM stems from flavor mixing through the CKM matrix which
has an irreducible complex phase, as formulated in the pioneering works [416,417]. This
rapidly led to the first theoretical predictions. In [418], the expectation of a small but
measurable CP non-invariance in B meson decays was expressed. The authors of [419]
argued, studying the on-shell transitions in heavy meson cascade decays, that the effect
may not be so small after all and proposed methods to detect the CP violation in the B
sector. The latter topic was also discussed in [420], where mainly the non-leptonic decay
modes were addressed.

In parallel, the issues related to the asymptotic behavior and quark interactions were
considered. The review [421] addressed the question of the power behavior of amplitudes
and its relation to mesonic wave functions and quantum numbers. As results, quantitative
conclusions were made for hadronic form factors, large-angle scattering processes and
other related quantities. The highly cited paper [422] presented a relativistic extension of
the quark model, based on one-gluon exchange and a linear-confining quark potential.
This was used to describe mesons—their spectroscopy and decays—and succeeded to
large extent. The work [423] studied (among others) B decays in the framework of the
valence quark model; the model assumes factorization and good results were obtained,
especially for nonleptonic processes. The following works further sharpened the QCD SM
prediction; the next-to-leading QCD corrections were computed in [424], the implications of
the heavy quark symmetry were analyzed in [425], the generalized factorization hypothesis
and its impact on the structure of non-factorizable corrections were presented in [426] and
three-loop anomalous dimensions at the next-to-leading order in a; for weak radiative B
decays were computed in [427]. The role of the charm penguin diagrams in the B decay to
pions was evaluated by the authors of [428] and a next-to-leading order evaluation of the
branching fraction and photon spectrum of the B — X, + 7 process was presented in [429].

Coming back to the CP symmetry, one can mention the publication [430], where large
time-dependent CP asymmetries in the B — B system were predicted, or [431], where
it was shown that the theoretical uncertainty associated with penguin diagrams in the
BY — 77t decay can be reduced by considering isospin relations.

An important issue addressed by various authors is the factorization validity, often
assumed for hadronic matrix elements of the four-fermion operators. In [432], a theoretical
investigation of B branching fractions was undertaken and branching fraction ratios of
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selected two-body hadronic B decays were proposed as factorization experimental tests.
The article [433] was focused on the factorization for heavy-light final states. Such decays
were treated in the heavy quark limit and the validity of the factorization ansitz was,
in this scenario, proven at the two-loop order. In a similar context, the authors of [434]
studied processes with two light mesons (K, 77) in the final state. They argued that, in the
heavy quark limit, the hadronic matrix elements of nonleptonic B meson decays can be
computed from first principles, which helps to reduce the errors on the weak phases « and
- The paper [435] was oriented very similarly, wherein the proof of the factorization was
provided for B~ — D%z~ and B® — D* 7. The topic of the factorization was further
treated in [436], where decays B — PP and B — PV were addressed, and also in [437],
where soft-collinear effective theory was used to prove factorization for B decaying to two
light particles (7, K, p, K*).

One should also mention new physics searches. The paper [438] studied the B — 77t
process, from which it extracted relevant hadronic parameters. These were then used, under
plausible assumptions, to predict B — 7K. Those observables (for the latter process) which
have small EW penguin contributions seem to agree with the experiments; those with
significant contributions do not. This might indicate NP in the W penguin sector. Similar
ideas were also developed in [439]. A related topic, the final state interactions in hadronic B
decays, was treated in [440]. Indeed, when considering the B decays to light mesons, there
are, generally speaking, some difficulties in describing the data. To disentangle possible
NP, all SM effects need to be considered, rescattering included. Here, The latter is treated in
a phenomenological way in terms of off-shell meson exchange.

We now briefly mention other works of interest: papers [205,441] applied the light-
cone sum rules to tackle B decays to light vector and pseudoscalar mesons, respectively,
the authors of [442] computed, at next-to-next-to-leading order of QCD, the effective
Hamiltonian for non-leptonic |AF| = 1 decays and the text [443] focused on the B decays
to two vector particles in the framework of the QCD factorization. Finally, we mention
the paper [444], which summarized the status of our CKM matrix knowledge based on a
global fit to various (leptonic, semileptonic, hadronic) data.

5.2. Nonleptonic B Decays in CCQM
5.2.1. Decay Bs — J/yy()

We have chosen to demonstrate the CCQM approach on two hadronic processes, to
point out various aspects of the model application. The first one is Bs — ]/ lpﬂ(/) [445],
where a fit to the data was performed, so as to determine the model input parameters.
The 17(/) mesons are described as a superposition of light (3 = u, d) and strange compo-
nents, 7 = —sind(4q) — cosd(5s) and 5 = cos 8(jq) — sin8(5s), where 6 = gp — 77/2,
@p = 41.4° [446]. The considered decay was treated within the naive factorization picture
in the leading order, meaning it was described as a B; — 17(,) transition, where only the 35s
component of the latter was taken into the account (see Figure 10).

c Y

(a) (b)
Figure 10. The B; — ()] /1 decay as a B; transition to the 5s component of (') (a), in the factorization
picture (b). Figure was originally published in [445].

The necessary inputs for the decay width formula (P = 7, 17/),
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G2 Boy() ,
[(Bs — J/Y¥Y+P)= é|Vcch1;|C%vf]2/‘f|(1P|3€~~%[F+J7 (m%/lf)]Zf gy = cos?, Cvr =siné (69)

are the leptonic decay constants f;,y = fy and the transition form factor F;:

k.
my fvel, = Ncgv/Wq’(—kz)tr[Oysl(kJr wi1p)gvSa(k —wap)l, p*=my, (70)

(Py1.qs (P2)1320"q1|Bgs 05 (p1)) =F1 (4*) P + F_(q*)q", (71)
4

=NcgBgP / (zjl_[)zliéf;(—[k + wi3p1]?) Pp(— [k + wasp2]?)
X tr[OFSy (k+ p1)7°S3 (k)Y Sz (k + p2)],

where the Wilson coefficient is given by Cy = C; +C2/N; + C3 4+ C4/ N+ C5 + C¢/ N¢ and
the meaning of other symbols is analogous to Sections 3.2 and 4.2. The results are derived
in the large N, limit: N. — oco. To obtain the form factor and the decay constants, one

needs to know the model A parameters Azq, Af;s, A? and Af;, —four in total, if one treats

g and s components as independent. They can be derived from various processes where
they play a role, so, in addition to the two studied decay channels, also 7 — 7, 17’ =7,
=Ny, ¢ — 17/7,,00 10y, w — 117,17/ —wy, By = J/¥Y+nand By — ]/‘P+17/ have
been chosen. Fitting together all 11 processes, the optimal fit parameters were determined:

AZ" =0.881GeV, A}’ =1973GeV, AZ‘? = 0.257GeV, Af;, =2797GeV. (72)

Other model parameters were taken from previous works, namely, Ap, = 1.95 GeV,
Ap, =188 GeV and Aj/y = 1.48 GeV. Moreover, hadron-independent parameters (5)
were tuned to different values (see Equation (6) in [445]). With these in hand, one computes
results, as shown in Table 5.

Table 5. Decay widths and branching fractions for various processes with 7 and 5 mesons, as
predicted by the CCQM. Table contains a subset of data originally published in [445].

Observable CCoM Exp. [23]
T(y— vy) 0.380 keV 0.515 = 0.020 keV
(7 = vy 3.74 keV 4.34+0.14 keV
Iy — wy) 9.49 keV 4.74 +0.15 keV
T(o — 177) 53.07 keV 44.22 +0.24 keV
I'(w — 77) 6.21 keV 3.91 +0.06 keV
T(¢ — 77) 42.59 keV 55.28 4 0.17 keV
N 0.276 keV 0.26 +0.001 keV
B(By; — J/Y +7) 16.5 x 107° (10.8 +£2.3) x 10~
BBy — J/¥+17) 122 x 107° (7.6+24) x107°
B(Bs = J/Y¥ +1) 4.67 x 107* (404+0.7) x 107%
B(Bs — J/¥+17) 4.04 x 10~ (33+04) x 1074

Generally speaking, the discrepancies in terms of standard deviations are rather large,
yet the model roughly (within a factor of 2) reproduces the data. There might be reasons for
the differences that require understanding, e.g., a gluonic contribution to the 7' state [446]
could weaken the largest disagreement for F(17/ — wv). As pointed out in [445], other
models on the market do not seem to perform better than ours.
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The Belle and LHCb collaborations also measured the ratio [447,448]

BB, =5 ]/¥ 1) 0.73+0.14, Belle
— Ui
R = > =<090+01, LHCb . 73
B(Bs — J/Y +7) @3
0.86, CCQM

Here, the CCQM number reproduces the measurements well and, through the predicted
form factors, adds a non-trivial factor 0.83 to the model-independent part of the calculation:

Iy 2
lq,/ FBs
Rtheor — ( L tan®(0) ) x | | = 104--x 083+ ~ 086 (74)
F S
+

The overall precision of results is not fully satisfactory and further efforts may be performed
to investigate the discrepancies. Nevertheless, in addition to the results themselves that we
wanted, in this subsection, we also to point to the methodology we adopted in the CCQM
for determining the model inputs.

5.2.2. Decay B — D(\h, (i = ,p)

The second process we want to review is the B; decay to a D meson and a light
particle [449]. The interest here comes from the observation c(onfirmed by other authors
too) that the predictions systematically overshoot the data, which might indicate the NP.

The processes are described in the leading order and naive factorization framework.
These decays correspond to a rich set of various spin states and diagram topologies, as is
summarized in Figure 11 and Table 6. One labels, by D; ; 3, the diagram structure (color
favored, color suppressed and their interference ), where, within each group, various spin
configurations are present (labeled 4, ..., D).

Table 6. Studied decays arranged with respect to the spin structure and diagram topology. Underlined
parts correspond to the transition of the spectator quark (in the case of D3, refer to the first diagram
in Figure 11c). Table was originally published in [449].

Spin Structure

D Diagram

D; Diagram

D3 Diagram

(A) B > D~ +nat B — 7%+ DY Bt - DO+ 1t
PS — PS+PS B » = +D*
B —» n~ + D}
B+ — 7%+ Df

(B) BY = D~ +p* BY — 70 4 D*° BT — D%+ p*
PS — PS+V B - n~ +D:*t
Bt = 7Y + D*t
Bt — 7%+ D+

©) B D*~ 4 7+ BY — p0 + DO Bt — D0 4 7t
PS — V +PS BY — p~ + D}
Bt — pV + D

(D) B — D*~ +p* BO — 0 + D*° B+ — D** 4 p*+
PS—V+V BY — p~ +DF

Bt — o0 + Dt
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y ————— %

9
—
P g
S a >
_ B b=q
i B=g, FA B 2
o q‘: H G— g, H q
(a) (b) (c)

Figure 11. B decays to two hadrons: color-favored D; (a), color-suppressed D; (b) and their interfer-
ence Dj3 (c). Figures were originally published in [449].

Using the leading order operators,

Q1 = [(71)i (92)i,)v—al(33)i,(9a)i, Jv—a, Q2 = [(71)i,(92)i,lv—a[(73)i,(94)i,]v—a, (75)

where i; are color indices and [4142]v—4 = 717" (1 — 7°)q2, one can derive form factors. In
the case of the scalar-to-scalar transition given by (71), they are, for the scalar-to-vector
form factor, the expression

<V%,0]2(p216)|qlo”q2|BQ3ﬂ1(p1)> = (76)
+
_ €y _oHUD. 2 U pv 2 Upv 2 nvap 2
8P aA0(a®) + PUPUAL) + g PUA () + " PRugpV (7).

The obtained form factors are shown in Figure 12; the hadron-specific and universal CCQM
parameters used in their prediction are summarized in Table II in [449].

B B—D
) . | s
3 T o
2
G —F.] G 00 —F.]
O “F.J T o -k
1 ==t -l _
= -05 -
-

o° [GeV?]
B—~D
2 /
15
! "'""'"'"'Z':':':':':':':':' '''''
Sosf
T 0
- 05
-1 1
" 15
P feen 0 2 4 6 8 10 12
9% [GeV?] i

Figure 12. Transition form factors, as predicted by the CCQM. Figures were originally published
in [449].

The corresponding decay-width formulas (see [449], page 3) then allow one to obtain
the results summarized in Table 7.
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Table 7. CCQM branching fractions compared to data. Table was originally published in [449].

Process Diagram Bccom/E Berpg/E E
1 B - D+t D, 5.34 +0.27 2.52+0.13 1073
2 B —» 7~ +D* D, 11.19 4+ 0.56 74413 1077
3 B » 7~ + D Dy 3.48 +0.17 216 +£026 107
4 Bt — 7 + D} Dy 1.88 +0.09 1.6+0.5 1072
5 B - D™ +p* D, 14.06 4 0.70 7.6+12 1073
6 B — 7~ + Dt D, 3.66 +£0.18 21404 10-°
7 Bt — 704+ D*t D, 0.804 4+ 0.04 <36 107°
8 Bt — n¥+ Dt Dy 0.197 +0.01 <2.6 1074
9 B - D* 4+t Dy 4.7440.24 2.7440.13 1073
10 BY — o~ + D D, 2.76 4 0.14 <24 10-°
11 Bt — 0"+ Df D, 0.149 + 0.01 <3.0 104
12 B" = D*~ +p* D, 14.58 4+ 0.73 6.84+0.9 1073
13 BY — o~ + Dt D, 5.09 +0.25 41+13 10-°
14 Bt — 0¥+ Dt D, 0.275 + 0.01 <4.0 10~*
15 B 5 70+ D’ D, 0.085 + 0.00 2.63+0.14 1074
16 BY s 70+ D*° Ds 1.13 +0.06 22406 104
17 BY — o0+ D’ D, 0.675 4+ 0.03 321+021 1074
18 B> p+DY D, 1.50 + 0.08 <51 104
19 Bt =D+t D3 3.89 £0.19 4.6840.13 1073
20 B+ D+ ot D3 1.83 +0.09 1.34+0.18 102
21 Bt 5D 4t D3 7.60 +0.38 49+0.17 1073
22 Bt - DY+ ot D3 11.75 4+ 0.59 98+17 1073

looking at Figure 13.

CCQM & Experiment (comparison)

) I [ eroe
R,
LS -

Ll T

The level of agreement between the model and the data can be visually estimated by

0 5 10 15 20 25
Process number
Figure 13. The comparison of CCQM predictions and data. Processes are numbered as in Table 7.
Figure was originally published in [449].

Generally speaking, the description of data is not satisfactory. The agreement within
error is only reached for measurements where limits are given but for few other cases.
This might be expected for a subset of the processes, since the factorization assumption
is not supposed to hold in the scenario where the spectator quark enters the light meson
(see [433]). Still, one sees an overall overestimation, including decays with the spectator
quark entering the D meson. This observation joins similar observations made by other
authors [42,450-452], i.e., it is seen across various approaches, which naturally raises ques-
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tions about the NP. The authors of [452] talked about a “novel puzzle” and NP scenarios
were advanced to explain it in [42,452].

5.3. Other CCQM Results on Nonleptonic B Decays

The CCQM was also applied to other hadronic decay processes of B mesons. Skipping

older publications [248,453] with an earlier version of the model, we can mention again
(%) +
S

the generally oriented text [249], where decay width for Bs progressing to Dy + Dg ',
Di™ + Ds(*)Jr and J/Y 4 ® were computed. They were determined within the effective
Hamiltonian approach using the helicity formalism from the CCQM-predicted form factors.
The numbers were in fair agreement with experimental measurements. The same results
were reviewed in paper [250], which, in addition, treated the exotic state X(3872) as a
tetraquark and evaluated its selected branching fractions.

The work [454] dealt with double-heavy B, particles and their decays to charmonia
and various D mesons. Two diagrams contributed in the leading order; in one, the B,
spectator quark ¢ goes to the charmonium state, while, in the other, it forms the D meson.
One thus needs to evaluate form factors of six transitions B — D, Ds, 41, D*, D}, ] /'¥; their
behavior is shown in Figure 2 of the work and their values at zero are also presented. Next,
helicity amplitudes were constructed and branching fractions calculated for, in total, eight

processes Bs — 1. + DE:)) and B — J/Y + DE:)) (all combinations of brackets). Comparison

with the experiment was based on branching fraction ratios R(Dy /), R(Di*/n™),
R(D; /Dy ) and also I'; /T measured by Atlas [455] and LHCb [259]. Here,

B(Bf — J/YA)

R(A/B) = B(BFf — J/¥B)

(77)

and I'; 1 /T is the transverse polarization fraction in the Bl — J/¥ + D" decay. The
results were presented in the Table VIII of [454] with no significant deviations from the SM.
However, as two different sets of Wilson coefficients were investigated, it turned out that
the results were quite sensitive to their choice.

Similar processes were addressed in [255], though with 7t or K in the final state instead
of D. Consequently, only one diagram contributed, which was the one corresponding to
the transition to charmonium, since all other 7r/K production diagrams from B, were of a
higher order. Furthermore, the semileptonic mode to |/ ‘I"uvﬂ was investigated, so as to
define observables R(7tt /u*v), R(K*/7tt), R(J/Y¥) and R (1) (see (41) and (77)). With
the CCQM transition form factors identical to those mentioned previously, one obtains,
in total, eight decay widths B — 5. +h, Bf — J/Y +h, h € {n",p", KT, K*} (Table
3 of the publication) and branching fraction ratios, which can be compared to the LHCb
numbers (Table 5 of [255]) and also to other theoretical works. The ratios are in agreement
with measurements, except for R(J/¥), which deviates by more than 20.

Finally, we mention the paper [456], dedicated to vector particles B* and B} and their
transition to B()y and D(*S) +V,V e{p K*,D*,D}}. The radiative deexcitation processes
use the formalism presented in Section 2.4 to describe the decay: a photon can be radiated
from one of the valence quarks or from the non-local quark-hadron vertex. In the latter
case, however, it can be shown that the contribution vanishes due to the anomalous nature
of the V' — P+ process and so the calculation is simplified. The results on decay widths of
B*, BY and B??, as presented in Table V of their work, depend on radiative decay constants
of the particles given in Table IV. As to what concerns the decays to two vector particles,
the computation proceeds in a usual way, where the CCQM invariant form factors are
combined to helicity amplitudes to give branching fractions. Due to small cross-sections
of the studied processes, the experimental numbers were not available and so the CCQM
results were compared to other theoretical approaches (Table XII of [456]).
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6. Summary and Outlook

We provided, in this text, a review of the results of the covariant confined quark model
for B decays, presented together with a survey of selected experimental and theoretical
results. Differently from other physics models and their achievements mentioned here,
we explained in depth the principles of the CCQM (Section 2) and presented computa-
tional details for the chosen processes, namely, B; — ¢4~ (Section 3.2), Bs — ¢pLT ¢y
(Section 4.2), B — Déz))h, (h = 7,p) and Bs — J/yn() (Section 5.2). For the sake of the
review, the decays were divided into three groups: leptonic, semileptonic and non-leptonic.
Although somewhat arbitrary, this division allowed us to demonstrate the application of
the CCQM in various situations. Generally speaking, despite some studies on NP contribu-
tions, the CCQM results do not provide strong indications for NP and suggest that further
efforts within the SM may be needed.

One should also recall that we presented only a small section of what the CCQM can
provide: it was, in many papers, successfully applied to describe baryon, tetraquark and
other mesonic states. The quality of the CCQM is also confirmed by the interest of other
authors. Narrowing the large number of citations to those related to B decays and referring
to the recent version of the model (2010 and later, without conference papers), one sees that
the model was noticed by large collaborations (LHCb [58,457], ATLAS [458]).

The ongoing physics program on existing and future high-luminosity machines implies
that the CCQM may also, in the future, be an appropriate theoretical tool which will
contribute to unraveling the questions brought by experiments about the presence of
NP or the nature of various (exotic) states. Together with other approaches, it may help
to understand model-related uncertainties beyond which new physics observations can
be claimed.
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