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Abstract

An accurate phenomenological analysis of rare B-meson decays is important both for
precise tests of the Standard Model and in the search for possible New Physics in the
flavour sector. In the framework of this thesis, several semileptonic B-meson decays
induced by flavour-changing quark currents are studied. The main focus is put on the
analysis of the underlying hadronic input including the relevant form factors and nonlocal
hadronic amplitudes. With accurate determination of the hadronic input from the QCD-
based methods, various observables in inclusive and exclusive semileptonic decays of
B mesons are predicted.

This dissertation is written in the form of a cumulative work based on our four articles
published in international peer reviewed journals. The first chapter contains a short
introduction to the Standard Model and a brief discussion of theoretical methods.

The chapter 2 of the thesis is dedicated to the analysis of the flavour-changing neutral
current (FCNC) b — d observed in the form of the semileptonic B — 7¢™¢~ decays.
In the latter decays, the underlying hadronic nonlocal contributions are systematically
taken into account using the operator-product expansion, QCD factorization and light-
cone sum rules. Together with the B — 7 form factors derived from light-cone sum rules,
these nonlocal hadronic amplitudes are used to predict various observables such as the
differential rate, direct C'P-asymmetry and isospin asymmetry in B — wfT¢~ decays.
In addition, the total width of B — mwrv decay is estimated.

The third chapter of the thesis is devoted to the analysis of the higher-twist effects in
the QCD light-cone sum rule for the heavy-to-light transition form factors. To this end,
the light-cone expansion of the massive quark propagator in the external gluonic field is
extended to include new terms containing the derivatives of gluon-field strength. The
resulting analytical expressions for the twist-5 and twist-6 contributions to the correla-
tion function are obtained in a factorized approximation, expressed via the product of
the lower-twist pion distribution amplitudes and the quark-condensate density. The nu-
merical analysis reveals a smallness of the higher twist effects justifying the conventional
truncation of the operator product expansion in the light-cone sum rules up to twist 4.

The chapter 4 of the thesis extends the analysis of hadronic input to other semileptonic
decays including B — K/{(*{~ and By, — K/(*/~. To this end, the light-cone sum
rule results for the relevant form factors are updated taking into account the estimate
of the higher twist effects. In addition, the corresponding nonlocal hadronic matrix
elements are extracted in a systematic way. Moreover, a new way to determine the
Wolfenstein parameters of the Cabibbo-Kobayashi-Maskawa matrix is suggested based
on the observables in semileptonic FCNC B — w/*¢~ and B — K/{"{~ decays. The
prediction for the B, — K/{v, partial decay width provides an additional source for the
determination of the CKM parameter |V,,|.

The last chapter 5 of the thesis deals with the inclusive semileptonic B — X.7tv;
decays. Using the standard techniques of heavy quark expansion, the decay width and
moments of 7-lepton energy distribution are calculated including power corrections up
to order Adop/mj. The result is compared with the sum of the predictions for the
branching fractions of the exclusive semileptonic B — (D, D*, D**)7v, decays as well as
with the relevant experimental data. In addition, the impact from physics beyond the
Standard Model to the inclusive B — X .7, rate is discussed.






Zusammenfassung

Eine genaue phénomenologische Analyse von seltenen Zerféllen von B-Mesonen ist
sowohl fiir prazise Tests des Standardmodells als auch fiir die Suche nach moglicher neuer
Physik im Flavoursektor wichtig. Im Rahmen dieser Arbeit werden verschiedene semilep-
tonische Zerfalle von B-Mesonen, die durch flavourdndernde Quarkstrome induziert wer-
den, untersucht. Der Schwerpunkt liegt dabei auf der Analyse des zugrundeliegenden
hadronischen Inputs, einschliellich der relevanten Formfaktoren und nichtlokalen hadro-
nischen Amplituden. Mithilfe einer genauen Bestimmung des hadronischen Inputs, der
mittels QCD-basierten Methoden gewonnen wurde, werden verschiedene Observablen
von inklusiven und exklusiven semileptonischen Zerfallen von B-Mesonen, vorhergesagt.

Diese Dissertation ist in Form von einer kumulativen Arbeit geschrieben und basiert
auf vier Artikeln, die in internationalen, von Experten begutachteten Fachzeitschriften
verdffentlicht wurden. Das erste Kapitel enthalt eine kurze Einfiihrung in das Standard-
modell und eine kurze Diskussion von theoretischen Methoden.

Das Kapitel 2 der Dissertation ist der Analyse des flavourdndernden neutralen Stroms
(FCNC) b — d gewidmet, der in der Form von semileptonischen B — 7" ¢~ Zerféllen
beobachtet werden kann. In den zuletzt genannten Zerfallen, werden die zugrundeliegen-
den hadronischen nichtlokalen Beitrage unter Verwendung der Operatorproduktentwick-
lung, der QCD-Faktorisierung und den Lichtskegelsummenregeln, systematisch bertick-
sichtigt. Diese nichtlokalen hadronischen Amplituden werden zusammen mit den aus
den Lichtkegelsummenregeln abgeleiteten B — 7 Formfaktoren, zur Vorhersage ver-
schiedener Observablen wie der differentiellen Rate, der direkten C'P-Asymmetrie und
der Isospin-Asymmetrie von B — 7" (™, verwendet. Zusatzlich wird die totale Breite
des Zerfalls B — wvv abgeschatzt.

Das dritte Kapitel der Dissertation ist der Analyse von Effekten hoheren Twists, die in
der QCD Lichtkegelsummenregel fiir den Ubergang eines schweren Mesons in ein leich-
tes Meson auftauchen, gewidmet. Zu diesem Zweck wird die Lichtkegelentwicklung des
massiven Quarkpropagators in einem externen gluonischen Feld ausgedehnt, um neue
Terme, die Ableitungen der Gluonfeldstiarke enthalten, zu berticksichtigen. Die daraus
resultierenden analytischen Ausdriicke fiir die Beitrage vom Twist-5 und Twist-6 zu
den Korrelationsfunktion, werden in einer faktorisierten Approximation, die durch ein
Produkt von Pion-Verteilungsamplituden von niedrigerem Twist und der Quarkkonden-
satdichte ausgedriickt ist, gewonnen. Die numerische Analyse zeigt, dass die Effekte von
hoherem Twist klein sind, was das herkommliche Abbrechen der Operatorproduktent-
wicklung in den Lichtkegelsummenregeln bei Twist-4, rechtfertigt.

Das Kapitel 4 der Dissertation weitet die Analyse des hadronischen Inputs auf andere
semileptonische Zerfille, einschlieBlich B — K/¢*¢~ und B, — K{*{~ aus. Zu diesem
Zweck werden die Lichtkegelsummenregel-Ergebnisse fiir die relevanten Formfaktoren,
unter Berticksichtigung der Abschatzung der Effekte von héherem Twist, auf den ak-
tuellen Stand gebracht. Auflerdem wird ein neuer Weg vorgeschlagen, die Wolfenstein-
Parameter der Cabibbo-Kobayashi-Maskawa-Matrix zu bestimmen, welcher auf den Ob-
servablen der semileptonischen FCNC Zerfalle B — w/™¢~ und B — K/{*{~ basiert.
Die Vorhersage fiir die partielle Zerfallsbreite von By — K/, bietet eine zusatzliche
Méoglichkeit den CKM-Parameter |V,;| zu bestimmen.



Das letzte Kapitel 5 der Dissertation beschéftigt sich mit den inklusiven semilep-
tonischen B — X, 7v, Zerfillen. Unter Verwendung der Standardtechnik der Heavy-
Quark-Expansion, werden die Zerfallsbreite und die Momente der Energieverteilung des
7-Leptons einschlielich der Power-Korrekturen bis zur Ordnung A¢cp/mj berechnet.
Das Ergebnis wird sowohl mit der Summe der Vorhersagen fiir die Verzweigungsverhalt-
nisse der exklusiven semileptonischen B — (D, D*, D**)rv, Zerfille als auch mit den
relevanten experimentellen Daten verglichen. Zuséatzlich wird der Effekt von Physik jen-
seits des Standardmodells auf die inklusive B — X .71, Zerfallsrate diskutiert.
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Chapter 1

Introduction

The idea of elementary particles has a long history starting from the time of ancient
Greece. The field of particle physics has achieved tremendous development during the
previous century due to studies of the cosmic rays and construction of the particle ac-
celerators. Efforts of many theorists and experimentalists led to the foundation of the
Standard Model of particle physics — the most successful theory in this field. Being quite
a compact theory with a few basic parameters, Standard Model (SM) is able to describe
a plenty of various particle processes, some of them with a very impressive accuracy.
Up to now, no significant deviation from the SM predictions was found. Nevertheless,
as many physicists suppose, there is certainly physics beyond the SM. First of all, it is
clear that SM is not a complete theory since it describes only three of the four known
fundamental forces (strong, weak and electromagnetic) and does not tell anything about
gravity. The second argument is based on a presence of too many input parameters
in this theory. The SM also does not incorporate certain phenomena in the cosmology
such as dark matter and dark energy. Furthermore, there exist several tensions between
SM and physics of heavy hadrons hinting at some New Physics at large energy scales.
Nevertheless, it is obvious that SM will survive at least as an effective theory of particle
physics, applicable at certain energy scales. This is in a full analogy, for instance, with
the classical (Newton) mechanics which is still a very useful and applicable theory for
the description of plenty of phenomena in the macroscopic world where one deals with
the velocities much smaller the speed of light, whereas a more general, special relativity
theory is applicable for any velocities.

There are still open questions about a possible form of the New Physics. What is the
particle content of it? At which scale does it appear? How can we detect it? To clarify
these issues, from the theory side one still needs to refine phenomenological analysis of
a plenty of particle processes to predict various observables with a very high accuracy.
Despite SM is a well-established theory, hadronic uncertainties in the decays of mesons
and baryons still represent a considerable challenge in their phenomenological analysis.
Also from the experimental side, one needs to fulfil as much as possible measurements of
the various processes with a high precision by gaining more statistics in particle collisions
and by improving the experimental techniques. The joined efforts of experimentalists and
theorists is very important for a precision test of the Standard Model as well as for the
identification of possible New physics in case if one finds a significant deviation of the
SM predictions from the measurements.

In the light of such situation in particle physics, an analysis of hadronic effects in



several semileptonic decays of heavy hadrons was performed in this thesis. The thesis
is written as a cumulative work presenting the results of our research in a form of four
articles published in the leading international peer reviewed journals. In the rest of this
chapter, a short overview of the SM and a brief description of theoretical methods used in
the research are given. The four subsequent chapters contain the corresponding articles
on the topics of the research. The first one (Chapter 2) is devoted to the analysis of
the hadronic input and observables in exclusive semileptonic B — wf™¢~ decays. In
Chapter 3, a new estimate of higher twist effects in light-cone sum rule for the heavy-to-
light transition vector form factor is given. Chapter 4 contains the results of the analysis
of semileptonic exclusive By, — K/, and By — w(K){T¢~ decays at large hadronic
recoil, including the updated results for the relevant form factors from QCD light-cone
sum rules and a new way to extract the Cabibbo-Kobayashi-Maskawa matrix elements.
In Chapter 5, the analysis of the semitauonic inclusive B — X, 7v, decay up to order
Adop/mj is presented. The thesis is concluded by a summary and discussion of the
obtained results.

1.1 The Standard Model

A detailed overview of the SM certainly goes beyond the scope of this thesis. There
is a plenty of remarkable reviews and excellent books available in the literature, e.g.
(1,2, 3,4, 5, 6]. Here we aim at a brief outline of the foundations of the Standard Model
and its application in the context of the thesis.

1.1.1 Particle content

The Standard Model (SM) is a basis of the modern elementary particle physics describ-
ing the electromagnetic, weak and strong interactions as well as classifying all elementary
particles. According to the Standard Model, all matter around us consists of the building
blocks — elementary particles. There are two basic types of such particles called quarks
and leptons. These particles are fermions since they have spin 1/2. There are six different
types of both quarks and leptons organised in pairs forming in total three generations.
The hierarchy of the particles together with some of their properties is presented in Ta-
ble 1.1. The lightest and most stable particles belong to the first generation, while the
heavier and less stable particle form the second and third generations. Each particle has
an antiparticle having the opposite values of the electric charge and of other additive
quantum numbers.

There is another type of fundamental particles, gauge bosons, which are defined as
physical force carriers. They mediate the electromagnetic, weak and strong interactions.
All gauge bosons in the Standard Model have an integer spin S = 1. The massless photon
mediates the electromagnetic force between electrically charged particles. The photons
as well as their interactions with charged fermions are well described by quantum electro-
dynamics (QED). The weak interactions between particles are mediated by W, W~ and
Z gauge bosons. These bosons are massive and therefore the weak interaction takes place
only at very small, sub-nuclear distances. W' and W~ bosons carry an electric charge



Class Type Generation | Charge Mass
Quarks u, up I +2/3 | ~2.5MeV
(Spin 1/2) d, down I -1/3 ~ 5MeV
s, strange 11 +2/3 | ~ 100 MeV
¢, charm IT -1/3 | ~1.3GeV
b, bottom 111 +2/3 | ~4.7GeV
t, top I11 -1/3 | ~175GeV
Leptons e, electron I -1 0.511 MeV
(Spin 1/2) Ve, electron neutrino I 0 < 0.23eV
{4, TMuon II -1 105.7 MeV
v, muon neutrino II 0 < 0.23eV
T, tau III -1 1.777 GeV
v, tau neutrino III 0 < 0.23eV
Gauge bosons v, photon 0 0
(Spin 1) Z-boson 0 91.2 GeV
W=*-bosons +1 80.4 GeV
g, gluon 0 0
Scalar bosons (Spin 0) | H, Higgs boson 0 125 GeV

Table 1.1: Elementary particles in the Standard Model [1]. The bounds on neutrino
masses follow from »;m,, < 0.23 eV given in [7]

of +1 and -1 and by this reason they participate in the electromagnetic interactions.
Furthermore, they have a specific property to interact exclusively with the left-handed
particles. The Z-boson is a electrically neutral particle and interacts both with left- and
right-handed particles although in asymmetric way. The gluons are the mediators of the
strong interactions. There are eight types (colors) of gluons interacting with the color
charged quarks. Since gluons have color charge, they can also interact with themselves.
The quark-gluon interactions are described by quantum chromodynamics (QCD).
Furthermore, there is another particle playing an important role in the Standard
Model and discovered recently at Large Hadron Collider (LHC) [8, 9]. This is the Higgs
boson. Being a scalar neutral particle, Higgs boson generates the masses of all fermions
and W¥ and Z bosons by means of the spontaneous symmetry breaking mechanism.

1.1.2 Electroweak sector

The electroweak sector of the Standard model unifies the electromagnetic and weak
interactions. It is based on the gauge symmetry group SU(2);, x U(1). Theory of
the electroweak interactions was originally developed by Glashow [10], Weinberg [11]



and Salam [12]. According to the electroweak theory, the fermions, leptons and quarks
forming left-handed doublets and right-handed singlets, transform under the fundamental
representations of the symmetry group SU(2), x U(1):

(2N )
@/J% €L ML TL dr, SL br
Yr = €Rr, IR, TR, UR, AR, SR, CR, bR, tR. (1.2)

In the above, the left-handed and right-handed components of the fermion field ¢ are

defined as:

1= 1+
Y = 5 Y, YR = 5

The representations (1.2), (1.1) can be ordered by the quantum numbers of the weak
isospin I, its third projection I3 and the weak hypercharge Y. The doublets of the left-
handed fields have isospin I = 1/2 and the right-handed singlets have I = 0. These basic
quantum numbers are related with the electric charge @ via the Gell-Mann-Nishijima
relation:

. (1.3)

Q:g+§. (1.4)

Weak hypercharge Y characterises the whole multiplet. From Eq. (1.4) it follows that
Y = 2Q with @ being the average charge of the multiplet.

The electroweak Lagrangian is generically presented as a sum of the several parts,
including the gauge boson, fermion, Higgs and Yukawas ones:

Lew=La+Lr+Ly+Ly. (1.5)

The gauge boson part is given by

1

Lo=-7

a a (v 1 v
W,u,VW = ZB/JJ/B# ’ (16)
where the strength tensors of the SU(2)-gauge fields W (a = 1,2,3) and U(1) gauge
field B, are:

Wi, = 0,Wg —0,W + g™ Wi Wg, (1.7)
B,u,y = a,uBu - aVBM7 (18)
with g and 2% being the gauge coupling and the structure constants of the SU(2), group,
respectively. Under the exact SU(2), x U(1) symmetry the gauge bosons are massless.
They acquires their masses after spontaneous symmetry breaking SU(2), x U(1) — U(1)
by means of the Higgs mechanism as explained below.
The fermion part of the electroweak Lagrangian is given by

Lrp= Z Upilp Uy + Z VrilD Ry, (1.9)
b P



where doublets W, and singlets ¢r are presented in (1.1) and (1.2), respectively, and the
summations over WU, 1 include all flavours of fermions (quarks and leptons). The covariant
derivatives are given by expressions

o' WE YL

(DL);L = O.—1g 2M+29/73u7 (1.10)
Y,

(Dr)u = Ou+ig'~ By, (1.11)

where ¢’ is a gauge coupling of the U(1) gauge group, and ¢® (a = 1,2, 3) are the Pauli
matrices related with the generators 7% of the SU(2) group as T* = ¢%/2. The values
of the hypercharge Y7, Yi for doublets and singlets follow from (1.4):

Y(VL) = Y(GL) = —]_, Y(U,L) = Y(dL) = —f—%, (112)
Yien) = -2, Y(dg) = —g, Y (ug) = +§, (1.13)

and identically for the particles of the second and third generations. The W, B,, are
the four gauge fields, which are related with the physical fields of W* and Z bosons and
photon field A,:

14 21172
WuiZWu

we = e e 1.14
p 7 (1.14)
Z, = cosby WE + sin Oy B,,, (1.15)
A, = —sinfy Wj’ + cosbw B, (1.16)

where the mixing Weinberg angle 6y, is determined as
9

/@ + g’2.
Using the expressions for the covariant derivatives (1.10), (1.11) and the definitions

(1.14), (1.15), (1.16), one obtains from (1.9) the explicit expressions for the Lagrangians
of boson-fermion interaction:

cos Oy =

(1.17)

Lya = _e%: Qu () A, (1.18)
Low = 5 %: (D7) W +he], (1.19)
Lo = Toongy 2o [0l = 260") = (@loa—)uf)] 2%, (120
where
ay =1 —4Q, sin? by, ag =1+ 4Q sin? by, (1.21)

and the elementary electric charge e is related with g and ¢":

/

e=—99 _ _ gsin Oy = ¢ cos Oy . (1.22)



The Lagrangian (1.18) contains only a sum over electrically charged particles and repro-
duces quantum electrodynamics. Note, that the Lagrangian (1.19) does not incorporate
the effect of mixing which takes place in case of quarks. This issue will be discussed in
sect. 1.1.4.

The Yukawa part of the SM Lagrangian can be splitted into two pieces:

£Y _ Ll;ptons _{_ﬁ(}]/uarks' (123)

The first term in (1.23) describes the Yukawa interaction of the leptons with the Higgs
boson:
eptons 0) 174 j
Lo = v\ (L), + hc. (1.24)

where L} = (vf, 1)) (¢' = e, u, 7) is a doublet of the left-handed leptons, ¢4 is the right-
handed lepton singlet, the Higgs doublet ¢ is defined by (1.26) (see next section) and
Yige) is the 3 x 3 matrix of lepton Yukawa couplings. Note, that neutrinos are assumed
to be massless in the SM, and by this reason the term with right-handed neutrinos is
not present in (1.24). In the SM, the lepton number is conserved and lepton mixing is
absent. Therefore, the lepton Yukawa matrix should be diagonal Yiy) = 5in¢§£)- The
Lagrangian £qyuarks will be discussed in sect. 1.1.4.

In the Standard Model, the electroweak symmetry is broken down to the electromag-
netic gauge symmetry U(1)en by the Higgs mechanism. In its minimal formulation it
requires a single Higgs field which is a doublet under SU(2). The fermion masses arise
from gauge-invariant Yukawa interactions of the fermion and Higgs fields by means of
the spontaneous symmetry breaking mechanism as explained below.

1.1.3 Higgs sector

The Standard Model predicts an existence of the field with non-zero vacuum expecta-
tion value (VEV). Such feature of this field leads to the electroweak symmetry breaking
[13, 14, 15, 16]. The Higgs sector of the Standard Model is described by the Lagrangian:

Ly = (Dup)'(D"¢) = V(9), (1.25)
where the SU(2);, doublet of the complex Higgs fields ¢ with Y =1 is introduced:
¢*(x
¢(r) = ( 0( ) , (1.26)
¢"(x)
and covariant derivative D, is defined as:

I (A
D, =0,—1g 5 —I—ZEBM. (1.27)

The Higgs potential V(¢) is given by the expression:

V(p) = —i’¢'o+ 2(¢T¢)2, p? >0, A > 0. (1.28)



Minimisation of the potential (1.28) leads to the minimum ¢ ¢y = 2412/X. The minimal
value of the Higgs field doublet can be chosen in the form

_a_ 1[0
¢0=<¢>—\/§<U>, (1.29)

with v = 241/v/A being the vacuum expectation value (VEV). In general case, the doublet
of complex Higgs fields ¢ has four independent components. Three of them can be
eliminated by a suitable gauge transformation allowing to present the Higgs doublet in
the following form (the unitary gauge):

1 0
o(z) = 7 ( ot h(o) ) , (1.30)

where real field h(x) describes the physical Higgs boson. For completiness, we also quote
a definition of the charge conjugate Higgs field ¢ in the unitary gauge:

v+ h(x)
0 :

- 1
¢(x) = ioy¢(x) = \/5<

Implementation of the Higgs doublet in the form (1.30) to the Lagrangian (1.25) yields
the mass terms of the W* and Z bosons and the mass of the Higgs boson my, = v/2u.
Note, that the photon appears to be massless as it must be. Additionally, one obtains
the trilinear and quadrilinear vertices of the interactions of the Higgs with the W and
Z bosons and the self-interactions of the Higgs field including the triple and quartic
vertices.

(1.31)

1.1.4 The Cabibbo-Kobayashi-Maskawa quark-mixing matrix

The quark mixing is induced by the Yukawa interaction of the quark and Higgs fields.
This interaction is described by the Lagrangian

L3 = =Y (@1 i = Vi Q1) e + e, (1:52)

where Q% = (u%, di)T, i = 1,2,3 is the SU(2)-left-handed doublet of the quark fields
(u' = u,c,t and d* = d, s,b), ufé and d%, are the up- and down-type quark singlets, and
the Higgs fields doublet ¢ and ¢ are defined in egs. (1.26) and (1.31). Y% are the
complex 3 x 3 matrices of the Yukawa couplings. The mass terms are obtained from
replacing ¢(x) by its VEV, ¢ — (¢) according to (1.29) that yields:

V2 V2

(the same is valid for leptons, see (1.24)). The bilinear quark fields terms in (1.33)
can be diagonalized with the help of four unitary 3 x 3 matrices VZ ’g yielding the mass
eigenstates

uar uar d) 7 33 u)—5i ,J
Loeks _y paarks _ Y\, di, Y\ al ufy + hec.. (1.33)

lapr]" = ViRl [ur.g), [dor] = Vi R]7 ldg), (1.34)



and the diagonal mass matrices
v
M, = —Viy@ya = u,d. 1.35

1T AL R q (1.35)
Introducing the quark mass eigenstates (1.34) does not change the diagonal terms in the
Lagrangian, i.e. the kinetic terms and the interactions terms with the neutral bosons
(1.18), (1.20) due to the unitarity of the transformations. The only modification appears
in the interaction of the charged W-boson with the quark fields (1.19) yielding a product
of the unitary matrices

Vud Vus Vub
ViV =Vorm = | Vie Ve Vi | (1.36)
Vie Vis Vi

which is called the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing matrix. Finally,
the Lagrangian of the interaction of the quark mass eigenstates with W-boson can be
presented as follows (the tildes over quark fields are omitted):

dr,
Loy = %(EL,EL,EL)’Y“VCKM s, | Wi+ he. (1.37)
br

As one can see, the Lagrangian (1.37) allows for flavour-changing transition not only
between quarks of the same generation but also for transition between different gener-
ations, e.g. b — wu. This is a very important feature of the weak interactions allowing
b-quark to decay to lower mass quarks u, d, s, ¢ and leading to a plenty of possible decays
of B mesons containing one b quark. The CKM matrix (1.36) is a complex 3 x 3 unitary
matrix and was originally introduced in [17, 18]. It can be parametrised in terms of three
mixing-angles 69, 613, 623 and one C P-violating phase § [20]:

0

C12 C13 812 C13 Si3€
_ i§ h)
Vekm = | —S12Co3 — 12 S23 S13 €™ €12 Caz — S12 S23 S13 €' sazciz | (1.38)
i6 i6
512 823 — C12 C23 S13 € —C12 523 — 512 €23 513 € C23 C13

where s;; = sin0;;, ¢;; = cos ;. The angels can be chosen to lie in the first quadrant.

From experiment it was found that s;3 < s93 < s19 < 1. To exhibit this hierarchy
it was found convenient to represent the CKM matrix in the terms of the 4 parameters
A, X\, p,n defined as [19]:

|VU8‘

S19 = A= , 1.39

N Vadl? + Vs ? 139
Vs |

S93 = A/\2 =\ 5 (140)
|Vias|

s13€° = Vi = AN} (p +in). (1.41)



) is a small parameters, and to order A\* the CKM matrix takes the form:

1—)\%/2 A AN (p —in)
Vexm = - 1—)%/2 AN? + O(\Y). (1.42)
AN(1—p—in) —AN 1

Additionally, one defines p + i = —(VuaV.y)/(VeaVy), where parameters p and 7 are
related with p and 7 as:

/\2
p o= p (1 -5 O(X‘)) : (1.43)
/\2
n o= (1 -5+ O(X*)) . (1.44)
The unitarity of the CKM matrix implies (V VI = VTV = [):

Z Vig Vi = 0ij and Z Vij Vi = 0ij, (1.45)
P P

yielding in particular the commonly used constraint (applied in the thesis, see chapter 2):
VudV + Vchb + thV’; =0. (1.46)

The values of the CKM matrix elements V;; can be extracted from the experimental
data on the relevant decays. The review of the ways of the CKM matrix elements
determination as well as global fit of CKM parameters is given in, e.g. [1]. In the
context of the thesis, we suggested a new way of the CKM parameters determination
based on observables in B — K{T¢~ and B — wf*{~ decays (see Chapter 4).

1.1.5 Quantum chromodynamics

Quantum chromodynamics (QCD) is the gauge theory of strong interaction based
on the symmetry group SU(3)c. The basic fermions are quarks in three different color
states forming the fundamental representations of SU(3)c group. They are described by
triplets of quark fields ¢ = ¢; (1 = 1,2,3) for each quark flavour ¢ = w,d, s,c,b,t. The
Lagrangian of QCD can be presented in a compact form:

Locp = —= GZVG“W Z Gil) —my)q (1.47)

q=u,d,s..

where G, (a = 1,...8) is the gluon field strength tensor:

GZV = a,UAZ - aVAZ + gsfabcAb AS (148)

o

Al (a=1,...8) denotes the gluon field, fu. are the SU(3) structure constants, and g is
the SU(3)c gauge (strong) coupling. The covariant derivative D,, in (1.47) is defined as:

A\®
D, =0, —19,G),

LY (1.49)



where A\* denotes the Gell-Mann matrices related with the SU(3) generators T* = \*/2.

Non-abelian nature of the symmetry group SU(3) causes non-trivial quark-gluon dy-
namics including (in addition to the analogous in QED quark-gluon vertex) also the triple
and quartic gluon self interactions as one can see from (1.47) and (1.48). Moreover, the
non-abelian feature of the SU(3) group leads to another nontrivial property related with
the dependence of the strong coupling constant o, = ¢2/(47) on energy scale, which
completely differs from the analogous one in QED. As it was found first in [23, 24], at
small distances, the self-coupling of gluons leads to anti-screening effects, resulting in a
weakening of the coupling constant . This is referred to as asymptotic freedom.
Therefore, at small distances quarks are quasi-free and can be teated in nonperturbative
way. On the other hand, the coupling constant «y increases for large distances. This
leads to the so-called confinement of quarks in hadrons. Due to this effect, the energy
needed to separate two quarks at large distances becomes so large, that it exceeds the
threshold for the creation of new quark-antiquark pairs, which then again form colourless
states with the original quarks. This process is also referred to as hadronisation.

The properties of the strong interactions described above make theoretical analysis
of the hadrons very complicated. In the practical calculation of processes with hadrons
one deals with the matrix elements of the quark currents sandwiched between hadronic
states. These hadronic matrix elements formally account for all possible quarks-gluon
interaction dynamics inside the hadrons and therefore they could not be treated in the
perturbative way. To this end, one has to develop methods allowing to evaluate in-
teraction amplitudes beyond the ordinary QCD perturbation theory. In recent decades,
several nonperturbative methods were developed providing a way to extract the hadronic
input. This issue is a subject of discussion in subsequent chapters.

1.2 B mesons and their decays

The main object of research in this thesis are the flavour changing processes b — ¢
observed as decays of B mesons. B mesons are the bound states of light u, d or s quark
and heavy b quark. The latter decays to the lighter c, s, d, u-quarks. Analysis of the
B-meson decays provides the most powerful test of the SM in the flavour sector. In
particular, one uses these decays for an accurate determination of the elements of CKM
matrix. Additionally, it is crucial for search of possible New Physics. A list pseudoscalar
and vector B-mesons with some of their properties is given in Table 1.2.

Since B mesons contain unstable b-quark, they are not present in the matter surround-
ing us, and therefore they have to be produced at large energies at particle colliders. In
order to measure various decay observables as precisely as possible one needs to produce a
huge number of B-mesons. There are two main ways to achieve this goal. First, B mesons
are produced at hadron colliders like the Tevatron at Fermilab in proton-antiproton (pp)
collision and the Large Hadron Collider (LHC) at CERN in proton-proton (pp) collisions.
These colliders were not specially designed for a creation of B-mesons, but in inelastic
proton-proton collisions, high-energy gluons can collide and produce a pair of b-quarks
which then hadronise in B-hadrons (mesons or baryons) accompanied by a large num-
ber of other charged and neutral particles. The total bb cross-section measured by the
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B-meson | quark content | J” | mass (MeV) | mean life (10712 s)
B~, BT ub, ub 0~ | 5279.31 +0.15 1.638 + 0.004
B°, B° db, db 0~ | 5279.62 +0.15 1.520 + 0.004
B*, B* db, db 17 | 5324.65 +0.25
BY BY 5b, sb 0~ | 5366.82 % (.22 1.510 4= 0.005
B;, BF eb, cb 0~ | 6275.1+1.0 0.507 4 0.009

Table 1.2: A list of the most well studied B-mesons with their quantum numbers, masses
and mean lifes [1]

LHCDb collaboration on a specially designed detector optimised for the measurements of
B-hadrons [27]

o(pp — bbX) = (284 4 20 & 49) b, Vs =TTeV

yields at the accumulated integrated luminosity [£dt = 3fb~" about 10'! bb pairs.

Another way to create B-mesons is a collision of electron and positron beams at the
fixed center-mass energy of 10.579 GeV corresponding to the production of T (4.5)-states
decaying at > 96% cases [1] to BB-pairs. Such a mechanism of B-meson production is
realised at so-called B-factories (for instance, electron-positron PEP accelerator with the
BaBar detector at SLAC collaboration and electron-positron KEK accelerator at Belle).
The bb production at such B-factories is lower than at proton-proton colliders but does
not suffer much from background effects.

The heaviness of the b-quark belonging to the third generation allows for a plenty
of various possible B-meson decay channels. The full list of the measured B-meson
decay modes together with the values of the branching fractions and C'P-asymmetries
is provided by Particle Data Group [1]. The possible B-meson decay modes can be
classified according to their final states. There are three large classes:

e Leptonic decays.

These decays have only leptons in the final state. The examples are B — 7v;,
B, — ptp~. Such decays are easier for the theoretical analysis since they have a
simplest hadronic structure involving only one nonperturbative parameter — B-
meson decay constant fg, which parametrises the matrix element of the axial-vector
quark current sandwiched between vacuum and B-meson state,

(01q(0)7u750(0)[ By(p)) = i [, P (1.50)

where ¢ = u,d, s or ¢. Let us consider as an example leptonic Bt — 77v, decay.
This processes is described by single Feynman diagram shown at Fig. 1.1. The
branching fraction of B* — 7Fv, decay has quite a simple form

G2 2 V., 2 2\2
Br(Bt — 77y,) = Mmgmg (1 — mT) B, (1.51)

T 2
8m my
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Figure 1.1: Feynman diagram of the leptonic B™ — 71v, decay

and is proportional to the squared product of CKM matrix element V,;, and de-
cay constant fg. The latter one is a nonperturbative quantity to be extracted
using some nonperturbative method (QCD sum rules, Lattice QCD, etc) or from
experimental data if one fixes V,;, say, from the global CKM fit.

e Semileptonic decays.

These decays have both leptons and hadrons in the final state. The hadronic
structure of the semileptonic decays is more complicated since one needs to deal
with the hadrons both in the initial and final states. The nonperturbative physics
for exclusive channels (e.g. B~ — 7%u~1,) is described in terms of form factors
parametrising the matrix element of the quark current between initial and final
hadronic states. In the inclusive semileptonic decays, e.g. B~ — X7, ! one
deals with the nonperturbative parameters arising in the heavy-quark expansion
of the forward matrix element of the quark currents. Since the analysis of the
B-meson semileptonic decays is an object of study in this thesis, these issues will
be discussed in more details in a subsequent chapters.

e Non-leptonic decays.

These decays have only hadrons in the final states. Some examples are B — D,
B — mrm decays. Nonleptonic decays are the most complicated ones due to purely
hadronic amplitudes. They as a rule can be treated only by making additional
assumptions that allow then for a factorization of the underlying matrix element.
A detailed overview of these decays and relevant calculation methods goes beyond
the scope of this thesis.

Semileptonic B-meson decays can be arranged in two large classes depending on the
type of flavour changing transition:

e Flavour changing charged current b — u,c.

These processes proceed at tree level via W-boson exchange. The b — plv (p = u, ¢)
transition is described by the following effective Hamiltonian:

y AG RV, -
Hog" = == (pryube)(0yve) + he,,  p=wu, ¢ (1.52)

V2

Lthere a summation over all hadronic states X, is assumed with X, being any single- or multi-hadron
state containing a c-quark
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Figure 1.2: Diagrams of the semileptonic B~ — D%~ 7, and B~ — 7 7" ¢~ 1, decays as
examples of the processes induced by flavour-changing charged quark currents
b—u,c

Figure 1.3: Penguin diagram describing FCNC b — ¢¢* ¢~ transition with ¢ = d, s in the
SM

which is easily derived from the Standard Model Lagrangian (see eqs. (1.19) and
(1.37)) by integrating out the heavy W-boson provided that the typical momentum
transfer of the decay is of order ~ my, < my . In (1.52) Gr denotes the effective
four-fermion interaction coupling — Fermi constant, which is related with weak
gauge coupling g as:

Gr g9’

V2o osmpy
The underlying b — plv process is observed in the form of the exclusive or inclusive

B — X, (v decays. Some examples of the corresponding diagrams are shown in
Fig. 1.2.

(1.53)

e Flavour changing neutral current (FCNC) b — d, s.

As one can see from (1.37), the FCNC transitions are forbidden at tree level in
the SM. Nevertheless, they can be induced via loops. One example of the diagram
describing b — ¢¢™¢~ (¢ = d, s) transition is given in Fig. 1.3 (so-called penguin

13
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W

Figure 1.4: Diagrams of the semileptonic B~ — K ¢*{~ and B? — K°%*{~ decays as
examples of the processes induced by FCNC b — s,d. The black squares
denote the effective b — d, s vertices.

diagram). The full set of the diagrams describing the FCNC b — d transition
in the SM can be found in [21]. At these diagrams, the heavy particles like W
and Z bosons and ¢t quark with masses larger then the factorization scale p ~ my
are integrated out. Their contributions are absorbed in the short-distance Wilson
coefficients C;(u). Integrating out the heavy degrees of freedom yields also the
local dimension-six effective operators ;. This leads to the following effective
Hamiltonian describing FCNC transition b — ¢¢™¢~ (¢ = d, s) [21]

2 2 10

- 4

Hle)f?qﬁf = —5; ()\gq) E C; Of + /\ﬁ") E C; OF — /\ﬁ‘D E C; Oi) +h.c. (1.54)
=1 i=1 i=3

where )\,(Jq) = ViV, (p = u,c,t) are the products of CKM matrix elements, sat-
isfying the unitary relation (1.46). The list of the effective operators O; and the
values of Wilson coefficients C; at different scales are given in the Appendix A of
the Chapter 2, see also sect. 4.3.

The underlying b — ¢f*{~ process is observed in the form of the exclusive or
inclusive B — X ("¢~ decays. Some examples of the corresponding diagrams are
shown in Fig. 1.4.

1.3 Hadronic input in semileptonic B-meson decays

In order to predict the decay rates and other observables in the semileptonic B-meson
decays one needs to specify the relevant hadronic input which appears in the amplitudes
of the considered processes. The hadronic input relevant for the semileptonic B-meson
decays considered in the thesis includes the following:

e Heavy-to-light transition form factors.

In the calculation of the differential decay rate of the exclusive semileptonic B —
Pe+0~ processes, where B denotes pseudoscalar B*, B or B? meson and P = 7, K is
pseudoscalar light meson, one encounters the matrix elements of the flavour-changing
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current sandwiched between the final P-meson and initial B-meson states. This matrix
element is a purely nonperturbative object accounting for long-distance dynamics of
quark-gluon interaction in the meson-to-meson transition. In this case, one applies a
general Lorenz decomposition of the matrix element and parametrises it in terms of the
scalar functions of momentum transfer squared ¢*. For the matrix element of the vector
b — q(q = u,d,s) quark current in case of pseudoscalar-to-pseudoscalar meson transition
the following standard convention is used 2:

(PO HBE+0) = finld) [2p“+(1—%)qﬂ]

2 2
mp —Mp 4,

+ fp(d?) a0 (1.55)
where f}5(¢%) and f%5(q?) are the B — P transition vector and scalar form factors.
This is the only hadronic input needed for the calculation of the semileptonic exclusive
B — Ply, decay. In the analysis of the FCNC exclusive semileptonic processes one
encounters an additional matrix elements of the tensor quark current. This matrix
element for pseudoscalar-to-pseudoscalar meson transition is parametrised as

fT (2
(POl 0B+ ) = 2220 oy (= (o~ Y| (150
mp+mp

introducing a new B — P transition tensor form factor f1,(¢?). Note that all matrix
elements specified above are local: the ¢ = ¢(0) and b = b(0) quark field operators are
defined at the same point in the coordinate space (for convenience at x = 0). The
B — P form factors are nonperturbative quantities which can be calculated using some
nonperturbative method. In the context of this thesis we exploit the light-cone sum rule
(LCSR) to predict these form factors at large recoil of P meson or, equivalently, in the
region of small values of ¢°.

e The nonlocal hadronic amplitudes.

The amplitude of the FCNC exclusive B — P{¢* decay contains an additional
hadronic input apart from the standard form factors. This input includes the hadronic
effects generated by the dimension-6 effective operators combined with the electromag-
netic emission of the lepton pair. They can be represented as a correlation function of
the time-ordered product of effective operators with the quark electromagnetic current,
I (@) = 3 cwdses @ad(®)7uq(x), sandwiched between B- and P-meson states:

Hpy, = i / d'z e (P(p)|T{j;"(x), [C107(0) + CL05(0) (1.57)
+ Y GOWOINBR+ ) = [0 )au — Ppa] HEr(@), (0= u,0).
k=3—6,8¢

which are described in terms of additional Lorentz invariant amplitudes denoted as
Hg}(cf) and %fg‘};(q?) and called nonlocal hadronic amplitudes. Contracting the

2Note that parametrisation of the matrix element depends on the quantum numbers JZ of the initial
and final states. We consider mostly pseudoscalar (J¥ = 07) to pseudoscalar (J© = 07) transitions
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quark fields in (1.57) under the time-ordered product yields different contribution de-
scribed by diagrams demonstrated in Chapter 2. These nonlocal amplitudes are calcu-
lated using LCSR and QCD factorization (QCDF) methods as well as general quark-
hadron duality approach.

e Nonperturbative parameters in heavy-quark expansion

The decay width of the inclusive semileptonic B — X.7v, decay can be expressed
by means of the optical theorem through the discontinuity of the time-product of the
correlation function of quark currents. Applying the heavy-quark expansion for this
correlator yields a set of the basic nonperturbative parameters (up to order A3QCD Jm3):

2mp i = —(B(p)|bs(iD)*b,| B(p)), (1.58)
2mp py = (B(p)[by(iD,)(iD,)(—ic")by|B(p)), (1.59)
2mpp}, = (B(p)|by(iD,)(iv - D)(iD")by| B(p)), (1.60)
dmppls = (B)bD,) v - D)(iD,)(~ic™ )bl B(p), (1.61)

where v denotes the four-velocity of the decaying B meson, D, is the covariant derivative,
ot = (i/2)[y",~"], b, denotes a phase redefined b-quark field (see (1.65)), p2 and uZ
are the kinetic and chromomagnetic terms, and p% and p34 are the Darwin and
spin-orbit terms. As a rule, the values of these parameters are extracted from the
experimental data on the observables in inclusive B — X v, decays with light leptons
¢ = e or u, see Chapter 5.

1.4 Methods

Here we briefly outline the three main calculational methods used in the thesis to
obtain the hadronic input. All these methods are based on QCD.

1.4.1 Light-cone sum rules

The method of QCD sum rules was developed originally by Shifman, Vainshtein and
Zakharov (SVZ) in [29, 30]. The detailed overview of the QCD sum rule method in-
cluding in particular the light-cone sum rules (LCSR) is given e.g., in [31]. The LCSR
method was developed based on a combination of the SVZ-technique and the theory
of hard exclusive processes [32, 33|, see also [34, 35]. The starting point of LCSR is a
construction of a "proper” correlation function which is connected with the object of
calculation, e.g. form factor, via hadronic dispersion relation and quark-hadron duality.
This correlation function contains a time-ordered product of two or more currents in-
cluding the interpolating current(s) of the particle(s) and transition operator. Then one
needs to determine a kinematic domain where the integrand in the correlation function
becomes dominant near the light-cone 2> = 0. In this kinematic domain one applies the
light-cone operator product expansion (LC OPE) presenting the correlation function in
the form of the convolution of the hard-scattering kernels with the relevant light-cone
distribution amplitudes (DAs). The OPE result for the correlation function represents
an expansion in different parameters: in strong coupling «y, in twists and multiplicities
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(e.g. quark-antiquark, quark-antiquark-gluon, etc.) of the DAs. After OPE one needs to
write down a dispersion relation in external momentum in order to connect the OPE re-
sult with the hadronic matrix element. In the dispersion relation one isolates the ground
state contribution from the contribution of the excited and multi-hadron states with the
same quantum numbers. The OPE for correlation function is presented as a rule in the
form of the dispersion integral of a spectral density. The hadronic spectral density of the
excited states is approximated by imaginary part of the OPE result in the same variable
with help of the quark-hadron duality. Such approximation leads to introducing an ad-
ditional parameter — so-called continuum threshold. Its value is chosen to equalize the
integral over the spectral density and the dispersion OPE integral. Finally, one applies
the Borel transformation in the external momentum introducing new Borel parameter.
This transformation eliminates all polynomial divergences and also leads to an exponen-
tial suppression of the contribution of the excited states. The value of the continuum
threshold is fixed by calculation of the mass of lowest hadron from differentiated sum
rule. A description of the LCSR method applied to the B — P form factors is given in
Appendix A of Chapter 4.

1.4.2 QCD factorization

A detailed discussion of the QCD factorization (QCDF) approach can be found in
[36, 37, 38]. This approach is most popular in the theoretical analysis of the nonleptonic
heavy hadron decays. The QCDF formalism allows one to compute systematically the
matrix elements of the effective operators in the heavy-quark limit m; > Aqcp, when
the mass of the b-quark is much larger that the typical hadronic scale Agcp. This limit
leads to some important simplifications. Let us consider as an example the non-leptonic
exclusive decay B — MM, with two light mesons M; and M in the final state. The
corresponding matrix element can be presented in the form [36]

(MiM|QIB) = (Milja| B) (Mal2l0) x |1+ 3 raal + O(Agen/ms)|  (1.62)

where () = j; X jo is one of the effective dimension-six local operators in the effective
Hamiltonian. In the heavy-quark limit neglecting any perturbative corrections O(as)
one gets a naive factorization of the matrix element as a product of the form factor and
decay constant. This approximation is improved within the hard-scattering approach
based on assumption of hard-gluon exchange dominance [37]. Within this assumption
in the heavy-quark limit the matrix element of the dimension-6 effective operator @); for
the B — M; M, decay can be presented in the form [37, 39|

1

MLIQIB) = 3 FPM () / QuTh(u) fan@ar, + (My ¢ M) (L63)

0
1

+ /ds dudv T (s,u,v) fe®s(8) far, Par, (1) far, Pas, (v)
0

where FB7M is a corresponding B — M form factor, fg, far,, far, are the decay con-
stants of the heavy B and light M; and M; mesons, and @5, @y, Py, are the relevant
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light-cone distributions amplitudes. Hard-scattering kernels Té and T!! are calculable
quantities which can be presented in the form of the perturbative series in «y, and the
integration in (1.64) is performed over the light-cone momentum fractions of the con-
stituent quarks inside the mesons. Note that in the heavy-quark limit the meson LCDA’s
are needed only at leading twist approximation [39].

The main advantage of the QCDF method as one can see from (1.64) is a reduction
of the complicated hadronic matrix element of four-quark operators to more simple non-
perturbative objects (form factors and LCDA’s). This approximation works well for the
B-meson decays where my, > Aqcp is well justified.

As it was shown in [40], the QCDF approach allows also to compute non-factorizable
corrections to exclusive B — V/™¢~ and B — Vv decays in the heavy quark mass
limit. The same method has been used for the calculation of the rare radiative decays
B — K*v, B — py and B — w7, and the electroweak penguin decays B — K*{*¢~ and
B — pt*¢~ [41]. In the context of the thesis, QCDF is used for the calculation of some
diagrams contributing to the nonlocal hadronic amplitudes at space-like region of ¢2, see
sect. IIT in Chapter 2.

1.4.3 Heavy quark expansion

The heavy quark expansion (HQE) is a useful tool for the calculation of inclusive heavy
hadron decays. The first discussion of inclusive semileptonic decays in this framework
has been given by [42], and was then developed in subsequent works [43, 44, 45].

To calculate the inclusive heavy-hadron decay within the HQE method one deals with
the correlation function of the time-ordered product of the flavour-changing () — ¢ quark
currents:

T, = / d'z e H(P)|T{Qu(x)7.(1=75)q(x), 1(0)7,(1=75)Qu (0)| H(P)), (1.64)

where H denotes a heavy meson with the four-momentum P and four-velocity v, and @
is a heavy quark. In (1.64), a phase redefinition of the heavy quark filed @ is performed
as follows:

Qu(z) = ™RV Q(x). (1.65)

This allows one to reduce strong oscillations due to large fraction mgv of the ()-quark
momentum. Afterwards, one contracts the g-quark fields in (1.64) yielding the propagator
of the ¢g-quark moving in the background field of the soft gluon in the heavy H meson.
After rescaling the -quark momentum pg = mg v+k, one expands the correlator (1.64)
in powers of k/mg ~ Aqep/me obtaining the matrix elements

(H(P)|Qu(iDy,) .- - (iD,,)Qu| H (P)). (1.66)

These matrix elements are then reduced to the basic parameters up to certain order
1/mg, with help of the procedure described in [46].
The resulting inclusive decay rate is related with the correlator (1.64):

dr ~ ImT,, L"d®, (1.67)
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where L*” is a leptonic tensor and d® denotes the phase space element. Therefore, the
decay rate and other observables acquire a form of the expansion in powers Agcep/mg
expressed in terms of short-distance coefficients and nonperturbative parameters (e.g.
(1.58) — (1.61)). More details on this issue are presented in Chapter 5.

1.5 Observables in semileptonic B-meson decays

There is a set of the observables in the semileptonic B-meson decays which are of
considerable interest from experimental point of view. The SM predictions for these
quantities together with their measurements by experimental collaborations (for instance
at LHCD or at B-factories) allow for a precision test of the SM and are also very helpful
in search for possible New Physics, in case a sizeable deviation from the SM predictions
is found. In the framework of this thesis, we consider the following set of observables
relevant in exclusive B — Pfly,, B — P{*{~ and inclusive B — X lv, decays:

e Branching fraction
The branching fraction of the generic B — f decay channel is defined as:

BB =L

Ftot(B) ’ (168)

where T'yot(B) = 1/7p is a total B-meson decay width, and 75 is its mean life.

e Binned in g branching fraction
The ¢? binned branching fraction of the semileptonic B-meson decay is defined as
the partially integrated branching fraction normalised to the bin width:

@

dB(B — Plt0-
/dq2 ( i ). (1.69)

B(B - PW-K—[Q%?QS]) =3 2

4> — qi
ai

In this thesis, most of the decay rates were predicted at large hadronic recoil region
due to the limitation of the LCSR method applicability: ¢2,¢2 € [0 — 12] GeV>.
e CP-averaged g%-binned branching fraction

In the Particle Data Group review [1] most of the experimental values of the branch-
ing fractions are C'P-averaged:

1 _ _
Burlg?. ¢3) = 5 (BB — PC[qh g3)) + BB — POl g3)). (1.70)

e Binned direct C' P-asymmetry

One of the specific feature of the FCNC b — d processes is a non-vanishing C'P-
asymmetry (as it is explained in Chapter 2). To this end, one defines:
spr 2 o BB = PU[q}, ¢3]) — B(B = P [qf, ¢3))
ACP[QMQ]: = 1.2 2 DIt /—1.2 21\° (171)
B(B — Pl (g7, q3]) + B(B = PtT{~[qi, ¢3])
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¢ Binned isospin asymmetry

A difference in the patterns of diagrams contributing to the isospin related modes of
FCNC B — P%*¢~ and B~ — P~{*{~ produces non-trivial isospin asymmetry
defined as follows:

D(B — P [gi, g3]) — CiT(B~ = P77 [}, g3))
(B° — POU(-[q}, 3]) + CiT (B~ — P+ [}, ¢3))’

Arlat, 63 = (1.72)

where C7 is an isospin factor originating from the difference in the quark content
of the charged and neutral final state mesons; for instance, in B — w0~ decays
Cr = 1/2 since 7° ~ 1/v/2 (dd — u).

e Moments of lepton-energy distribution

In the inclusive semileptonic decays it is reasonable to consider the moments of the
lepton-energy distribution defined as:

dr
S dEe B}~
max dE -
fEcut Z dEf
and also the relevant central ones:
My = ((Ee = (E))") By> Bous (1.74)

with E., being a energy cut applied in the experiment to the final state lepton.

There is also another interesting observable — the forward-backward asymmetry —

defined as . )
dr ar
dcos@——— — [ dcos—————
/ cos dq?*d cos 0 / o dq?d cos @
Ars(@®) = 55 . . (1.75)
ar dr
dcos)——— dcos ) ———
/ o dq?d cos 6 + / o8 dq?d cos 6
1

In the SM, it was found that for pseudoscalar-to-pseudoscalar semileptonic exclusive
B-meson decays with the massless leptons in the final state the forward-backward asym-
metry vanishes due to absence of the linear terms in cosf in the double differential
distributions.
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We calculate the amplitude of the rare flavor-changing neutral-current decay B — £+ £~ at large recoil
of the pion. The nonlocal contributions in which the weak effective operators are combined with the
electromagnetic lepton-pair emission are systematically taken into account. These amplitudes are
calculated at off-shell values of the lepton-pair mass squared, g> < 0, employing the operator-product
expansion, QCD factorization and light-cone sum rules. The results are fitted to hadronic dispersion
relations in ¢?, including the intermediate vector meson contributions. The dispersion relations are then

used in the physical region g> > 0. Our main result is the process-dependent addition AC((,B”)(qz) to the
Wilson coefficient Cy obtained at 4m} < ¢* < m3,,. Together with the B — 7 form factors from light-cone

sum rules, this quantity is used to predict the differential rate, direct CP asymmetry and isospin asymmetry

in B — x*¢~. We also estimate the total rate of the rare decay B — aul.

DOI: 10.1103/PhysRevD.92.074020

I. INTRODUCTION

The first measurement of the B™ — z"utu~ decay by
the LHCb Collaboration [1] paved the way for more
detailed measurements of b — df"¢~ decays. These
results will complement the available data on b —
s¢t¢~ decays, providing new important insight in the
dynamics of flavor-changing neutral-current (FCNC) tran-
sitions in the Standard Model (SM) and beyond.

One important feature of exclusive b — d£ ¢~ decaysisa
nonvanishing direct CP asymmetry. In the SM this effect is
caused by the interference between the dominant short-
distance contributions of semileptonic and magnetic dipole
operators and the contributions of other effective operators
accompanied by the electromagnetic lepton-pair emission.
The amplitudes of the latter contributions are process
dependent, and are defined as hadronic matrix elements of
nonlocal operator products. Importantly, the parts of the
exclusive b — d¢T¢~ decay amplitudes proportional to
A=V, Vi, and A, =V, V!, are of the same order of
Cabibbo suppression and, in addition to a relative CKM
phase, have different strong phases originating from the
nonlocal amplitudes. The main goal of this work is to
calculate the hadronic matrix elements of nonlocal contri-
butions to B — z£ "¢~ at large recoil of the pion, that is, at
small and intermediate lepton-pair mass, ¢> < m3.

An advanced theoretical description of the exclusive
semileptonic FCNC decays was developed on the basis of
the QCD factorization (QCDF) approach [2], applied first to
the decays B — K #+#~ inRef. [3] and to B — p£ ¢~ in
Ref. [4]; see also further applications to B — K££~ [5,6],

"On leave from the Department of Theoretical Physics,
Yaroslavl State University, Russia.

1550-7998,/2015/92(7)/074020(21)

074020-1
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and to B — x£+ £~ [7]. An approach combining QCD light-
cone sum rules with QCDF at g > 0 for B —» K¢ t¢~ was
used in [8].

In QCDF, the nonlocal effects in these decays are
described in terms of hard-scattering quark-gluon ampli-
tudes with virtual photon emission, convoluted with light-
cone distribution amplitudes (DAs) of the initial B meson
and final light meson. Soft gluons, responsible for the onset
of long-distance effects in the channel of the electromag-
netic current, including vector resonance formation and
nonfactorizable interactions with initial and final meson
remain beyond the reach of QCDF. Hence, these contri-
butions have to be kept small, protected by their power
suppression. In particular, one avoids the intervals of
lepton-pair mass squared ¢ in the vicinity of vector meson
masses, g> ~m¥ (V =p,®,...,J/y,...), where nonlocal
effects are largely influenced by long-distance quark-gluon
dynamics. This constraint defines the region of applicabil-
ity of QCDF, that is, roughly from g2, =2 GeV? up to
G%a = 6 GeV2. In this region, quark-hadron duality
approximation is tacitly assumed for the contributions of
radially excited and continuum hadronic states with the
quantum numbers of light vector mesons.

Note that in the B — z£ "¢~ decay, as compared to
B — K£*¢~, the role of nonlocal effects related to p and @
resonances in the g> channel grows due to the current-
current operators with large Wilson coefficients in the ~4,
part. For the same reason, the weak annihilation combined
with virtual photon emission, being suppressed in B —
K¢t¢~ decays, becomes one of the dominant nonlocal
effects in B — n£7¢~. In the QCDF approach one
describes the weak annihilation contribution [3] in terms
of a virtual photon emission off the spectator antiquark in
the B meson, followed by the subsequent annihilation to a

© 2015 American Physical Society
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FIG. 1. FCNC contributions to B — £ ¢~ due to the effective operators Oy, (left) and O3, (right) denoted as black squares.

final pion state. The accuracy of this leading-power dia-
gram approximation, presumably quite sufficient for B —
K¢t ¢~ decay, becomes crucial for B — z£ ¢~

In this paper we calculate the nonlocal effects in
B — nfT¢~, using the method formulated in Ref. [9]
and applied in Ref. [10] to B — KZ"#~. One avoids
applying QCDF directly in the physical region g> > 0
and calculates the amplitudes of nonlocal contributions at
deep spacelike ¢* < 0, |¢*| > Agcp, where the operator-
product expansion (OPE) and QCDF can safely be used.
The OPE contributions include the leading-order (LO)
loops and weak annihilation, the NLO perturbative cor-
rections to the loops and hard-spectator scattering.
Furthermore, we include important nonfactorizable soft-
gluon effects via dedicated LCSR calculations of hadronic
matrix elements. The amplitudes of nonlocal effects are
then represented in a form of hadronic dispersion relations
in the variable g*> where vector mesons are included
explicitly. The residues of vector-meson poles related to
nonleptonic B — Vx decays are fixed, using experimental
data and/or QCDF estimates. The nonresonant part of the
hadronic dispersion integral is parametrized combining
quark-hadron duality with a polynomial ansatz. Finally,
the unknown parameters in the dispersion relation—most
importantly, the strong phases of resonance and nonreso-
nant contributions—are fitted to the QCD calculation at
g* < 0. The advantage of describing nonlocal contributions
to the FCNC decay amplitude in terms of hadronic
dispersion relation is that the latter is valid in the whole
large-recoil region specified as 4my < ¢* < mj,,.

In B — n¢* ¢~ decays the combinations of CKM factors
A, and A, are comparable in size. Correspondingly, we have
to calculate separately two hadronic matrix elements of
nonlocal effects multiplying 4, and A.. A similar CKM
separation has to be done in the amplitudes of nonleptonic
B — Vr decays, used to fix the residues of vector-meson
poles in the hadronic dispersion relations. To obtain the
separate parts of nonleptonic B — Vz amplitudes for V =
p,w we employ the QCDF results [11] and control the
resulting amplitudes with the data on branching ratios and
CP-asymmetries of these nonleptonic decays.

The plan of this paper is as follows. In Sec. II we present
the structure of the B — £ "¢~ decay amplitude and define
the hadronic matrix element of nonlocal contributions.
Section III contains a detailed calculation of these ampli-
tudes at g*> <0. In Sec. IV we perform the relevant
numerical analysis. In Sec. V the necessary inputs for
the nonleptonic B — Vz decay amplitudes are presented.
Section VI is devoted to the analysis of the hadronic
dispersion relations. Matching the latter to the result of
QCD calculation, we then obtain AC;B'[)(q2 >0). In
Sec. VII our predictions for the observables in the B —
¢t ¢~ decay are presented, including the decay rate, direct
CP asymmetry and isospin asymmetry. In Sec. VIII we
estimate the rate for B — zvv decay. Section IX contains
the concluding discussion. The two appendixes contain
(A the operators and Wilson coefficients of the effective
Hamiltonian of b — d¢ "¢~ transitions and (B) the QCDF
expressions used for the amplitudes of B — p(w)z non-
leptonic decays.

II. THE B - n¢*¢~ DECAY AMPLITUDE

The effective weak Hamiltonian of the b — df ¢~
transitions (£ = e, u,7) has the following form [12,13]
in the SM:

2 2 10
e (D WSRO ST R petcy
V2 i=1 i=1 i=3
+H.c., (1)
where 1, = Vpr;d, (p = u, c, 1) are the products of CKM
matrix elements. In contrast to the b — s£ ¢~ transitions,
all three terms in the unitary relation have the same order of
Cabibbo suppression, A, ~A.~A,~23, 1 being the
Wolfenstein parameter. Hereafter, we assume CKM uni-
tarity and replace 4, = —(1, + 4.). The local dimension-6
operators O; in (1) together with the numerical values of
their Wilson coefficients C; at relevant scales are presented
in the Appendix A.
The amplitude of the B — #£ "¢~ decay reads

074020-2
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A(B = nt*67) = ~(n(p)£* £ HL?

o GF Qem

V2
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IB(p + q))

| @ o, (Coriula) +

Zmb .
Cetf T 2
mg 4 m, 7 fBJT(q )

Y Z}/”f /1u u )'c c
+ @t pyCuf o) + 1652 (AH,SHAH,&))} 2)
t t

where p# and ¢* are the four-momenta of the z-meson and
lepton pair, respectively.

In (2), the dominant contributions of the operators Og 1
and O, are separated (Fig. 1) and their hadronic matrix
elements are expressed in terms of the vector and tensor
B — r form factors, f} (¢*) and f% (g*), respectively,
defined in the standard way,

(n(p)|dy"b|B(p + q))
= fiz(a’) {217" + (1 - m%q_ﬁ’) q"}

m% — m2
B—2Q", (3)

+ f3(4%) .

(z(p)ldo*q,b|B(p + q))

- % 24" + (¢* = (my — m32))q"]. (4)

|
For definiteness, hereafter we consider the B~ — 7= £1¢~
mode, unless stated otherwise. We assume isospin sym-
metry for the b — d and b — u transition form factors. The
B~ — z~ form factor f}, in Eq. (3) is equal to the one in
the B® — n*#~v, semileptonic decay and the form factors
in the B — 7%/*¢~ decay amplitude have an extra factor
1/4/2. For the CP-conjugated modes B — zt£¢~ and
BY — 707+ ¢~ respectively, one has to use the Hermitian
conjugated effective operators with complex conjugated
CKM factors 4;,.

The current-current, quark-penguin and chromomagnetic
operators in the effective Hamiltonian (1) contribute to the
decay amplitude (2), with the lepton pair produced via virtual
photon. After factorizing out the lepton pair, the expression
for these nonlocal effects is arranged in (2) in a form of
correlation functions of the time-ordered product of quark
operators with the quark electromagnetic current, j;™=
> g—ud.s.crQqdr,q, sandwiched between B and  states,

=i | d4xequ<n<p>|T{j;m<x>, [a 01(0) + C,0%(0)

p>

k=3-6.8¢

ckok<o>} }|B<p L) = (P @)au— PPIHP(P). (0 = u.0). )

where the index p = u, ¢ hereafter distinguishes the hadronic matrix elements in Eq. (2), multiplying, respectively, the
CKM factors 4,,, 4. Substituting (5) in (2) and taking into account the conservation of the leptonic current, we write down

the decay amplitude in a more compact form,

Gr

AB —xtt67) = ZL2, 50 (q?) {Wf)pﬂ (c9 +AC (¢ +

V2

where the invariant amplitudes introduced in Eq. (5) form a
process-dependent and ¢>-dependent addition to the Wil-
son coefficient Cy,

AHY (¢%) + 2. HO (g?))
/szgzr(qz)

In Eq. (6) we also introduce the ratio of tensor and vector
form factors,

ACP? (¢?) = —167 ( (7)

[b:(q%)
Tha(a?)

"5 (4%)

(8)

Zmb off —
mg + m, C7tfrlT3”(q2)> + (¢r*ys€)p,Cio|. (6)

|
In the case of b — s£T¢~ transitions, the factor A, is
usually neglected so that 4, = —1,, and one recovers the

corresponding expression for ACéBK)(qz) inB— K£te™

used in Ref. [10].

III. NONLOCAL EFFECTS AT SPACELIKE ¢?

In this section we present separate contributions to the
nonlocal amplitudes H(“)(¢?) and H(%)(g?) defined in (5)
and calculated at g> < 0, in the same approximation that
was adopted in Ref. [10] for B > K£ ¢~

074020-3
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A. Factorizable loops

At LO in the quark-gluon coupling, the contributions of
the four-quark operators to B — n£ £~ have two possible
quark topologies. One of them corresponds to the factoriz-
able quark-loop diagrams with different flavors [see
Fig. 2(a)]. Their expressions are obtained from, e.g., the
ones presented in Ref. [10], separating the ~4,, and ~A,. parts,

u 1 C
H 1 o(a?) (1+c2)go<q2>fz,,<q2>

1222\ 3
+He o), 9)

. 1 /C
M o(d?) <—l + Cz) 9(q* m?) fh.(q%)

" 122\ 3
3-6
+ HE‘act,L)O(qz)’ (]0)

where the common term stemming from the quark-penguin
operators Os_g is
3-6 1 4 4 C6
HE‘act,IjO(qz) = Tﬂz |:_ (§C3 +§C4 + C5 +? (g(qZ, m%)
+9(q*.m3))

1 C
+2<C3 +§C4+C5 +?6)9(¢127m%)

Cs

C
+ <C3 +?4+ Cs +?> 90(q?)

+<C3+C;+C5+i.6>}f§n(qz)- (11)

For the loop function we use the expression valid at > < 0,

(a)

PHYSICAL REVIEW D 92, 074020 (2015)

4m? 2 m2 4m? (2m?
9(q? mg) = —5++3—In—7+ 1——zq<q—zq+1>

1/4m§— 2 —\/—q¢*
x In , (12)
\/4m§ -+

where m, is the quark mass if ¢ = b,c,s and y is the
renormalization scale. For u- and d-quark loops the quark
masses are neglected; in this case the loop function takes the

form
1(;_32) (13)

In Egs. (9) and (10) the “full” B — # form factor is the same
as in the contributions of Og;, operators to the decay
amplitude (2). For this form factor we will use LCSR results
that are valid also at > < 0.

Note that in the LO approximation, when gluon
exchanges between the loop and the rest of the diagram
in Fig. 2(a) are neglected, the nonlocal amplitudes

, 2
90(q*) = lim g(g*>, m2) == —

m?,—»() 3

H IE:CE ! (¢?) can also be calculated within LCSR approach.
One has to define the vacuum-to-pion 3-point correlation
function of the B-meson interpolating current, the four-
quark operator and the electromagnetic current. After the
quark loop is factorized out at large spacelike ¢, the
remaining correlation function coincides with the one used
to calculate the B — 7 form factor from LCSR. The
resulting sum rule is then reduced to the loop factor
multiplied by the LCSR expression for the B — 7 form
factor, reproducing Egs. (9), (10).

B. Weak annihilation

The second possible topology at LO is the weak
annihilation (WA) with the diagrams shown in Fig. 2(b).

(b)

FIG. 2. Leading-order diagrams of nonlocal effects in B — z# ¢~ due to the four-quark effective operators 0‘1’:5 and O5_g4: the quark-
loop (a) and weak annihilation (b). The black square denotes the operator and crossed circles indicate possible points of the virtual

photon emission.
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In QCDF, neglecting the inverse heavy b-quark mass
corrections, the leading diagram is the one where the
virtual photon is emitted off the spectator quark ¢ = u, d
in the B meson, with the resulting expression [3,5]:

_ L fpfamy [edo
2)_8NC mb [) a)¢B(w)

Hwa g
1

x/ dug,()TOP (u,w), (p=u.c), (14)
0

where [, and f are the z- and B-meson decay constants,
respectively, and the hard-scattering amplitude

4dmp  mpw

TOP (4, w) = Qqu&/A (p=u,c) (15)

my, mpw — q

is convoluted with the B-meson DA ¢ (w) defined as in
Refs. [14,15] and ¢, (u) is the twist-2 pion DA. The factor

Chya = 8pu(6,(Cy +3C1) +8,4(Cy +3C,)) + C3 +3C,

(16)

is the combination of Wilson coefficients depending on the
flavor content of the B meson. To obtain the amplitudes
Hgf,)/)\(qz), one takes into account that the LO kernel (15) is
independent of the variable u, hence the integral over ¢, (u)
is reduced to its unit normalization. Adopting the expo-
nential ansatz [14] for the B-meson DAs,

T )=
B B

P (w) = e=t (17)

where Az is the inverse moment, we obtain the following
expression for the amplitude valid at ¢> < 0:

Q fon' 2 . qZ -
H(P) 2y — _ =W BIT g/ mplp R Cch., 18
WA(q ) 2N mBAB ! mB/IB WA ( )
where Ei(x) = — [® dre™ /1.

In contrast to B — K#1¢~ transitions, the WA mecha-
nism due to the enhanced current-current operators Of,

provides one of the dominant contributions to the H%\(qz)
amplitude in B — z£+¢~. Moreover, the resulting differ-
ence between the WA amplitudes in B~ — z~ "¢~ and
B — 72%¢+¢~ contributes to the isospin asymmetry
in B—gtte.

Since the role of WA effects becomes important, it is
desirable to improve the accuracy beyond the leading
diagram contribution considered here. We checked that
adding all subleading diagrams in Fig. 2(b) to the virtual
photon emission from the spectator quark does not produce
a visible effect for the O, ; contributions. There still remain
power suppressed corrections generated by the higher
twists in the pion DAs, and the contributions of the
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operators Os ¢ yet unaccounted in QCDEF. In the future
the perturbative nonfactorizable corrections to the diagrams
in Fig. 2(b) also have to be calculated.

In principle, it is also possible to calculate the WA
contribution employing the LCSR approach with the B-
meson DAs. The correlation function will be described by
the diagram similar to Fig. 2(b), but with the on-shell pion
replaced by the interpolating quark current with the
virtuality p?. After employing the hadronic dispersion
relation and quark-hadron duality in the pion channel, in
the factorizable approximation, the two-point part of this
correlation function will yield the QCD sum rule for the
pion decay constant squared. The result for H@CQ(%) will
then yield the expression (18).

C. Factorizable NLO contributions

The NLO corrections to the quark loops generated by the
current-current operators O}5 are given by the two-loop
diagrams shown in Figs. 3(a)-3(c). The contributions of
quark-penguin operators are neglected, being suppressed
by small Wilson coefficients and a, simultaneously. At the
same order of the perturbative expansion, the chromomag-
netic operator Oy, is described with the diagrams shown in
Figs. 3(d) and 3(e). These factorizable NLO contributions
were taken into account in QCDF [3,4], employing the
quark-level two-loop diagrams calculated in Ref. [16] (see
also Refs. [17,18]). The NLO contribution of Of, to H)
can be literally taken from Ref. [10], replacing £} (g>) by
f5.(¢%). The corresponding contribution to H*) has the
same structure, so that we can present both contribution by
one compact expression,

a m e 7
Mo =gt { P ) + O F )
9) 1
+2—mb[c1F§>+2c2(F§ (q )+6F§1>,( ))
T+ FO (g ﬂ}fg,,( ) (19)

where p = u, c. The definitions and nomenclature of the
indices of the functions F (11,9) ,

as in Refs. [16,17]. The only difference is that F 529) and

(7.9) som i & — 2 2
F, " are expressed as a double expansion in § = g~/mj

(7,

1u

F g’pg) and F g’g) are the same

and M2 = m2/m?, whereas F °) and F gf) are expanded
only in powers § = ¢?/m? since we work in the limit
m,, = 0. It has been shown in Refs. [16,17] that keeping the
terms up to the third power of § and 72 provides a sufficient
numerical accuracy in the region 0.05 < § < 0.25. Here we
use this expansion for g? < 0, restricting ourselves to

1.0 < |¢%| < 4.0 GeV?, i.e. staying within the same region.
For F 537‘9) we use the expression derived in Ref. [3].
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FIG. 3. Factorizable NLO quark-loop contributions to B — z£"#~, due to the four-quark effective operators 011’:5 (a,b,c) and the
chromomagnetic operator Oy, (d.e). The notation is the same as in Fig. 2.

We remind that at NLO, the nonlocal contributions
acquire the imaginary part also at g> < 0, that is, not
related to the singularities in the variable ¢*. The origin of
this imaginary part and its relation to the final-state strong
interaction is the same as for B - K# £~ and is explained
in detail in Ref. [10].

Note that analytic expressions for the two-loop virtual
corrections to the matrix elements of the Of and 04
operators are available from Ref. [18]. These expressions
are valid at ¢g> > 0 and agree with the expansion in ¢*/m3
obtained in Ref. [17]. However, we cannot use the results of
Ref. [18] straightforwardly in our calculation at ¢> < 0,
without separating the imaginary contributions inherent to
the negative ¢ region from the contributions appearing due
to the cuts of quark-gluon diagrams at ¢g> > 0. Hence, we
prefer to use the expanded form of these corrections [17]
in which the phases stemming from the positivity of g2,

3

()

e.g. the terms proportional to iz and originating from the
log ¢* terms, can be easily recognized and separated. As we
work at sufficiently small values of |¢?|, the accuracy of the
expansion in Ref. [17] is sufficient.

Contrary to the LO contributions considered in the
previous subsections, the factorizable NLO ones are not
simply accessible within the LCSR approach. Indeed, in
order to reach the same O(a,) accuracy, the calculation
of the underlying correlation function has to include
two-loop diagrams with several scales, a task exceeding
the currently reached level of complexity in the multiloop
calculations.

D. Nonfactorizable soft-gluon contributions

We also take into account the nonfactorizable contribu-
tions to the amplitudes H(?)(¢?) emerging due to a soft-
gluon emission from the quark loops, as shown in Fig. 4.

) R
&) &)

(b)

FIG. 4. Nonfactorizable soft-gluon contributions to B — z¢#~ due to (a) the four-quark effective operators 0'1‘:5 and O3_g and (b) the
chromomagnetic Og, operator. The soft gluon is represented by the gluon line with a cross. The rest of notation is the same as in the

previous figures.
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FIG. 5.
chromomagnetic operator Oy,

These hadronic matrix elements cannot be reduced to a
B — 7 form factor. It is also not possible to attribute the soft
gluon to one of the hadrons in the B — = transition. The
soft-gluon contributions are nevertheless well defined at
q> <0 and |g?| > Acp. As shown in Ref. [9], their
suppression with respect to the factorizable loops is
controlled by the powers of 1/(4m? —¢q*) and 1/|¢%|,
stemming, respectively, from the c-quark and massless
loops with soft gluon. The corresponding hadronic matrix
elements were first calculated for the c-quark loops in
Ref. [9] for B » K®#T#~. The calculation was done in
two steps: (1) applying the light-cone OPE at deep space-
like ¢> for the quark loop with soft-gluon emission, and
(2) calculating the B - K (*) hadronic matrix element of the
emerging quark-antiquark-gluon operator using LCSRs
with the B-meson three-particle DAs. Completing this
result to include the loops with all possible quark flavors
is straightforward and was already done for B — K£ ¢~ in
Ref. [10]; to obtain the corresponding contribution to
H')(g?) in B = x£+¢~, we only need to replace the kaon
by the pion. The soft-gluon nonfactorizable contribution of
the operator O contributing to H® (g?) is also easily
obtained. The result for this contribution is cast in a
compact form,

H (g?) == (8,.C, + C4 — Co)A(m2, %)

Wl &~

+2(28,,C, + C4 — C5)A(0. ¢)

(C3+ C4 = Co)(A(m2, ¢%)

(m3. 4%))- (20)

B PRI W

+

A cumbersome expression for the nonfactorizable hadronic
matrix element A(m2,¢*) obtained from LCSR can be
found in Ref. [9] [see Eq. (4.8) therein], where the
dependence on the quark mass squared is explicitly
shown and is indicated in the above expression. To adjust
this expression to the B — n£ "¢~ transition, one has to

PHYSICAL REVIEW D 92, 074020 (2015)
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0]

Nonfactorizable spectator contributions to B — "¢~ due to (a) the four-quark effective operators 015, O3_¢ and (b) the

replace the decay constant, meson mass and threshold
parameter in the equation fx — f,, mg — m,, sk — 2,
thus taking into account the flavor SU(3) violation.
In the sum rule for A(mfl, g*), we use the ansatz for the
three-particle B-meson DAs suggested in Ref. [24],
where the parameter A2 = 3/24% is directly related to
the inverse moment of the two-particle DA ¢ specified
in Eq. (17).

The soft-gluon contribution of the chromomagnetic
operator Og, is described by the diagram in Fig. 4(b),
where instead of the loop factor, one has a pointlike
emission of the soft-gluon field. One modifies the corre-
lation function accordingly and arrives at the LCSR
that was already derived in Ref. [10] and presented in
Eq. (4.7) therein.' Making the necessary replacements for
B — nfT¢~, we obtain

Hiko,, (%) = Hik o, (4%)

(BK)
= [ soft,0g, (q2)}fk—{f,,.m,(em,,,sg—mg' (21)

As in the case of B — K# ¢ transitions, this contribution
turns out to be very small.

E. Nonfactorizable spectator scattering

An important nonlocal contribution to the B — z£+¢£~
amplitude in NLO emerges due to a hard gluon emitted
from the intermediate quark loop or from the Og -operator
vertex, and absorbed by the spectator quark in the B — =«
transition, as shown in Fig. 5. Following [10], we will use
the QCDF result [3] for this contribution. The following
expression is valid for both p = u and p = ¢ parts of the
nonlocal amplitude:

'We notice that in the related equation (4.4) a factor Cg, on the
rhs is missing.
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(p) _ aCr fpfamy ([
an)nf,spect(qz) - 3272,'NC ’; 0
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L) [ duplut(.0)

+ [ i) [ g rto o ).

The hard-scattering kernels entering the above expression have the form

70 2

my,
1

00 (1, 0) = ~0, mpw {Sms

mpw — q* — ie |3my,

m 1
P (u,w) = -2 <3 1y (u,me)(8,.C1 + C4 = Cg) = gfn(u’ my)(C3 + C4 = Cy)

+ h(my, amj + ug*)(Cs + Cy + C)
+ h(0, am% + ug*)(5,,Cy + C3 4+ 3C4 + 3Cs)

2
~3(C=C5- 1506)> +

where Q, is the electric charge of the spectator quark in the
B meson (¢ =u.d) and the functions #(u,m,) and
h(m32, ¢*) can be found in Ref. [3].

The two-particle B-meson DAs ¢ (w) are given in

Eq. (17); for the twist-2 pion DA we employ the standard
Gegenbauer expansion,

(1) = 6u(1 — u)(1+ a5 (u)CS" (u)

+ (1) €5 (w)). (25)
The fact that the amplitudes in (22) depend on the charge of
the spectator quark in the B meson triggers another
important contribution to the isospin asymmetry in
Bt

Summing up all contributions considered in this section,
we obtain the two nonlocal amplitudes in the adopted
approximation

H(q2) = H 1o (2) + HgA(@?) + HE ) io(4?)
+HEUG?) + HE) o, (@)
+ Hr(lgr)lf.specl(qz)’ (P =u, C).
IV. NUMERICAL ANALYSIS

Here we perform the numerical analysis of the nonlocal
amplitudes (26) at spacelike g> <0, more definitely,
in the region 1 GeV? < |¢*| <4 GeV?, where the OPE
and QCDF approximation can be trusted. The input

(22)
1
=30 ms)(Cs + Cy = Co) + 5 (26,,C1 + Ca = o)1y (u, 0)>, (23)
(02,0 + 00715, + €4 5 o)
8Celt ”
+uq*/my]’

parameters and references to their source are listed in
Table I, the charged and neutral B-meson and pion masses
are taken from [19], and the numerical values of the
Wilson coefficients are presented in Appendix A. As a
default renormalization and factorization scale we
assume p = 3 GeV, the same as in Ref. [10]. It will be
varied in the interval 2.5 <y < 4.5 GeV to study the y
dependence.

For the vector B — =z form factor the most recent update
[20] of LCSR prediction is adopted, in a form fitted to the
three-parameter BCL parameterization,

TABLE 1. Intervals of the input parameters used in the
calculation of H"“¢) (g% < 0).

Input parameter References

as(mz) = 0.1185 £ 0.0006
m.(m.) = (1.275 £ 0.025) GeV
my(my,) = (4.18 £0.03) GeV
mg(2 GeV) = (95 £5) MeV
f5 =207737" MeV

Ap = (460 £+ 110) MeV

[ =130.4 MeV

a3(l GeV) =0.17 £0.08

aj(l GeV) =0.06 £0.10

Sum rules in the pion channel
M? =1.0=40.5 GeV?, 5% = 0.7 GeV?
f4.(0) = 0.307 + 0.020

by =-131+£042

by =—0.904 + 0.444

[19]
(21]
(22]
[19]
(23]
[24]

[20]
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S52(0)

1 —q?/m3.

-3 (1P = (0.0

Finld®) = {1 bt 1) - 2(0. 1)

2
th {Z(q{ fo)* = 2(0,10)* + 3 (2(4? )’

— z(0, zo)B)} } (27)

with 7y = (mg + m,)(\/mg — \/m,)?*, where the normali-
zation and shape parameters are presented in Table 1. The
decay constant of B meson is determined from two-point
sum rules, where we use the recent analysis [21]; the
inverse moment of the B-meson DA is also represented by
the interval of QCD sum rule prediction [22]. The intervals
of Gegenbauer moments in the pion DAs used in the QCDF
expressions are the same as in the LCSR for the B —
form factor [20,23].

Substituting the central input in the expressions presented
in the previous section, we calculate the two amplitudes
H(g* < 0) and H'9) (¢* < 0) for B~ — a~¢* ¢~ and plot
their real and imaginary parts in Figs. 6 and 7, respectively,
showing also the separate contributions. For comparison,
the amplitude H*)(g> <0) is plotted in Fig. 8 for
B® — 7% ¢, whereas the amplitude H(¢)(g*> < 0) for

(W
1 === Hwa
— Re[H{)]
(u)
= Hpero

1 — RE[H(U)

nonf.spec(]

10% x Re[H®(¢?)]

(u)
=== Hsnmox

. HO

soft

. . + * + . - RE[H;:ELNLO]
-40 -35 -30 -25 -20 -15 -10

1 --- ImH®

nnnt,specl]

1 Im[H(f:il,NLO]

10% x Im[H®(¢?)]

1 — ImHE)

-4.0 =35 -3.0 =25 -2.0 -15 -1.0
¢*(GeV?)

FIG. 6 (color online). Nonlocal amplitude ) (g?) for B~ —
a~¢¢ at ¢* < 0 calculated at the central values of the input; the

real (imaginary) part is in the upper (lower) panel. H'") (¢?) is the
sum of the separate contributions specified in Eq. (26).
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0.2 T T T T T T T
- Hl’:cl,Lo

= 0.0 e O
S Soft0g
S T e e
X (©)
E 02 = Re[Hyr el
i (©
x - H\;\/A
E —_—

soft

(c)
== Re[Hpeniol

1 1 1 L L . ! -_— &
40 -35 -30 -25 -20 -15 -1.0 et
4% (GeV?)
L S T

= -0.1
&
::é o - Im[H(f:ét‘NLO]
o - Im[HY ¢ e
>
A — Im[HY)]

-40 -35 -30 -25 =20 -15 -10
4% (GeV?)

FIG. 7 (color online). The same as in Fig. 6 for the amplitude
H')(g?) for B~ — n=¢+ ¢

the latter mode is numerically similar to the one for B~ —
a~¢T¢~ and is not shown.
From the numerical analysis we can draw several
conclusions:
(a) The contributions to H()(¢?) are approximately the
same as the corresponding ones for the B — K£ ¢~

I HIE:L)\I,LO
= 0.0 e Re[HY
(O e[Hyon spect
= -osp T - Hio,
~
X — H,
= -Lop ] -~ HE‘:»:I
_1sf Re[H}:zt,NLO]
. . . . e
-40 -35 -30 -25 20 -15 -1.0 etHa]
<
=
% 1 )
z === I ]
£ ]
X = Im[Hl(”::ll.NLO]
S
= 1 — Im[HY)

-40 -35 -30 -25 -20 -15 -10
4*(GeV?)

FIG. 8 (color online). The same as in Fig. 6 for the amplitude
H"(g?) in B® — 20+ ¢
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obtained in Ref. [10]; the differences reflect the
violation of the flavor SU(3) symmetry.

(b) The contributions to H(g?), in B~ =z~ ¢£*¢~
presented in Fig. 6 are clearly dominated by the weak
annihilation term, enhancing the real part of H®)(g?)
considerably. This effect is less pronounced for
BY - n=¢+¢~, as expected.

(c) The nonfactorizable soft-gluon contribution due to the
operators OY’; are important and the corresponding
contributions of O;_g are not negligible. Meanwhile,
the contribution due to the operator Og, with a soft
gluon is very small.

The uncertainties of the functions H(¢)(g*> < 0) and
H®) (g < 0) are estimated varying the inputs within their
adopted intervals indicated in Table I. The largest uncer-
tainties originate from the variation of fz, Az and the
correlated variation of the parameters of /. To stay on the
conservative side, we neglect possible correlations between
the individual input entries in Table I. We also varied the
renormalization/factorization scale around the default
“optimal” value y = 3.0 GeV. The results do not signifi-
cantly change the estimated total uncertainty and we
therefore neglect the scale dependence in the error esti-
mates performed below.

V. NONLEPTONIC B — Vz DECAY AMPLITUDES

We now turn to weak nonleptonic B — Vz decays with
neutral vector mesons V = p°, o, ¢, J /v, w(2S) in the final
state. The intervals of the absolute values of their ampli-
tudes have to be estimated and used as an input in the
hadronic dispersion relations for () (¢?) to be fitted to
the calculated H*“) (g% < 0).

The amplitude of a B~ — Vz~ decay is parametrized as

A(B™ = Va~) = (V(g)a™ (p)|H &) 1B~ (P + a))

4GF * u c
= Wmv(ev : p)(AuAB*Vr:’ + /%AB*V,r)’

(28)

where g (ey) is the 4-momentum (polarization vector) of
the vector meson with g> = m?,. For the charge-conjugated
mode BT — Vz" one has to replace 4,. — 4; . in the
above relation, whereas the hadronic amplitudes remain
unchanged, A<~ = Ay¢, .. For the neutral B’ — Vz°
decay modes we denote the corresponding amplitudes as

u,c AU . : : b—d .
ABOV;r“ =A BOV0° The effective Hamiltonian Heff(NL) in
u,c

Eq. (28) contains the operators Oy, O34, Og, given in
Appendix A, and we neglect the electroweak quark-
penguin operators with O(ay,) suppressed Wilson coef-
ficients. From Eq. (28) one obtains the expression for the
CP-averaged width,

PHYSICAL REVIEW D 92, 074020 (2015)
1
I_‘(BqE - V;ﬂt) EE[F(B_ - Vﬂ'_) —|—F(B+ — Vﬂ'+)]

_ G (mmimi)

SEm%
X (|01 Ay [P + |21 AG-y - 17
+ 2|4 A NAE- - IIAG-y - | cos S cos A),
(29)

where A(a,b,c) = a*+ b* + ¢ —2ab — 2ac — 2bc. In
the above, we explicitly isolate the relative strong phase
0 between the amplitudes Aj-y - and A%-,, - and denote
A = arg(4,) — arg(4.). The direct CP asymmetry takes the
following form:

(B> Va)-T(BT—>Vz™")
2I'(BT - Vrt)

ACP(B:F e Vﬂ':F)

=-2 Sin5SinA( Ay AcAG-v -
AeAG-vi | | MAGy -

-1
+2coséc0sA> . (30)

Analogous expressions are obtained for the neutral B —
Vz° modes, replacing B~ — BY and BT — B°.

For the input in the two dispersion relations for the
amplitudes H " (¢*) and H(¢)(g*) we need to separately
determine the moduli of the hadronic amplitudes [A%-, |
and |A%-,.-|. In principle, one can use the two observables
in Egs. (28) and (30), but the presence of the third unknown
parameter, the relative strong phase, hinders the determi-
nation. Therefore, the situation is more complex here than
for the nonleptonic B — VK decays used in the analysis of
B — K£7¢~ in Ref. [10] where only the contributions
proportional to 4, were retained and the amplitudes |AG, |
were directly obtained from the measured B — VK branch-
ing fractions.

On the other hand, there is a possibility to estimate
separate contributions to the nonleptonic amplitudes apply-
ing the QCDF approach [2]. The latter is known to provide
a reasonably good description of the charmless channels
B~ = p%z~ and B~ — «%z~. Here we use the results of
Ref. [11] where the QCDF description for B — VP decays
was elaborated in detail. The necessary expressions for the
amplitude decomposition and the additional input param-
eters including the B — V form factors, decay constants
and the Gegenbauer moments of the DAs of V = p, @ are
collected in Appendix B. The resulting absolute values of
the amplitudes are presented in Table II. To check the
validity of these estimates, we calculated the observables
(28) and (30), and compared the results with the experiment
and with the earlier predictions of Ref. [11] (see Table III),
observing a reasonable agreement. In the transition from
the widths to branching fractions we use the lifetimes of B
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TABLE II.  Inputs for the absolute values |[A%y, | of the B — Vx
amplitudes (in MeV).

Mode |A?§V7r| |A‘BVI[|
B¥ = pOzF 20.827 1374
BT - wnt 19.1°27 0.350¢
B¥ - J/yn* 0.5751 292114
BF = y(28)nF 35167 32353
B poﬂo 9_91—11:2 0
B° - wn® 0 0
B - J/yn® 0.375% 20.671
B — y(28)x° 2.4%5] 22.814

mesons from Ref. [19]. Note that in the dispersion relations
we will not isolate the intermediate ¢-meson pole, hence
we do not specify the B — ¢z nonleptonic amplitudes here.
These decays originate either due to the ¢ = s part of the
quark-penguin operators O;_g with suppressed Wilson
coefficients, or due to the O, operators combined with
a transition via intermediate gluons into an 5s state.
The latter is Okubo-Zweig-lizuka suppressed (cf. the small-
ness of ¢ decays into pions). The measured upper limit
BR(B™ = ¢pn7) < 1.5x 1077 [19], being significantly
smaller than the measured branching fractions of B~ —
p(w)z~ decays (see Table III), convinces us that the
intermediate ¢»-meson contribution to B — x££~ is small.
Furthermore we do not separate the radial excitations
p, ..., ..., approximating their contributions to the
hadronic spectral density by the quark-hadron duality
ansatz; hence we do not need to consider here the non-
leptonic decays of the type B — p’(1450)x.

For the neutral B — Vz° modes, the QCDF prediction
[11] fails to predict the partial width B® — p°z°, the
experimental value being significantly larger. Without

TABLE III. Comparison of the experimental data [19]
and theoretical predictions for the observables in the nonleptonic
B — p(w)r decays.

QCDF,
Channel ~ Observable Experiment QCDF [11] this work
B*>p%7c BRx106 83£12 119778 9529
Acp 0'181r8:?79 0.04+£0.19 0.09+0.17
B*>a 7t BRx10° 69405  gg+34 8.9
Acp —0.044+0.06 —0.02+0.04 —0.06+0.06
B'=p%% BRx10° 2.0+05 0.4 0.210¢
Acp ... ~0.161026 024703
B a2 BRx10° <05 0.017°0%  0.0179:%
Acp .. . —0.94:?:31
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going into more detailed discussion of this problem, guided
by the hierarchy of amplitudes in the charged mode,
Ag(,poﬂo < Agopnﬂn, we simply assume A%“p“n“ =0 and
extract |A1u3”p°n" | from the measured partial width employing

Eq. (29). For the B® — wz” mode only the upper limit on
the branching fraction is available [19], indicating that this
decay amplitude is suppressed in comparison to the other
modes; hence we put Agowﬂo RAY R 0 as is specified in
Table II.

Turning to the charmonium channels B — yz, where
w = J/y,w(2S), we do not expect the QCDF approach to
work there due to a heavy final state and enhanced
nonfactorizable, power-suppressed effects (see, e.g., the
discussion in Ref. [9]). On the other hand, one anticipates
that these nonleptonic decays are dominated by the
emission topology due to the operators Of, with large
Wilson coefficients and a small admixture of O5_¢ (g = ¢).
The contributions of the operators Of, and Oz_g (¢ # ¢)
are expected to be strongly suppressed. Theoretical esti-
mates for the analogous contributions to B — wK tran-
sitions (see, e.g., [25] and [26]) yield the amplitudes of
gluonic transitions of light-quark loops to charmonium
states at the level of 10~3 of the dominant contributions of
Of , operators. With an extra Cabibbo enhancement of the
A, terms in B — wr with respect to B — wK, a consid-
erable suppression still remains. Hence we expect that
|A- | < |Aj-,,-|- In this situation the relative strong
phase does not considerably influence the extraction of
the large ~A. term, whereas the uncertainty of the small
~J, term is tolerable. Therefore, we use the current
experimental data on the branching fractions and CP
asymmetries of the above decays [19] and perform the
fit of these data to Egs. (29) and (30), extracting the
absolute values of the amplitudes |Aj-,,.-| and [A}- -] and
allowing the relative phase 6 to change from O to 2z. The
resulting intervals are presented in Table II. Finally, for

the neutral B® — wz° modes, we make use of the isospin

symmetry relation, AZ‘O‘;WO =1/V2 Boyn-s since for the
dominant y emission mechanism of these decays there is
only one independent isospin amplitude. This assumption
is supported by the measurement [19] yielding I'(B® —
J/wn®) = 1/2I(B* — J/wx"). The resulting estimates

are also presented in Table II.

VI. HADRONIC DISPERSION RELATIONS

Following Refs. [9,10], the invariant amplitudes
H“(q?) and H()(g*) are represented in a form of
hadronic dispersion relations in the variable g2, inserting
the total set of hadronic intermediate states between the
electromagnetic current and the effective operators in the
correlation functions (5),
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HP (g%) = HP) (q5)

~-a)|

Z kyvfvApys
Vo a5y (1 = ) = ¢ = i, T

o (p)
+/ ds( P (s)

s—q;3)(s—q* —ie

)], (p=wc) (1)

where the ground-state vector mesons (except ¢) are
isolated and the integral describes the contribution of
excited and continuum contributions starting from
S, = 4m,2,, the lowest hadronic threshold.> To achieve a
better convergence, we implement one subtraction at g =
—1.0 GeV? in Eq. (31). In the above, the masses and total
widths of the vector mesons V = p°, w,J/y, yw(2S) are
taken from Ref. [19]. Their decay constants are defined as

O™V (q)) = kymyey(q)fv. (32)

where the coefficients ky are determined by the valence-
quark content of V and the quark charges: k[, =1/ \/Z
k, =1/(3V2) and k;;, = k,(s = 2/3. The numerical
values of fy are fixed from the measured [19] leptonic
widths T'(V — £¢7) yielding f, =221 MeV, f, =
195 MeV, f;, =416 MeV and f 25y =297 MeV. The
absolute values of the amplitudes A%y, and A%y, obtained
from the analysis of nonleptonic decays in the previous
section are taken from Table II.

At ¢ < 0, more specifically, in the region —4.0 GeV? <
g* < —1.0 GeV?, we substitute in the lhs of the relations
(31) the result for H?)(4?) specified in Eq. (26), calculat-
ing simultaneously the subtraction terms at g3 =
—1.0 GeV?. The task is then to fit the free parameters
on the rhs of the hadronic dispersion relations. Importantly,
each V-pole residue in Eq. (31) for p = u or p = ¢ has a

relative phase with respect to the other vector-meson

contributions and to the integral over p,(f ) (s). These phases

should match the imaginary part of the calculated lhs of the
dispersion relation. As explained in Ref. [10], the phases
emerge due to the intermediate on-shell hadronic states in
the variable (p + ¢)*> = m3 and are not related to the
analytical continuation in the variable ¢°.

Note that the relative strong phase between the ampli-
tudes A%, and A%, contributing to the B — Vz non-
leptonic amplitude, although of the same origin, is a
different quantity, because in each of dispersion relations
(31) only one of these amplitudes enter. On the other hand,
calculating the phases of nonleptonic amplitudes within a
theoretical framework, such as QCDEF, it is possible to

estimate the relative phase between, say, A and A%

u
Bpr Bon*

*Note however that a part of the 2-pion continuum contribution
in this region is effectively absorbed in the p-meson total width
(for more details see, e.g., [27]).
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In what follows, we attribute a phase to each V-pole term,
AII;VIT = |A§Vﬂ'| exp(lég;/)'ﬂ) (33)

To reduce the number of free parameters, we fix the phase
differences,

85 o =0 =0033, 5 5 =-3.65, (34)
calculating it from QCDF, as explained in the previous
section. Note that for the neutral mode the contribution of the

@ meson is neglected and the corresponding difference is
(p)
J/w
for each p = u, c are included into the set of fit parameters.
This set will be completed below by the fit parameters of the

integrals over pglp )(s). Furthermore, we adopt the Breit-

Wigner form of the vector meson contributions in (31) with
an energy-dependent total width for the broad p resonance so
that it vanishes at g> < 4m2 and adopting constant total
widths I')?* for the remaining narrow resonances.

To complete the ansatz for the hadronic dispersion
relations, we have to specify the integrals over the hadronic
spectral densities of excited and continuum states p(*<)(s)
in Eq. (31). In the region below the open charm threshold,
g*> = s <4m?, apart from the two narrow charmonium
resonances J/y and w(2S), only the intermediate states
with light quark-antiquark flavor content and spin-parity 1~
contribute. We make extensive use of the standard quark-
hadron duality ansatz employed in the QCD sum rules [28]
for the vector-meson channels. The integral over the

hadronic spectral density pgf )(s) including o/, @', ... and

continuum states with the p and ® quantum numbers is
replaced by the spectral density calculated from OPE,

irrelevant. The three remaining phases 5;,” ), 0;, and 65,‘”()23)

1
pil()0(s = 51) = —(IHLL) o, 0y (5)
+ ImHA (5))0(s = 50)
1 ») -
+ ;Imefct’LO{s}(s)Q(s —50)s
(p=ucs< 4m%,), (35)

where only the LO contributions are taken into account,
including the leading-order quark loops and weak annihi-
lation diagrams. The indices {u, d} and {s} mean that only
the diagrams with u, d and s quarks, respectively, are taken
into account. The duality threshold s, =1.5 GeV? is
chosen in accordance with the analysis of QCD sum rules
in the light-vector-meson channels. In the contribution of

the intermediate ss hadronic states to the spectral density

pgf )(s) [the last term in (35)] we include also the small

¢-meson pole contribution. This is reflected by the choice
of a lower effective threshold parameter 5, = 4m3=
1.0 GeV2. Taking at s = (¢*> +ie) the imaginary parts
of the loop function (12),
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1 2m; 4m?
—Img(g* + ie,m2) = (1+) 1——qt9q —4m?
Himgta? + ey = (128 1 -2 —am

(36)
and of the WA contribution (18),

Lolsls piamigr o), (37)

ImHWA(q +ie)= IN Jgmg "

we obtain
() 1 Cy
PrLo(s)= AP 3C1+2C2+C%+ 3 +Cs+ ©) fia(s)

foJ[

=s/pmp)(§ (CH+3C
+Qq2N ABmBe ( qu( 2+ 1)

+6qd(cl + 3C2) + C3 + 3C4):| H(S - So)

1 (4. 4 Ce
C;+-C
24 3(3 313 4+C5+3>

xImg(s.m3) f 5, (s)0(s =) (38)

and a similar expression

. 1 C,
306 = gz (€ + 5 €54 5) 20

foiT e=s m
+ Qq N ABmB /U B>(C3 + 3C4) 9(5‘ - SO)
| (4 4 Cs
—24ﬂ3<3c3+3c4+c5+ 3>
x Img(s, m3) f 5, ()0(s = 5o). (39)

The two above expressions specify the adopted ansatz (35)

at s, <s <4m3. Note that in the LO approximation,

the spectral densities pglp )(s) are real functions.

Following Ref. [10] we slightly modify the denominator
in the dispersion integral over s, < s < 4m%, replacing
|

HP (q*) = 1P (g5) = (4* = q3) [ >

V=p.w.J/y.y(2S)

kyfv

PHYSICAL REVIEW D 92, 074020 (2015)

s—q° —ie > s —q* —iy/sTe(s, q°) where Tepe(s, ¢°) =
7/5O(g? —4m?), y = 0.2 is the effective energy-depen-
dent width, where the @ function ensures that this width is
absent at negative g>. This modification allows one to
transform the smooth duality-driven spectral density
towards more realistic series of equidistant vector mesons
(cf. the model for the pion timelike form factor used in
Ref. [27]). The addition of NLO corrections to the LO
approximation for the duality ansatz remains a difficult task
for a future improvement, involving a calculation of the

spectral densities of the diagrams in Figs. 3 and 5.

The spectral densities pglp >(s) above the open charm

threshold, s > 4m%), contain a complicated overlap of
broad charmonium resonances and open-charm states,
together with the light-quark contributions. Moreover,
starting from s = (mg + m,)* the on-shell intermediate
states with b flavor related to the imaginary part of the
B — # form factor in the timelike region also contribute.

Hence, a duality-based parameterization of the s > 4m?,

part of the integral over pzp ) (s) will not adequately reflect

the complicated resonance-continuum structure of the
hadronic spectral density. On the other hand, we only need
this part of the integral at relatively small ¢* <mj,;
hence, following Ref. [10], we use a simple expansion in
the powers of g*/4m3, truncating it at the first order,

(r) 2
PP (s) q
ds —=a,+b,—5, p=u,c,
Amg (s—qp)(s—q*—ie) " Tdmp
(40)
where a, .= |a,.|e? and b, =|b,.|e are two

unknown complex parameters. Note that in Ref. [10] other
parameterizations of the dispersion integral were also
probed, and the results in the large recoil region were
numerically close to the ones obtained with Eq. (40); hence,
we will only consider this choice.

Finally, the dispersion relations (31) take the follow-
ing form:

|Aby,| exp(iéé”&»

(m3 = q3)(myy

—q¢*—im vIPY)

4m? (p)
+/ " ds 5 PL(; a -
5o(s0) (S - qO)(s -q — l\/EFeff(s))

These two relations at p = u and p = c are then separately
fitted to the OPE result obtained for the lhs at > < 0. After
that we can use the dispersion form of H(?)(¢?) in ¢*> > 0
and calculate the correction to the Wilson coefficient
ACy(g?) defined in (7) in the whole large recoil region,
which we specify as

4m2 < ¢* < mg/y/. (42)

+laglexpli) + byl expligh) v | (41)
D

|

The resulting plots are presented in Figs. 9 and 10 for
BT - z¥7¢7¢~ and B — 202+ ¢~, respectively. Instead
of showing the fit results for 7(?) directly, we present the
directly related, but physically more relevant, plots for
ACéB”)(qQ). At ¢* above the J/y region our approach
ceases to work, mostly because the contribution of the
hadronic dispersion integral (40) to the dispersion relation
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FIG. 9 (color online). The real part (upper left, blue online) and imaginary part (upper right, red online) of AC57(g?) for
B~ — z~¢*¢~. The solid line is the dispersion relation fitted to the results calculated at g> < O at the central input. The shaded area
indicates the estimated 68% C.L. uncertainties obtained in the fit to the “data” points (dots, red online) at g> < 0. The values of
ACB"(g%) averaged over the ¢* bins are also shown. The lower panel contains the same plots for BY — z*£+¢~.
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FIG. 10 (color online). The same as in Fig. 9 for B — 7%/ ¢~ (upper panel) and for B’ — z%¢*#~ (lower panel).
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increases and the simple polynomial parametrization can-
not be used. This is also reflected by the growth of the
uncertainties.

A few comments on the fit procedure of Eq. (41) are in
order. Here we only discuss the B¥ — zT + #7#~ decay, as
the case of the neutral B decays is very similar. We represent
the results of our calculation at negative ¢ values as “data”
points and perform a x> fit for our “model function”
(dispersion relation), which is valid in both positive and
negative g> regions, to the obtained points. A technical
remark: The fit is performed by collecting in the “data” all
parts of Eq. (41) which contains no fit parameters, i.e. only the
resonance contributions (amplitudes and phases) and the
polynomial continuum parameters are included in the “model
function.” Furthermore, we include the error correlation of the
respective points at negative ¢, and, in addition, of the
parameter f3 (¢*> =0). The errors and the correlation
coefficients of the “data” are obtained by varying the input
parameters within their intervals given in Table I, while
assuming no correlation between the parameters themselves.
Thus, we include two correlated “data’ sets in the fit for both
charged B-meson transitions, namely, the real and imaginary
parts of H(*) and H(¢). We assume a Gaussian error interval of
the input parameters for this procedure and a maximum error
correlation of 80% for the numerical stability, providing also
a more conservative estimate. As expected, the error corre-
lation between the “data” points is very large and usually
exceeds 80%. In addition, we find a positive correlation of,
respectively, ~1%(10%) for the real part and ~40%(1%) for
the imaginary part of H (H()) with f} (¢> = 0). The
global minima are acceptable with y2. = 1.93 and 42, =
2.53 for u and c, respectively. The central values quoted here
belong to the global minimum, whereas the 68% C.L. error
estimate includes all minima in the 6y < 1 region.

VII. OBSERVABLES IN B - n¢ ¢~

Having calculated the nonlocal amplitudes in a form
of the function ACS*™ (%), we substitute this function in
the amplitude (6) of the B — ## "¢~ decay and predict the
observables in the accessible dilepton mass region (42).

The only element in the complete decay amplitude, that
was not specified so far, is the ratio (8) of tensor and vector
B — & form factors entering the contribution of the O,
operator. To obtain it, we evaluate the ratio of LCSRs
|

dB(B~—n~¢*¢7)/dg* —dB(B* - nt¢+¢7)/dg?

PHYSICAL REVIEW D 92, 074020 (2015)

for both form factors obtained in Ref. [29]. The ¢> depend-
ence turns out to be negligible in the whole region of validity
of the sum rules, which covers the region (42), and we obtain

rr(q*) = rr(0) = 0.98 +0.02. (43)

The observables in B — z£+ ¢~ include the differential
branching fraction, direct CP asymmetry and isospin
asymmetry. Note that in SM the angular distribution
in B — n/*¢" at fixed ¢° is reduced to an overall factor
(1 — cos? ®) in the double differential distribution where ®
is the angle between the momentum of the lepton £~ and
the momentum of the B-meson in the dilepton center mass
frame. In particular, the forward-backward asymmetry in
B — n#7 ¢~ vanishes in the SM. Hence, it is sufficient to
calculate the dilepton invariant mass distribution of the
branching fraction,

1 dB(B~—=a¢7¢7)
Tp- dq2
_ GirtgmlA L
153677 m3,

g

For B® — 7z°¢*¢~ the corresponding formula contains 7o
and an additional factor 1/2 reflecting the normalization of
the BY — 7° form factor. The resulting plots are presented
in Figs. 11 and 12. Averaging the above distribution over
g3 < g* < g3 yields the binned branching fraction defined,
e.g., for B~ —» a7 £%¢" as

|Fh(q?) P23 (. m3. ¢)

2mb 2
WC7r£”(q2)‘ +|C10|2}-

Co+ ACE*(¢%) +

(44)

The predicted binned branching fractions within the region
(42) are presented in Table IV for all four flavor/charge
combinations.

The most interesting characteristic of the B — z£+¢£~
decay in SM is the g*-dependent direct CP asymmetry
defined for the charged B-meson modes as

A (4%) =

dB(B~ = ¢t¢7)/dg? +dB(Bt —»nt e /dg?

(46)

The asymmetry for the neutral B-meson modes denoted as .A(C() ;,)) (¢?) has the same expression with B~ — lio, Bt — B°. The

results obtained for this observable are presented in Fig. 13.

Anticipating the future measurements of the g?-averaged bins of CP asymmetry, we also calculate

B(B~ — n¢*¢"[qi. ¢3) = B(B* - n* "¢ [qi. 43))

A g Bl =

BB~ -z ¢"¢7(q3,q3) + BBT = nt¢ ¢ (g}, ¢5])°
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FIG. 11 (color online). Dilepton invariant mass spectrum and binned branching fraction (in GeV~2) for B~ — z~¢* ¢~ (left panel) and
BT — zt¢t ¢~ (right panel) with 68% C.L. errors (shaded region and error bars).

0.0Ls . . . . 0.0Ls

7(GeV?) 7(GeV?)
FIG. 12 (color online). The same as in Fig. 11 for B® — z%7+¢~ (left panel) and B — z7¢* ¢~ (right panel).

and the analogous binned asymmetry .A(g(}) (47, 3] for the neutral B-meson modes. Our predictions are collected in Table IV.
Finally, an important indicator of the spectator-dependent nonlocal effects, such as weak annihilation, is a nonvanishing
differential isospin asymmetry defined as

2dT(B° — 2%t ¢7)/dg? — dU(B~ — n~¢*¢7)/dg>

2\
Ailg) = 2dT(B° = 2%¢7¢7)/dq* + dT(B~ — n¢*¢)/dg?’ (48)

where the differential widths are understood as the CP-averaged ones. Our result is presented in Fig. 14 and the
corresponding ¢*-bins of isospin asymmetry,

20(B° —» 2’077 [q3.43) —T (B~ — n¢*¢7[q}. 43])

_ , 49
T(B = 0 (g &) LT (B = ¢ 1 ad) (49)

Algt. g3] =
are given in Table IV.

TABLE IV. Binned branching fractions [in units of 107® (GeV~2)], direct CP asymmetry and isospin asymmetry of B — z£+¢~.

Bin (GeV?) [0.05, 2.0] [2.0, 4.0] [4.0, 6.0] (6.0, 8.0] [1.0, 6.0]

B(B) 0.176-0018 0.1147000% 0.11450018 0.107:00%8 0.12670013
B(B") 0.249"05 0.1565 00 0.139%0;7 0.128") 35 0.168%) 015
2 x B(B®) 0.14070:00 0.117+0:9%8 0.10970.00%8 0.09975000 0.11910:908
2 x B(B°) 0.1247 0958 0.1247 0008 0.1161 5% 0.10970004 0.12170 608
ALY —0.171%504 —=0.156 505, —0.099%505 —0.091%5053 —~0.1431063%
AL 0.06310914 —0.028+0919 —0.028+901 —0.047+9:023 —0.008*9013
A, —0.19570033 -0.0201 003 —0.02119033 —0.02170% -0.063 003
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FIG. 13 (color online). Direct CP asymmetry in B* — z+¢+ ¢~
(upper panel) and in B® — 707+~ (lower panel).

Concluding the analysis of observables in B — z£+¢~,
we notice that the magnitude of the predicted direct CP
asymmetry for the charged B-decay modes is quite visible;
for the neutral B decays this effect is expected to be small.
In this and other observables our analysis generates large
uncertainties in the region adjacent to J/y, whereas the
uncertainties in the p and w region are significantly smaller.
This is partly caused by the use of QCDF to fix the relative
phase between the nonleptonic amplitudes with p and o,
which probably leads to a slight underestimation of the
errors in the resonance region.

02—

0.0

—0.8 L L L L L
0 2 4 6 8

7*(GeV?)

FIG. 14 (color online).
x¢ ¢~ decays.

Differential isospin asymmetry for B —
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VIII. THE B - mvv DECAY

The semileptonic FCNC decay B — avv is closely
related to the charged lepton channel. Theoretically, this
process is a very clean test of the SM, involving a single
effective operator similar to O;,, whereas the nonlocal
effects studied above are absent. Hence, we are in a position
to predict the branching fraction of this decay with a better
accuracy than for the B — £ "¢~ The only hadronic input
in B - nvv is the vector B — x form factor. The LCSR
form factor [20] given in (27) provides an extrapolation
beyond the large recoil region up to the kinematical limit
q* = (mp —m,)?, revealing a good agreement with the
lattice QCD results in the low recoil region. We use this
form factor to predict the total branching fraction of the
B — muvv decay.

The effective Hamiltonian encompassing the b — duvv
transition in the SM can be written as

_ 4G e /- _
Hbgp v = —T;%Cmyﬂ(dwﬂbﬁ(wﬂ(l —ys)v), (50)

with the (scale-independent) Wilson coefficient

1
sin2®W

a

Cip = <X0(x,) +4;X1(x,)>, (51)

where x, = m?/m3, and the functions X,(x) and X (x) can
be found in Ref. [13].

The differential branching fraction of the B~ — 2~ ww
decay summed over neutrino flavors has the form

1 dB(B~ -z D)
75 dq?
1 dB(B— nv,vy)
dq?

G2a2,
=i AP IC0 Pl 5 () P4 (mG.m3. q%). (52)
2567°m3 "

Substituting the form factor f3 (g*) from Eq. (27), the
numerical values of the Wilson coefficient C;y, = —6.79
and other parameters in Eq. (52), we obtain the differential
branching fraction shown in Fig. 15. Integrating it over
0 < ¢* < (mg —m,)* we obtain

B(B~ = n~wp) =2B(B° — z%v) = (2.39705%) x 1077.
(53)

Despite the fact that this branching fraction is well within
the reach of B-physics experiments, a significant problem is
the identification of the final state with respect to the
background.
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FIG. 15 (color online).
the B~ — n~ v decay.

The differential branching fraction of

IX. CONCLUSION

In this paper we calculated the hadronic input for the rare
FCNC decay B — #£+¢~ in the large recoil region of the
pion, i.e., at small and intermediate lepton-pair masses up
to the J/w mass. We focused on the most difficult problem
in the theory of these decays: the effects generated by a
nonlocal overlap of the pointlike weak transition with the
electromagnetic lepton-pair emission. At g> > 0 the non-
locality involves long distances, including the formation of
hadronic resonances—the vector mesons. On the other
hand, this part of the decay amplitude is not simply a
background for the FCNC b — d¢+¢~ transition, but
provides the strong-interaction phase. The latter, combined
with the CKM phase, generates the unique characteristics
of the B — n£+ £~ decay in SM, that is, the g>-dependent
direct CP asymmetry, suppressed in the b — s£T¢~
decays.

To avoid the complications related to the long-distance
part of the nonlocal effects, we employed the method used
earlier in Ref. [10] for B = K#7¢~. The nonlocal con-
tributions to B — z£* £ transitions were calculated one by
one, combining QCDF and LCSRs at spacelike ¢ < 0,
where the quark-level diagrams are well defined and the
nonlocality is effectively reduced to the distances of

O(1/+/|4*|). We also used the recently updated [20] B —
# form factor from LCSR. The accuracy of our calculation
is characterized by taking into account, in addition to the
factorizable quark-loop effects and the factorizable NLO
corrections, the important nonfactorizable contributions:
the soft gluon emission, spectator scattering and weak
annihilation. We then combined the quark-level calculation
with the hadronic dispersion relation and fitted the param-
eters of the latter to access the g> > 0 region. The main
result of our calculation is presented in a form of the ¢’-
dependent and process-specific correction AC&B”)(qz) to
the Wilson coefficient of the semileptonic operator O,.

Apart from the numerical prediction for ACS™ (¢?), we

also estimated the uncertainties due to the input parameter

PHYSICAL REVIEW D 92, 074020 (2015)

variation. We predicted the observables in B — n£ "¢~
including the differential branching fraction, direct CP
asymmetry and the isospin asymmetry. The main advantage
of the method used in this paper is the possibility to access
the p, w resonance region and, simultaneously, to approach
the charmonium region from below.

The accuracy of the calculation carried out in this paper
can be improved further. On the theory side it is worth
calculating the nonlocal contributions using entirely
LCSRs instead of the QCDF approximation. This will
allow one to assess the missing power corrections. Such
analysis is possible at least for the weak annihilation and for
the hard-spectator contributions. A more elaborated ansatz
for the hadronic dispersion relation, including the radial
excitations of light vector mesons, is also desirable. For
that, more accurate data on the B — Vz nonleptonic decays
and a better understanding of the structure of various
nonleptonic amplitudes are needed.

Let us compare our results with the two most recent
analyses of the B — z£t¢~ decay. In [30], only the
factorizable nonlocal contributions were taken into
account, approximated by the quark-level diagrams at
positive ¢, embedded in the short-distance coefficients.
Only the differential branching fraction was calculated,
with no prediction for the CP asymmetry. In [7], the QCDF
method was systematically used at positive ¢, therefore the
resonance region of g> was not accessible. In the region
between 2 and 6 GeV? the branching fraction obtained in
[7] is somewhat smaller than our result, whereas the CP
asymmetry is close to our prediction.

We emphasize that our method produces a quantitative
estimate of the nonlocal effects in the whole large-recoil
region, starting from the kinematical threshold of the
lepton-pair production. The price to pay is a model
dependence of the ansatz for the dispersion relation,
related to the nonleptonic B — Vx decays. The function

AC&B”) (g?) obtained in this paper can be used in further
analyses of the B — z£+¢~ decay, e.g., when adding
certain new physics contributions to the decay amplitude
in the SM. But, first, it will be very interesting to confront
our prediction for the direct CP asymmetry in B — #£ "¢~
with the data. Note that the b — d£"¢~ effective inter-
action is also probed in B; — p"u~ decay. Its branching
fraction measurement by LHCb and CMS Collaborations
[31] still leaves some room for new physics, making further
studies of b — d¢ ¢~ decays very important.
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APPENDIX A: OPERATORS AND CKM
PARAMETERS

In Table V we list the operators entering the effective
Hamiltonian (1), and their Wilson coefficients calculated at
LO for three different renormalization scales, where a., =
e?/(4r) is the electromagnetic coupling and g; is the strong
coupling. We use the standard conventions for the operators
O (p =u,c) except the labeling of O and OF is
interchanged, as in [10]. In the quark-penguin operators
q = u,d, s, c, b and the mass of the d quark in O7y and (’)8g
is neglected. The sign conventions for covariant derivatives,
y-matrices, and left- and right-handed components of the
quark fields are the same as quoted in the appendix of [10].
The electroweak parameters used to calculate the coeffi-
cients C; are [19]

1 -
Aoy = 29" sin*(@y) = 0.23126,

my = 80.385 GeV,
m, =91.186 GeV,

Gp = 1.1663787 x 1075 GeV=2,
= 173.3 GeV. (A1)

We use the CKM mixing matrix in terms of Wolfenstein
parameters

PHYSICAL REVIEW D 92, 074020 (2015)
A= 022537 £0.00061, A =0.814759

p=0.117£0.021, n =0.353 £0.013. (A2)

This results in the following combinations of CKM
elements we use:

A/ = —0.0274 — i0.3896,
arg(4,/4,) = =94.02°
Ae)2 = —=0.9719 +i0.3998,  |4./4,| = 1.0509,
arg(d./2,) = 157.64°.

4/ 4| = 0.3906,

(A3)

APPENDIX B: AMPLITUDES OF
B - p(w)z IN QCDF

Here we present the expressions of the QCDF amplitudes
[11] for the B~ — (p°, w)z~ nonleptonic decays. Our
operators differs from the ones in [11] by a factor of
1/4 whereas the labeling of O;, is the same. The
expressions for the parts of B~ — p°z~ and B~ — wn~
amplitudes multiplying A? (p = u, c) are

AL - = Ay (8pular (mp) — o (mp)] — o (mp) — 5 (7p))
+ A,z (8puley (prr) + Ba(pr)| + o (pz) + B5 (pr)).
(B1)
AL = Ao (8pu| a2 (@) + o (700)] 4 205 () + o ()

+ﬁ§(”w)) +Awfr(5pu[al (6077.') +ﬁ2(w7[)]

+af (wr) + B (o)), (B2)

1-4%/2 A AV (p —in)
Vekm = —A 1-22/2 AX? , where the factorized combinations of form factors and
AB(1—p—in) —AR 1 decay constants are
1
taking into account that p=p(1+42/2) and 5= A = ’ \/—f 52 (M) o) Ap(a)n :z—ﬂA%p(a,)(o)f P2
7#i(1 +22/2) and using the current values [19] obtained
from the global CKM fit, (B3)
TABLE V. Effective operators and Wilson coefficients.
Operator u (GeV) 2.5 3.0 4.5
o = (dLy”pL)(pLy"bL) (o 1.169 1.148 1.111
O = (@7,p}) (FLr"b}) C ~0.360 ~0.324 ~0.255
Os = (dy1br) S, (@r"ar) C5(x1072 1.700 1.503 1.144
O, = (&Ly,,bf >, (@ir'al) C,y(x1072 —3.602 -3.271 —2.630
Os = (drrubr) Y4 (@rr"dr) Cs(x1072 0.985 0.910 0.756
Os (aﬂﬂbj >, (Zhr"qle) Ce(x1072 —4.829 —4.258 —3.236
0y, = — 2% (d, 0" by)F, st —0.356 —0.343 —0316
Og, = Jlgnh (d’ (T“)Ub] YGamv Ceft —0.166 —0.160 —0.150
Oy = (dLy bL)(fyﬂf) Cy 4514 4.462 4293
O0 = % (dy by ) (27,757) Co —4.493 —4.493 —4.493
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TABLE VI. Additional input parameters related to the light
vector mesons and used in the QCDF amplitudes of B — p(w)x
decays.

Parameter References
(m, +my)(1 GeV) = 7.07):4 MeV [19]
£ (m2) = 0.316 +0.021 [20]
AP(0) = 0396385 24
AR (0) = A (0)

fj(l GeV) = (0.160 + 0.010) GeV [32]

f5(1 GeV) = (0.145 + 0.010) GeV
ay”(1 GeV) = a5+ (1 GeV) = 0.09739

In addition to the already introduced notation, A%p(w) (0) in
the above is the relevant B — p(w) form factor taken at
g* = 0, neglecting the pion mass squared; for the B — «
form factor we approximate m3 = mZ. The parameters
al (M M,) are defined as follows [11]:

a(MiMy) = a;(M\M,), i=1.2, (B4)
o — {aé’(Mle) +a5(MMy), if My =p, o, (B5)
a5 (M\My) — a$(M\M,), if M, = =,
) { al (M{My) + r}2al (M\M,), if My =p,,
o, =
4 af(Mle) —rj(wzag(Mle), lf M2 =T,
(B6)
where
2m2 () 2m .ﬂ)fJ_,(U
= . e = Tpelee (Y

mb(mu + md) ' my fﬂ.m ,

and fj(w) is the vector-meson transverse decay constant,
defined as

PHYSICAL REVIEW D 92, 074020 (2015)
(0lgo*q|V(q)) = ik*(&,q" — €4¢")fv  (B8)

with k- = 1/vV2 for g =u, V = p°, w.
The quantities a” (M M,) have the form [2]

C.
al (M\M,) = (Ci+ ’il)Ni(Mz)
N.
Ci:tl CFaA. 47[2
— V(M —H.(M M
N. 4z [ i( 2)+Nc (M M)
+ P} (M>), (B9)

where the upper (lower) signs apply when i is odd (even);
N;(M,) =0 fori =6 and M, = p,w and N;(M,) =1 in
all other cases. The parameters (M ;M,) involve the
weak annihilation contributions

—f8fm,fm,

B (M M)) = — ===
2\/§m%2AM1M2

bl (M M,). (B10)

The expressions used for the separate contributions in
Egs. (B9), (B10) [V;(M,) (one-loop vertex correction),
H;(MM,) (hard-spectator scattering), P?(MM,) (pen-
guin contractions) and bl(-p ) (MM,) (weak annihilation)]
can be found in [2,11]. They were calculated in QCDF in
terms of the perturbative kernels convoluted with the DAs
of the B meson, pion and p(w) meson. The latter DAs
include the Gegenbauer moments a’z’(w) and a‘z”L, similar to
the ones that are contained in the pion twist-2 DA (25).

For the numerical analysis of the B~ — p(w)z ampli-
tudes we need additional input parameters listed in
Table VI, where, in order to decrease the uncertainty, the
AB8”(0) form factor is calculated multiplying the ratio

ABo(0)/ %7 (0) obtained from the LCSRs with the B-

meson DAs [24] with the form factor f (f”> (0) taken from
the most accurate LCSR with pion DAs [20].
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Abstract We calculate the higher-twist corrections to the
QCD light-cone sum rule for the B — m transition form
factor. The light-cone expansion of the massive quark propa-
gator in the external gluonic field is extended to include new
terms containing the derivatives of the gluon-field strength.
The resulting analytical expressions for the twist-5 and twist-
6 contributions to the correlation function are obtained in
a factorized approximation, expressed via the product of
the lower-twist pion distribution amplitudes and the quark-
condensate density. The numerical analysis reveals that new
higher-twist effects for the B — 7 form factor are strongly
suppressed. This result justifies the conventional truncation
of the operator product expansion in the light-cone sum rules
up to twist-4 terms.

1 Introduction

Accurate calculation of the B — 7 transition form factors in
QCD plays an important role, since, for instance, the vector
form factor is used for the determination of the Cabibbo—
Kobayashi—-Maskawa (CKM) matrix element V,,; from the
experimental data on the exclusive B — m{v; decays. The
B — m transition form factors are nonpertubative quanti-
ties accounting for the complicated quark—gluon dynamics
inside the meson states and can be calculated using differ-
ent QCD-based approaches. Among them, the method of
light-cone sum rules (LCSRs) [1,2] is applicable at large
hadronic recoil [3,4]. The main advantage of this method
is the possibility to perform a calculation in full QCD, with
finite b-quark mass. The starting object of the calculation is a
properly designed correlation function of the quark currents
for which the operator product expansion (OPE) near the
light cone is applicable. Within OPE, the correlation func-
tion is decomposed into a series of the hard-scattering kernels

2 e-mail: rusov@physik.uni-siegen.de

Published online: 04 July 2017

convoluted with the pion light-cone distribution amplitudes
(DAs) of the growing twist. The result of the OPE for corre-
lation function is related to the B — 7 form factor employ-
ing the hadronic dispersion relation and quark—hadron dual-
ity.

Atpresent, the accuracy of the LCSR calculation of heavy-
to-light transition form factors is limited by the contributions
of the operators up to twist 4. The results for the relevant par-
tial contributions of the twist-2, -3 and -4 terms to the LCSR
as well as radiative gluon corrections to the corresponding
hard-scattering kernels of the twist-2 and twist-3 terms can
be found in [3-8]. Moreover, a §y estimation for the twist-2
O(ozsz) contributions can be found in [9]. It is important to
note that the contributions of even- and odd-twist terms in
the OPE form two separate hierarchies with respect to the
lowest twist-2 and twist-3 terms, respectively. Note also that
the twist-3 term, despite power suppression, contains a “chi-
rally enhanced” parameter u, = m,2, /(my, + mg), which
renders the twist-3 contribution to the same order of magni-
tude as the twist-2 one. The contribution of twist-4 term was
found to be significantly suppressed in comparison with the
corresponding twist-2 one [5]. Such a comparison in the odd-
twist hierarchy is still not possible due to missing estimate
of twist-5 effects. Moreover, an estimate of the twist-6 term
contribution to LCSR will allow us to confirm the expected
power suppression of the higher twists in the even-twist hier-
archy. The main purpose of this work is to evaluate the twist-5
and twist-6 contributions to the LCSR for the B — & form
factors.

The calculation of the higher twist effects in the OPE near
the light cone is interesting for several reasons. As mentioned
in Ref. [11], the twist-3 and twist-4 operators cannot be fac-
torized as a product of the gauge-invariant operators of lower
twist. There are several operators of twist 5 and twist 6 which
can be factorized as a product of the gauge-invariant oper-
ators of lower twist. Sandwiched between the vacuum and
one-pion state, such operators generally produce two types
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of contributions: factorizable ones in terms of a lower-twist
two-particle distribution amplitude times quark-condensate
and nonfactorizable ones, which give rise to genuine twist-
5 and twist-6 multiparton pion distribution amplitudes. As
argued in [11], in the context of conformal symmetry the
contributions of higher Fock states are strongly suppressed
and their contributions to the sum rules are probably neg-
ligible. Factorizable contributions, on the other hand, can
be comparatively large. Hence their calculation practically
solves the problem of investigating the OPE beyond the twist-
4 level.

In [11] and [12] the factorizable twist-6 contributions in
LCSRs for the pion electromagnetic and wy*y form fac-
tors, respectively, were computed. In fact, in these sum rules
the twist-6 contributions are the only ones which arise in
the presence of virtual massless (u#- or d)-quarks in the cor-
relation function, hence, only the even twists are relevant
there. Here we extend the analogous calculation to the corre-
lation function with a massive virtual quark. In this case both
factorizable twist-5 and twist-6 terms contribute to LCSR.
In order to obtain these contributions one needs the mas-
sive quark propagator expanded near the light cone up to the
terms including the derivatives of the gluon-field strength.
The analytical expression for this propagator as well as the
factorizable twist-5 and twist-6 contributions to LCSR rep-
resent new results obtained here.

The paper is organised as follows. Section 2 is devoted
to the derivation of the new terms in the expansion of the
massive quark propagating in the external gluonic field near
the light cone. In Sect. 3 the detailed calculation of the dia-
grams corresponding to the factorizable twist-5 and twist-6
contributions to the LCSR for the vector B — 7 form factor
is presented. Section 4 contains the relevant numerical esti-
mates and Sect. 5 the concluding discussion. Some useful
formulae are collected in the appendix.

2 Light-cone expansion of the massive quark
propagator in the external gluon field

For our purpose we need the light-cone (LC) expansion of
the quark propagator in the external gluon field. The corre-
sponding expression including the terms with the covariant
derivatives of the gluon-field strength is known only in the
case of massless quark and was derived for instance in [10]
(see also [11]). For a massive quark propagator the corre-
sponding result is known only at leading order of the LC-
expansion in the gluon field. To estimate the higher twist
effects in the B — & form factors we need also to include
the higher order terms in LC-expansion which are propor-
tional to the covariant derivatives of the gluon-field strength.
This task is technically more involved due to a presence of
the quark mass m.

@ Springer

In order to get the LC-expansion of the massive quark
propagator up to the needed accuracy we start from the defi-
nition of the quark propagator:

S, x") = =i(0IT{y (x), ¥ (x)}]0), ey

where v (x) denotes the massive quark field operator. Here-
after we choose x” = 0 for simplicity. The propagator satis-
fies the usual Green-function equation,

iy 9, + gsy" Au(x) —m)S(x,0) = 8@ (x), )

where A, = Aj A“/2 is the four-potential of the gluon field,
and A? are the Gell-Mann matrices (a = 1, ... 8). The solu-
tion of (2) can be presented in the form of a pertubative series
in the power of the strong coupling g:

iS(x,00=iSOx) +isV(x)+--- 3)
where
1S ) = g / d'yisOx - y)idyisOw). @

and S© denotes the free quark propagator. The four-potential
of the gluon field is taken in the Fock—Schwinger (of fixed
point) gauge, so that (x,, — xl’L)A“(x) = 0and x’ = 0. For
further calculation itis convenient to use the free quark propa-
gator 9 (x — y) in the form of the so-called a-representation

o0
do ¥—=P\ _p2as o’
S(O) _ :_'/ H meo+7 ;
o= g M )¢
0

&)

which allows us to rewrite the first order correction SV (x, 0)
to the propagator as follows:

Wy o) - & [ Oodﬂ/ 4 Sinb)
S (x’o)_(167t2)2/a2/,32 Cr\mriTy,
0 0

@—y)?

VZ
x A(y) <m+i%) @D T (6)

Transforming the integration variable 8 as

,leom, O0<pB<oo sothat O<u <1, @)
— U

we introduce a new variable:

y =y —ux. (8)
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Taking into account the replacements (7) and (8) one can
represent Eq. (6) in the form (hereafter we redefine y’ — y):

/du/ o
(167‘[2)2 3

« fd4y e M a/ﬁe[y +x2uir) /(4o

S(l)(x

X {mzA(y +ux) + ii[ZuzZ(x - A(y + ux))
200u

—2u(y - Ay + ux)) + Ay + ux)y]

- 401:2u (it A(y + ux)f — uy A(y + ux)¥

+ﬁx4(y+ux)y—y4((y+ux)y]}, 9)

where # = 1 — u, (x(y) - A) = x,(yu)A". After that we
expand the field A, (y + ux) in powers of the deviation y,
from the point ux near the light cone (x? >~ 0):

1
A (y+ux)= Aa(ux)+auAa (ux)y“ + EauavAa(ux)yﬂyU

l KV P
—|—68M8U8pAa(ux)y Yoyl 4 (10)
with the following shorthand notation: 9, Aq(ux)
= % e Substituting the expansion (10) in (9) allows

one to calculate SV (x, 0) order by order. Performing the
Wick rotation yg — —iy4, one reduces the integrals over
d*y to the standard Gaussian integrals. After integration over
d*y, one calculates the integrals over « introducing the mod-
ified Bessel function of the second kind, K, (z):

o0 e
do . m2a n x2(1—u) ) 2m Eh
— €X — =
al P 1—u 4o V—=x2(1 —u)

x K,_1(my/—x2), x*<0. (11)

Then we perform some transformations in order to relate
the derivatives of A, (xu) with G*"(ux) and its derivatives.
The first term in the expansion (10) yields the scalar prod-
uct (x - A), which vanishes in the Fock—Schwinger gauge.
Since M (x, 0) has O(g,) accuracy, the partial derivatives
0, can be replaced by the covariant ones D,. Taking into
account the definition of the gluon-field strength tensor
Guw = G},A/2 = D, A, — DyA, one relates then the
covariant derivatives of A, with G, and its derivatives. We
found that the terms proportional to D* A, vanish after inte-
gration by parts in the variable u, allowing one to present
the final result for the propagator in terms of the gluon-field
strength only.

After a lengthy but straightforward calculation we arrive
at the following expression for the massive quark propaga-

tor expanded near the light cone, including terms up to the
second derivative of the gluon-field strength:!

im? |iK1(m —xz) X

Sx,0) = — 2 N +t_—sz2(m —xz)i|

1
_ 18 /du[mKo(m\/—xz)(G(ux)~o)

1672
0

+ Ki(my/ —x?)[if (G (ux) - o) + u(G(ux) - 0)x]

Ve

—2uu lmK() —xz)

my
N

+K0(m

—X

)xﬂD G " (ux)

—xz)(ZMIZ — 1Dy Dy G (ux)
—uit(1 —2u)Ko(mv'—x?)x,, DD, G** (ux)

— iuitKo(mv' —x?)€gupx” y"ys D’ Dy G* (ux)
+uity/ —x2K(m —xz)ap“DvDMG”“/’(ux)} +
(12)

where (G - 0) = G, o, oV = (i/2)[y*, y"], and dots
denote the higher powers of the light-cone expansion of G,
and corrections with two and more gluons, which are beyond
the approximation we need. Taking into account the asymp-
totics of the Bessel functions,

1
Komy/ =)~ ~ =g —In () = 3 In(=x?),
VKim/=2) o~ (13)

—0 m
one reproduces the corresponding result in the case of the
massless quark given in [10,11].
We also found that the resulting expression, Eq. (12), can
be rewritten in an equivalent Fourier-transformed form:

d* , + s
R VS L

p*—m* (p*—m
1
x/ |: m(p —m*)(G(ux) - o)
0

2)3

1
+ E(p2 —mH)(@p(Gux) - o) + u(Gux) - o) p)

I This form of the propagator has been derived in the space-like region
of x2. Performing similar calculations for positive x? one can demon-
strate that the propagator is expressed via the Hankel functions of the
second kind H,§2> (z). Nevertheless, the representation (12) can also be
used for positive x> having in mind the following relation between these
special functions:

. T .
Kn(iz) = 5(71)”“ H® (), z>0,
allowing one to continue Bessel functions K, (m~/—x2) to the positive
x2-domain.
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—4uu(p +m)p,D,G"(ux)
1
= 5(? = m?)yuDyG™ (ux)

—2iuu(l — 2u) p, DD, G"* (ux)
+2uii€g vy p? v ys D" Dg G* (ux)

—2muiio,” D, D, G" (ux) + - “ (14)
The first terms of this expression are in full agreement with
the LC-expansion of the massive quark propagator given in
[4], and the terms with the covariant derivative of the gluon-
field strength represent a new result of this paper.

3 Factorizable twist-5 and twist-6 contributions to the
B — & form factor

The starting object for a calculation of the B — & form fac-
tors in the framework of the LCSR approach is the following
correlation function of the B-meson interpolating and the
b — u weak transition currents:

Fu(pog) =i / d*x ¢ (1 (p) | T (i (X) yb (2),

mpb(0)iysd(0)}]0)
= F(@* (p+ 9D pu + F@* (p+ 9D,
(15)

where p is the four-momentum of the pion, ¢ is the out-
going four-momentum, and my is the b-quark mass. For
definiteness, we consider the B) — 7+ flavour configura-
tion. The Lorentz-invariant amplitudes F (g2, (p + ¢)?) and
F(q?, (p+q)?) are used for the calculation of the vector and
scalar form factors. In this paper we focus on an estimate of
the higher twist effects for the vector form factor, hence,
we need to consider only the amplitude F(g2, (p + ¢)?). In
the framework of LCSR approach one considers the corre-
lation function (15) in the kinematic domain q2 < mi and
(p+9? < mi, far from the b-flavour threshold. In this
domain the separations near the light cone dominate and one
can expand the integrand in (15) near x2 =0 (see e.g. [5]).
Contracting the virtual b-quark fields one rewrites (15) in the
form

Fu(p.q) = —mp

x f d*x ' ()i (x) i Sp (x, 0)y5d (0)]0), (16)

where Sp(x, 0) denotes the b-quark propagator expanded
near the light cone.

Currently, the accuracy of the OPE for the correlation
function at leading order in «y is limited by contributions
up to twist-4 terms. In our paper, we focus on a derivation
of the factorizable twist-5 and twist-6 contributions. To this

@ Springer

end, we substitute the LC-expansion of the b-quark propa-
gator calculated in the previous section (see Eq. (12)) and
take only terms proportional to the derivative D, G*V of the
gluon-field strength. The latter are transformed by applying
the equation of motion for the gluon-field strength:

a

A4 A
DG (ux) = —g; Y (q‘(ux)y“;q(ux)) (17)

q 2’

In the above, due to the quark content of the final state
pion, only the terms with u- and d-quark contribute. Apply-
ing the equation of motion (17) yields the matrix elements
of two quark—antiquark operators sandwiched between pion
and vacuum states. These matrix elements generate two dif-
ferent types of contributions. The first ones related to the
four-particle DAs are expected to be negligible [11]. On the
other hand, the contributions of the second type (factorizable)
could have a larger numerical impact on LCSR for the form
factor. In this paper following the same approachasin[11,12]
we restrict ourselves to the factorization approximation and
present the matrix elements of the two quark—antiquark oper-
ators as a product of the dimension-three quark condensate
(gq) and the bilocal vacuum-pion matrix element containing
pion twist-2 and twist-3 light-cone distribution amplitudes
(LCDAS). The latter matrix element can be presented in the
form [5]

(m (It (x1)d) (x2)10)
B

(x1—x2)2—0
I
18" fr

= /dvei”(px‘)Hﬁ(””)([PVs]ﬁa(0(11)

—[s51pa Lr@p (v)

Gl sl 1 ) o) ), (8)
where the upper i, j and lower ¢, B indices are the colour and
bispinor indices of the quark fields, respectively, v = 1 — v,
Jfx is the pion decay constant, and ¢(v) and ¢, » (v) denote
the twist-2 and twist-3 pion light-cone DAs, respectively.

The matrix elements of the two quark fields sandwiched
between the vacuum states can be expressed via the quark
vacuum condensate in the local limit | x| —x2| — 0. Expand-
ing the light quark field g (x) = u(x) or d(x) near the point
x = 0 one can demonstrate that [13]

81 848
12

(012, (x)g}(0)10) ~ (Gq). (19)
where (g¢) denotes the dimension-three light quark conden-
sate, and we assume isospin symmetry, therefore (gq) =
(uu) = (dd). The corresponding contributions of the fac-
torizable twist-5 and twist-6 terms to the OPE for the corre-

lation function are described by diagrams shown in Fig. 1.
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S

Ptq q

(a)

Ptq q

(b)

Fig. 1 Diagrams representing the factorizable twist-5 and twist-6 contributions to the correlation function (15)

They are formed only by the gluon emitted from the vir-
tual b-quark. Gluons emitted from the light d and u quarks
and converted to the quark—antiquark pair represent a gen-
uine long-distance effect which is by default included in the
DAs. Such an implicit separation of long- and short-distance
effects takes place also in the diagrams with three-particle
quark—antiquark—gluon DAs of twist 3, 4.

After factorization the further calculation is straightfor-
ward, albeit lengthy. The final result of the OPE for the cor-
relation function reads

1 1
Cr
t(wOSPE)(q (r+q )—%(qq)Vﬂmbfn/ /dv
0 0

o { (v)|: 1 n 2(1 — 2uu)
v [m3 — (g +uvp)??  [mj — (g + (u+v—uv)p)?]?
4uii q? 4uii m?
) ETERR 2 3}
[my — (g +uvp)*l>  [my — (g + (u+v—wuv)p)?]
u?iv
— 4y
W N wp(v)[[mz G+ up)P
wit(uv — u — v) ]
[mj — (g + (u + v — uv)p)?P

uzﬁ(m% +4¢%
[m} — (g +uvp)?]*
uﬁz(mi + qz)
“o )
[my — (g + (+ v —uv)p)?]

+2urmp 95 (V) |:

(20)

where the contributions of factorizable twist-5 and twist-6
terms are separated. Note that in the above the masses of the
pion and light quarks are neglected, m, = 0 and m, 4 = O,
everywhere except in the parameter ©, = m% /(my, +mg).

In order to estimate the corresponding correction to the
vector B — m form factor one follows the standard pro-
cedure of the LCSR derivation. First of all, one needs to
perform the change of the integration variables in (20) in
order to present the OPE result for the invariant amplitude
F(g% (p+q¢)® asa quasi-dispersion integral in the variable

(p+ q)z. One obtains

Cr
F&P?(q P+ = as<qq>_ﬂl/I1bfn

Jex

=2,3,4

g (g,

o 7 21
(s—(p+ q)z)” @b

where the details of derivation and the explicit expressions
of functions g, (¢, s) are given in the appendix.

To access the vector B — 7 form factor, one writes down
the hadronic dispersion relation for the invariant amplitude
F(q?, (p + ¢)?) in the channel of the bysd current with the
four-momentum squared (p + ¢)2. Inserting a full set of the
hadronic states with quantum numbers of B-meson between
the currents in (15) one isolates the ground state B-meson
contribution in the dispersion integral. To this end, we need
to define the hadronic matrix elements:

imp(B|bysd|0) = m% fg, (22)

(r(p)lgy"b|B(p + q))

2 _mz
= fa (@ | 2p" +(1- qu ) "
m2 —m2
+ £ (gH —E——Tq", (23)

where fp is the B-meson decay constant and f;n (g%) and
fl(z)n (¢®) are the standard B — 7 vector and scalar form
factors. One presents then the amplitude F (g2, (p + ¢)?) as
follows:

2 @Dmifs [ ')
F 2’ 2 — BJT B /d .
@ p+ar m%—(p+q)2+ = +a?
So
(24)

@ Springer



442  Page 6 of 8

Eur. Phys. J. C (2017) 77:442

In the above, the contribution of the excited states and contin-
uum of hadrons with the same quantum numbers as B-meson
is presented in the form of the integral over the spectral den-
sity p" (g2, s). Its contribution can be related with the OPE
result by means of the quark—hadron duality

1
o"(q?,s) = ;ImF@l’E)(qz, ) O(s —s8), (25)

introducing the effective continuum threshold ség . The imag-
inary part of the invariant amplitude Im F OPF) (¢2, (p +¢)?)
in the variable (p 4 ¢)? is easily extracted from (21). In order
to suppress the contribution of the excited states one applies
the Borel transformation, replacing the variable (p + ¢)? by
the Borel parameter M2. Finally, after subtraction of the con-
tinuum contribution the corresponding twist-5 and twist-6
corrections for the vector B — m form factor can be pre-
sented in the following compact form:

}’I’l%/M2 C
[f;n(qz)]twsﬁ = <e—> Ols(CYCD—F?Tmbfn

2m%}f3 Nc
o0
x [ds D7 pulq sisg. M) (26)
,  n=234
mp

with the auxiliary functions p, (qz, S; sg, M 2) taking the
form

(_ )n—l n—1

1 d
on(q?, 5358, MP) = ——— g,(¢%.s)

B_ N,—s/M?
(n—1D)! g 71060~

27)

where the derivatives in s emerge due to the higher power
of the denominator in (21), yielding the surface terms in the
LCSRats = sf.

4 Numerical analysis

In order to estimate the numerical impact of the factorizable
twist-5 and twist-6 terms on the vector B — 7 form factor
we need to specify the input used in the LCSR. First of all, the
values of the B-mesons mass mgo = 5.27931 GeV and the
pion decay constant f; = 130.4 MeV are taken from [14].
The mass of b-quark is used in M S-scheme and we adopt the
interval mp, (mp) = 4.18 £ 0.03 GeV [14]. The value of the
quark-condensate density (gq)(2 GeV) = —(277ﬂ% MeV)3
is taken from [15]. The normalization parameter of the twist-
3 DAS iy is determined by means of ChPT relations and we
use ur(2GeV) = 2.50GeV following [16]. For the renor-
malization scale we use the value u = 3 GeV. The B-meson
decay constant can be extracted from the QCD sum rules
and we apply the value fp = 202MeV corresponding to
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Fig. 2 The factorizable twist-5 and twist-6 corrections to the vector
B — m form factor. The dot-dashed (red) curve is the twist 6. The
dashed (magenta) one is the twist 5 and the solid (blue) curve is the
sum of the two

Table 1 The values of the B — m form factor at two typical values
g% = 0 and ¢> = 10 GeV? and the partial contributions to the LCSR
(in %)

g>=0 g% =10 GeV?

fa(g® 0.301 0.562

Tw2 LO 475 482

Tw2 NLO 6.9 5.9

Tw3 LO 50.0 54.2

Tw3 NLO —4.6 -7.5

Tw4 LO 0.2 -0.8

Tw5 LO, fact —0.034 —0.042

Twé6 LO, fact —0.004 —0.011

the NLO accuracy of the corresponding sum rules [15]. Fur-
thermore, the Borel parameter M and the continuum thresh-
old s(? are taken at their typical values M> = 16 GeV? and
s(? = 37.2GeV? used as central values in the most recent
paper [17].

Concerning the choice of the twist-2 and twist-3 pion DAs,
we restrict ourselves by the asymptotic form ¢(v) = 6vv,
pp(v) = 1 and ¢ (v) = 6vv, sufficient for our accuracy
having in mind that the nonasymptotic corrections to these
DAs are relatively small. Implementing the explicit forms
for the DAs allows one to perform an integration over u in
(34)—(36) and to determine the auxiliary functions g, (qz, s)
entering the LCSR for the vector B — 7 form factor (26).

The numerical results for f Z{n (g®) corresponding to the
above described input are presented in Fig. 2, where the ¢>-
dependence of the factorizable twist-5 and twist-6 correc-
tions is plotted. Note that the corrections grow at large ¢2 as
they should, reflecting the growth of the higher twists effects
in the region of low recoil, where OPE starts to diverge. In
Table 1 we present separate contributions to the LCSR for
the vector B — 7 form factor at two typical values g* = 0
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and ¢> = 10GeV? in order to demonstrate the magnitude of
the factorizable higher twist corrections to the vector B — 7
form factor. We found that in the whole domain of ¢ of the
LCSR applicability the relative contributions of the higher
twist effects do not exceed 0.05% revealing their strong sup-
pression. The obtained result justifies a standard truncation
of the OPE in LCSR up to the twist-4 terms. It is important to
note that one of the sources of such a suppression is the mag-
nitude of the b-quark mass. We also extended the analysis for
the LCSRs for other, B — K and B, — K transition vector
form factors. We found that in all these cases, the factorizable
higher twist effects are also significantly suppressed. The cor-
responding corrections could have more sizeable effects in
the case of D — 7 and D — K from factor due to a smaller
value of the c-quark mass. We plan to perform such analysis
in the future.

5 Conclusion

In this paper we estimate the higher twist effects in the LCSR
forthe B — m vector form factor in the framework of the fac-
torization approximation. To this end, the light-cone expan-
sion of the massive quark propagator including the higher
derivatives of the gluon-field strength is derived. The corre-
sponding expression is in agreement with the leading order
expansion of the massive propagator [4] and in the mass-
less quark limit reproduces the propagator obtained in [10].
Our result has a more general relevance since it can be used
in any other application of LCSR where one needs the LC-
expansion of the massive quark propagator. We derive the
analytical expressions for the factorizable twist-5 and twist-6
contributions to the LCSR for the vector B — 7 form factor.
The relevant numerical analysis reveals that these effects are
extremely suppressed. This justifies the conventional trun-
cation of the operator product expansion in the light-cone
sum rules up to twist-4 terms adopted in the previous LCSR
analyses.
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Appendix

In order to present the OPE result for the correlation function
in the form of dispersion integral we need to perform some
transformations. The integrals

11
2
Inszdvdu an(q,u,v)z , n=2,3,4 (28)
o [m;, — (g + uvp)-]"

result from the diagram (a) of Fig. 1, and

11 _
fn(q29 u, U)

J,,://dvdu )
. [m3—(g+ (u+v—uv)p)2]"

n=2,3,4,
(29)

from diagram (b). The functions f;, (qz, u, v)and fn (q2, u,v)
can easily be read off from Eq. (20). Our task is to present
both I, and J,, in the form of dispersion integral. To this end,
in the integrals I,, of the first type we replace the variable v
by o = uv, and change then the integration order

1

u 1 1
fdu da(...):fdoz/du(...).
0 0 o

0

Afterwards, we introduce a new variable s as follows:

2 612
o= P ui (s, ¢). (30)

Finally, the integrals I, transform to

2_ 2
m, —q
PR 22 g% u s
du (s —g°)*~ u(s —q°)
I, = | ds 7(m2— 1 (s —(p+q)2)"
b= 4% p+4q))
mi ui(s,q%)

3D

For the integrals of the second type J, we perform the
replacements # - 1 —u = 4 and v - 1 — v = v. The
next steps are similar to the previous case and the integrals
J,, finally transform to

P 2 - S_mi
Fofaaeogre M\ G
Jn:/ds/— 9 ,

i (mi—gH=t  (s—(p+q)?)"

m3  u2(s,4?)

(32)
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with us (s, ¢%) defined as

(33)

Note that in the above integrals the dependence on the vari-
able (p + ¢)? is reduced to the denominator in the form
(s — (p +¢)%)". This significantly simplifies the derivation
of the LCSR for the correlation function. With the help of (31)
and (32), the OPE result for the correlation function trans-
forms into the quasi-dispersion form (21) with the functions
gn(g?, 5) listed below:

1
2 1 du
82(q7,8) = —5—— [ —o/u)
my, —q u

ui
1

2 du _
Ll B e N
m; —q u
7]
497 (s — q?) _
2 _
iy
A 1
m _
—%fduuwp(m/u)
m; —q J
3 — ) |
—5 o | dung(uz/u)
(mj —q*)?* )
A 1
[r M }
++2/du”‘;0p(u2/”)» (35)
m; —q

uz

(s —q*)?*m} +q

1
2
) _
g4(q*, s) = 2unmy /duuu 0o (1 /u)
u

(mj — ¢%)?
1
(s = 4> (mp +q%) _
+ 2y B [ i g .
b~ 4 A
(36)

where w12 = uya(s, qz) are already defined in (30) and
(33). Inserting the explicit expressions for the pion LCDAs
o (v), ¢p(v) and @, (v) allows one to perform an integration
over variable u in (34), (35) and (36).

@ Springer
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1 Introduction

Determination of CKM matrix elements from the semileptonic decays of B meson remains
a topical problem. Most importantly, one has to clarify the origin of the tension between
the |Vp| values extracted from the exclusive B — 7wly, and inclusive B — X, fvy decays
(see e.g., the review [1]). The B — 7 vector form factor f7_(¢?) is the only theory input
sufficient for the |V,;| determination from B — 7fr,. This hadronic matrix element is
calculated in the lattice QCD at small recoil of the pion (at large ¢?) or from QCD light-
cone sum rules (LCSRs) at large recoil of the pion (at small and intermediate ¢2).

Apart from increasing the accuracy of the form factor calculation, it is important
to extend the set of “standard” exclusive processes used for |V,;| determination. The
Bs — K*(— Kmr)lyy decay, as one possibility, was discussed in [2]. A simpler process
is the By — K{v; decay, where the data are anticipated from LHCb collaboration. Our
first goal in this paper is to provide this decay mode with a hadronic input, updating the
calculation of the By — K form factors from LCSRs. This method [3-5] is based on the
operator-product expansion (OPE) of a correlation function expressed in terms of light-
meson distribution amplitudes (DAs) with growing twist. The violation of the SU(3) s
symmetry in B; — K with respect to B — 7 transition emerges in LCSRs due to the
s-quark mass effects in the correlation function, including the asymmetry between the s-
and {u,d}-partons in the kaon DAs. Earlier LCSR results on the Bs — K form factors can
be found in [6], where the NLO corrections to the correlation function computed in [7] were
taken into account. In this paper we update the LCSRs for f 1—32 K(qQ) and also for the tensor
form factor fgs K(q2). In particular, we correct certain terms in the subleading twist-3,4
contributions to LCSRs for both vector and tensor form factors. In parallel, we recalculate
the B - K and B — w form factors using a common set of input parameters, e.g., the
updated [8] 2-point QCD sum rule for the decay constants fp and fp,. Importantly, the
twist-5,6 corrections to the LCSRs estimated by one of us [9] are negligibly small, ensuring
the reliability of the adopted twist < 4 approximation.



The calculated form factors are then used to address the second goal of this paper:
determination of CKM parameters from the flavour-changing neutral current (FCNC) de-
cays B — K{t¢~, B — nl™¢~ and Bs — K{1{~. Recently, |V;4|, |Vis| and their ratio were
determined by LHCD collaboration [10] from the measured B — 7¢*¢~ and B — K{1{~
partial widths. We suggest to make the extraction of CKM parameters from these decays
more accurate and comprehensive. As well known, in addition to the semileptonic form
factors, the hadronic input in FCNC decays includes also nonlocal hadronic matrix ele-
ments emerging due to the electromagnetic lepton-pair emission combined with the weak
transitions. These hadronic matrix elements in the B — 7¢*¢~ decay amplitude are mul-
tiplied by the CKM parameters other than V4, making the determination of the latter not
straightforward. We take into account the nonlocal hadronic effects in B — K¢T¢~ and
B — wf* ¢~ employing the methods used in [12, 13] and originally suggested in [11]. The
nonlocal hadronic matrix elements are calculated at spacelike ¢2, using OPE, QCD factor-
ization [14] and LCSRs, and are then matched to their values at timelike ¢? via hadronic
dispersion relations. The results of this calculation are reliable at large hadronic recoil,
below the charmonium region, that is, at ¢ < m% o Here we also extend the calculation
of nonlocal effects to the previously unexplored channel By, — K/{1T/~.

The binned widths and direct C P-asymmetries of FCNC semileptonic decays are then
expressed in a form combining the CKM parameters with the quantities determined by the
calculated hadronic input. Here we find it more convenient to switch to the Wolfenstein
parametrization of the CKM matrix. In this form, three observables: the width of B —
K¢t ¢~, the ratio of B — 7w¢™¢~ and B — K/¢T/¢~ widths and the direct C P-asymmetry
in B — wfT¢~, are sufficient to extract the three Wolfenstein parameters A, n and p from
experimental data, provided the parameter )\ is known quite precisely. Two additional
observables for the same determination are given by the yet unobserved B, — K/ ¢~ decay.
The current data on the B — K{T¢~ and B — 7T/~ decays are not yet precise enough
to yield the CKM parameters with an accuracy comparable to the other determinations.
Hence, here we limit ourselves with the Wolfenstein parameters taken from the global CKM
fit and predict the binned observables of all three FCNC decays in the optimal interval
1.0 GeV? < ¢ < 6.0 GeV? of the large recoil region.

In what follows, in section 2 we specify and discuss the hadronic input and observables
in the exclusive semileptonic B(y) decays. In section 3 we present the numerical results
and section 4 is devoted to the final discussion. In the appendices, we briefly recapitu-
late the calculation A of the form factors from LCSRs and B of the nonlocal hadronic
matrix elements.

2 Observables in semileptonic B, decays and CKM parameters

The form factors of semileptonic transitions of B-meson to a light pseudoscalar meson

P =7, K are defined in a standard way:

2 2 2 2

(P(0)|a7"b|B(p+)) = Fip(d?) [2pﬂ+ (1—7”3;2’"1’)qﬂ] ) B ¢ (21)

i T 2
(POlao a5 0+) = L2 oy (2 i) )] (22)



where p# and ¢* are the four-momenta of the P-meson and lepton pair, respectively, and
the vector and scalar form factors coincide at ¢ = 0, that is, f5,(0) = f%,(0).

We start from the weak semileptonic decay B, — K1¢7,, where the hadronic input for
¢ = e, p in the my = 0 approximation is given by the vector form factor fgg k- We use the
following quantity related to the differential width integrated over an interval 0 <@ < qg :

q2

1 /Od ,dB(B, — K*+l5)
dq?

a3
2
Ao 0,03) = 5 / da*p x| 5k (D)2 = L @23)
0

Vb 7B,

0
where the ¢?-dependent kinematical factor pgp = [(m% + m% — ¢*)?/(4m%) — m%)Y/? is
the 3-momentum of P meson in the rest frame of B meson. Our choice for the integration
interval is g2 = 12.0 GeV?, covering the region where the LCSRs used for the calculation
of the form factors (see appendix A) are valid. The same interval was adopted for the
analogous quantity A¢p[0,g3] for B — 7lv, calculated in [15, 16]. The numerical estimate
of A(p, i [0,q3] presented in the next section can be directly used for |V,;| determination,
provided the integrated branching fraction on the r.h.s. of eq. (2.3) is measured.

Turning to semileptonic decays generated by the b — s(d)¢T¢~ transitions (£ = e, u),
we use a generic notation B — P¢t¢~ for the three channels: B~ — K ¢t¢/~, B~ —
7 ¢t¢~ and By — K% *¢~,' denoting the C'P conjugated channels by B — P¢*¢~. The
decay amplitude can be represented in the following form:

GFr aem

A(B — POt = N
™

{ [qu)fgp(qz)CBP(QQ) + )\gQ)dBP(QQ)} 4"0) py
+ )\gq)clofgp(qQ) EFY'U"}/E)E) p“} s (24)

where )\(q) = VoV (p = u,¢,t; ¢ = d, ), my = 0, and we use unitarity of the CKM matrix,

(q)

fixing hereafter \. ()\Eq) + )\q(f)). In eq. (2.4) we introduce a compact notation:

() (.2
2(my, +myg) ot [p(4%) 2 Hpp(q”)
cep(q®) = Co + Cs + 1672 B2 (2.5)
mp+mp fEP(QQ) fep(a®)
where m, is the mass of d or s-quark and
dpp(q?) = 167 (Hh(a®) — Hip(a%)) (2.6)

In addition, we introduce the phase difference of the hadronic amplitudes defined above:

Spp(q°) = Arg(dpp(q?)) — Arg(cpp(d?)). (2.7)

In eq. (2.4) the dominant contributions of the operators Og 19 and O7, of the effective
Hamiltonian (see appendix B) are expressed in terms of the vector and tensor B — P

LFor simplicity we consider a transition into the fixed flavour state K° which is easy to convert to K,
if needed.



form factors, fp(q?) and fLp(g?), respectively, defined in egs. (2.1) and (2.2). The am-
plitudes Hgﬁ)(qQ) parametrize the nonlocal contributions to B — P¢T{~, generated by
the current-current, quark-penguin and chromomagnetic operators in the effective Hamil-
tonian, combined with an electromagnetically produced lepton pair. The definition of
nonlocal amplitudes is given in appendix B, where also the method of their calculation
is briefly explained. In refs. [11, 12], this part of hadronic input was cast in the form of
an effective (process- and ¢?-dependent) addition ACPF (¢?) to the Wilson coefficient C.
Here, as in ref. [13], we find it more convenient to separate the parts proportional to /\q(f)
and A9 = — (A9 1 \@),

Squaring the amplitude (2.4) and integrating over the phase space, one obtains for the
¢*>-binned branching fraction, defined as:

q% _
- _ 1 dB(B — P{T(7)
BB = Pl ) = o [af 28)
2 4 ”
the following expression:
5 +p-1.2 2 G%agm])\iq)ﬁ 2 2 2 2 2
B(B— Pl [q1,q ]):W Ferlai, ¢]+rDeplar, ¢ (2.9)

+2kq (COquCBP[Q%,qg] —sinéqSBP[Q%,QSD }TB,

where the ratio of CKM matrix elements is parametrized in terms of its module and phase:

A\ Vs Vi, ,

D= M = e =d 2.10
Kg €™, ,8), .

)\gq) thvtz q (q ) ( )

and we use the following notation for the phase-space weighted and integrated parts of the
decay amplitude squared:

%
1 2
Farlat i) = s [ e el 0P (Jemp (@] + Cuol). (2.11)
95 — 41 a
ai
1 “
. 2
Dpplai, 43) = H/dQQPSBP ldsp ()|, (2.12)
q5 — 41 )
qi
%
1
Cprldi, a3l = q?_qQ/dfprp \fhp(@*)ep(a)dBp(a?)| cosdpp(q?) , (2.13)
2 1
@
1 “
Sprldi, 4] = M/dQQPSBP | fhp(@®)esp(@®)dBp(¢?)|sindpp(q?) . (2.14)
2 1
ai



The binned branching fraction for the C'P-conjugated mode B — P{¢T ¢~ is obtained from
eq. (2.9) by changing the sign at the term proportional to sin &,.
Furthermore, we consider two binned observables: the C' P-averaged branching fraction:

Bppldi.a3) = - B B— Pt ¢ [¢,¢3]) + B B — Pttt [¢},¢3]))

N —

GhoZul NP > 24 2D [ .03
- 13121—775 Fap 4t @3] + £ Ppp (a1, 62] + 264 058, Crp |01, 62] 7B,
(2

.15)
and the corresponding direct C'P-asymmetry:

B(B — Ptt0=[q2, ¢@]) — B(B — Pt+i—[¢2, ¢3))

B(B — Pl+i-[g?, ¢3]) + B(B — Pt+1=[¢2,¢2))

_ —2Kgsin gq SBP[Q% qg]
Frrlai, ¢3] + w2 Dpplai, ¢3) + 2k, cos & Crplat, ¢3)

Agpldi, @3] =

(2.16)

In egs. (2.15) and (2.16) the CKM-dependent coefficients are conveniently separated from
the quantities Fgp, Dpp, Cep, Spp, which contain the calculable hadronic matrix ele-
ments, Wilson coefficients and kinematical factors. In the next section we present numerical
results for these quantities for a definite ¢?-bin in the large-recoil region. “

Turning to the observables for the specific decay channels, we neglect \y”, hence, put
ks = 0 and obtain for B — K¢t¢—:

GZa2, A2

Bekldi, 63 =

with vanishing CP asymmetry. For B~ — 7 ¢t/ and its C'P-conjugated process both

observables,
Berlai, a3) = (w {JTBN 4t 43] + K3 Dpxlat, 3] + 24 cos & Cprlat, 3] }TB :
(2.18)
and

—2kg sin&y SBW[Q%? q%]
Ay q27q2 _ , 2.19
<141 3] Foalds, 2] + ,ig Dprla?, ¢3] + 2kq cos€qCprld?, 3] ( )

are relevant. The corresponding observables Bp.r[q?,q5] and Ap, kl¢?,¢5] for Bs —
KO*¢~ and its CP-conjugated mode are given by the expressions similar to
egs. (2.18), (2.19), with Bw replaced by BsK. Here we do not consider the decays
B — K%*¢~ and B — 7%*¢~, which are the isospin counterparts of, respectively,
B~ — K ¢*{~ and B~ — 7 {T(~ and can be treated in a similar way (see [12, 13]).
We also postpone to a future study the time-dependent CP-asymmetry in the By —
KOt ¢~ decay.

Dividing eq. (2.18) by eq. (2.17), we notice that an accurate extraction of the ratio
|Via/Vis| from the ratio of branching fractions Bpx|[¢?, ¢3]/Bpx[q?, q3] can only be achieved



if the contributions of process-dependent nonlocal effects are taken into account for both
decay modes. Moreover, this ratio depends also on the other CKM parameters, most
importantly, on the V;, value.?

Here we suggest a different, more systematic way to extract the parameters of CKM
matrix from the observables (2.17)—(2.19). First of all, we find it more convenient to switch
to the four standard Wolfenstein parameters A, A, p and 7 defined as in [17]. The relevant
CKM factors can be represented as follows:

A = _AN?, (2.20)
(d)
Ais) = % =M/ (1—p)2+n?, (2.21)
)\t ts
(d) * ) 2 _ 2 _
ALd _ Vuqu*d — gl — (1 B A> p(1—p) s} (2.22)
AD VeV 2) (I=p3+n
so that
N\ V(= p) =17 + P
—(1-2 , 2.23
a=(1-7) 229
: -1 p(1—p) —7n?
sinéy = , cos&g= , (2.24)
V(1 = p) —n?)% +n? Vel —p) —n?)2+n?

where we neglect very small O(\*) corrections to these expressions.?

Hereafter, we suppose, that the parameter A, precisely determined from the global
CKM fit [17], is used as an input. Then, it is possible to extract all three remaining
Wolfenstein parameters combining the three observables (2.17)—(2.19) for semileptonic
FCNC decays. First, the parameter A is determined from the binned branching fraction
of B— K{t{~, as follows after substituting eq. (2.20) in eq. (2.17):

1/2 1/2
A= (19271-5)1/2 1 BBK [Q%v q%] ' (225)
GraemN \ Ferld?, 43 B

Then, combining the ratio of the B — 7¢™¢~ and B — K/{™¢~ binned branching fractions
with the C'P-asymmetry of the pion mode, and employing egs. (2.21), (2.23) and (2.24),

we obtain for the parameter n the following relation:

1 Tk (6,43 o oy Bor (6,43
= Apn [2, g3 22 U0 22) 2.26
T= -2 (8B7r [4}, 43 (41, 2] Bai [}, 43] (2.26)

*Note that in the analysis of B — ¢~ and B — K{T¢~ presented in [10] these effects are not
explicitly specified.

3This is consisent with neglecting the O(AS)) ~ O(A!) terms in the B — K¢*¢~ amplitude. These
terms contain nonlocal effects generated by the u-quark loops and calculable within our approach. Hence,
achieving the O(\?) precision is possible in future.



Parameter Ref.
Gp = 1.1664 x 107° GeV?;  aem = 1/129
as(myz) = 0.1185 4 0.0006; as(3 GeV) = 0.252 [17]
my(mp) = 4.18 £ 0.03 GeV; (M) = 1.275 £ 0.025 GeV
ms(2 GeV) = 95 + 10 MeV
p=3.0102GeV

fr =130.4MeV; fr = 159.8 MeV [17]
a5 (1GeV) = 0.17 £ 0.08; aj(1GeV) = 0.06 & 0.10 [15]
af(1GeV) = 0.10 + 0.04; af (1GeV) = 0.2540.15 [18, 19]

pr(2 GeV) = 2.50 £0.30 GeV; ur (2 GeV) = 2.49 +0.26 GeV | [18, 20]
M? =16 +£4GeV? (M? = 17+ 4GeV?) [in B(Bs)-channel] [15]
Ap = 460 + 110 MeV [30]

M? =1.0+£0.5GeV?; 7 =0.7GeV?; s =1.05GeV? [11]

Table 1. Input parameters used in the numerical analysis.

Finally, after 7 is determined, the parameter p can be extracted from the ratio of branching
fractions (2.18) and (2.17) written explicitly in terms of 7 and p:

BBW[Q%?‘@] _ )‘2
Beklai.43)  Fekldi, 3]

( (1= )+ 2] Fie [a}, a3]

[p(1—p) —?)" + ( A2

2
2 2
i (1—p)*+n? b ) Do [a1:02]

2
2

+2[p(1—p)—7n’] (1 - )‘2> Chrlai, qg]> : (2.27)

Similar relations for the By — K/{1t¢~ decay, obtained by replacing Bm — BsK in
egs. (2.26) and (2.27), provide an additional source of these parameters.

3 Numerical results

The most important input parameters used in our numerical analysis are listed in table 1.
In particular, the electroweak parameters, the strong coupling and the meson masses are
taken from [17]. For the quark masses in MS scheme, entering the correlation functions
for QCD sum rules, we adopt, following, e.g., [8], the intervals covering the non-lattice
determinations in [17]. We put m, 4 = 0, except in the combination j,(x) = mfr( K) /(my, +
mg(s)) entering the pion and kaon DAs. In LCSRs, parameters of the pion and kaon
twist-2 DA’s include the decay constants, and the Gegenbauer moments aj, and an.
Normalization of the twist-3 DAs is determined by (i g, where the ChPT relations [20]
between light-quark masses are used (see e.g., [18]). The remaining parameters of the



Transition f3p(0) bIL( BP) Correlation
B, - K |0.336 £0.023 | —2.53 £1.17 0.79
B— K 0.395+£0.033 | —1.42£1.52 0.72
B— 0.301 £0.023 | —1.72+1.14 0.74

Transition fL-(0) blT( BP) Correlation
Bs — K |0.320+£0.019 | —1.08 £1.53 0.74
B—K |0.381+£0.027 | —0.87+£1.72 0.75
B—r 0.273+0.021 | —1.564 £1.42 0.78

Table 2. The fitted parameters of the z-expansion (3.1) for the vector (upper panel) and tensor
(lower panel) B — P form factors at 0 < ¢ < 12.0 GeV? calculated from LCSRs.

twist-3 and twist-4 DAs, not shown in table 1 for brevity, are taken from [21], they were
also used in [11, 15, 18]. Furthermore, in LCSRs the renormalization scale 1 and the Borel
parameters M for the sum rules with B (B;) interpolating current quoted in table 1 are
chosen, largely following [15]. The effective quark-hadron duality threshold is determined
calculating the B(,-meson mass from the differentiated LCSR. The decay constants fp
and fp, entering LCRSs are replaced by the two-point sum rules in NLO, their expressions
and input parameters (in particular, the vacuum condensate densities) are the same as
in [8]. The intervals obtained from these sum rules in NLO are fg = (20273%) MeV,
fB. = (22273%3) MeV. Note that the above uncertainties are effectively smaller in LCSRs
(eq. (A.4) in appendix A) due to the correlations of common parameters.

Using the input described above, we obtain the updated prediction for the By — K
vector and tensor form factors in the region 0 < ¢ < 12.0 GeV? where the OPE for LCSRs
in the adopted approximation is reliable (see appendix A). In parallel, we also recalculate
the B - K and B — 7 form factors. For convenience, we fit the LCSR predictions for the
B — P form factors in this region to the two-parameter BCL-version of z-expansion [22]
in the form adopted in [18]:

@ =20 L, e - 0+ 5 (=64 = 2001 (3.1)
Bp \4 _1_q2/m232{> 1(sp) |?4 z 5 z2(q z , .
where
()= Y Z T~V T (3.2)
Vi =@+ Vi =t
ty = (mB + mp)2, to = (mB + mp) . (\/mi — \/TTP)Q, (3.3)

and the pole mass in eq. (3.1) for By - K, B — 7 (B — K) form factors is equal to mp-
(mpy). The fitted parameters of the vector and tensor form factors and their correlations
are presented in table 2. Note that, adopting a more complicated z-expansion with more
slope parameters, only insignificantly changes the quality of the fit, and reveals strong



correlations between these parameters. In any case the actual form of parametrization
does not play a role as soon as we stay within the ¢?-region where the form factors are
directly calculated from LCSRs. Our results for the form factors are also plotted in figure 1,
where the error bands correspond to the uncertainties of the fitted parameters shown in
table 2. For comparison, we also show in the same figures the extrapolations of the recent
lattice QCD results obtained at large ¢ (low hadronic recoil) and continued to the small
¢? region using the z-series parametrization. For the vector B, — K form factor this
extrapolation was obtained by HPQCD Collaboration [23]. The same form factor was also
calculated by ALPHA Collaboration [24] at a single large-¢? value. For the vector and
tensor B — K form factors we compare our results with the extrapolations obtained from
Fermilab Lattice and MILC Collaboration results [25], to which the HPQCD Collaboration
results [26] are very close (not shown here). Finally, the low-¢? extrapolations of the lattice
B — 7 vector and tensor form factors are taken from [27] and [28], respectively.

The knowledge of the B; — K vector form factor at large recoil enables us to calculate
the quantity defined in eq. (2.3). The result

Alp,x [0,12GeV?] = 7.0370 13 ps™! (3.4)

can be directly used for |V,;| determination, provided the differential width of By — K/{v,
integrated over the same bin is measured. For comparison we recalculate the same quantity
for B — mlyy:

Alpr[0,12GeV?] = 530708 ps! (3.5)

which is, as it should be, very close to the interval predicted in [16]. The latter interval
is somewhat narrower than (3.5), reflecting the statistical (Bayesian) treatment applied
in [16] which generally produces less conservative errors. In the future, when sufficiently
accurate data on By — K/v, become available, a global statistical treatment of all B — P
form factors is desirable.

Comparing our results in table 2 with the earlier LCSR calculation [6] of the B — K
and B; — K form factors, we emphasize that, albeit the numerical results look close to
ours, there are differences in the subleading twist-3,4 terms. We follow ref. [18] where these
terms have already been discussed and corrected. Also, as compared to [6], we use slightly
different B,y decay constants and twist-3 normalization parameter k.

Furthermore, the interval for our updated result for the B — K vector form factor in
table 2 lies somewhat above the previous LCSR prediction [11], f1,(0) = 0.3470 03, mainly
due to the smaller value of fp from the two-point sum rule used here and due to the slightly
smaller value of the effective threshold in LCSR used in [11]. On the other hand, in the
LCSR for fL,(¢®) some minor corrections, implemented here in the subleading twist-4
terms, largely compensate the shift caused by the B-decay constant, so that our result in
table 2 is close to f5,(0) = 0.3915:05 obtained in [11].

Turning finally to the LCSR result for the vector B — w form factor, which was
updated several times in past, let us mention that although we use the same analytical
expressions as in ref. [7], the input parameters such as p, (determined by the light quark
masses) and Gegenbauer moments a3, a] became more accurate, leading to a narrower
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Figure 1. The vector (tensor) form factors of B, — K, B — K and B — = transitions calculated
from LCSRs including estimated parametrical uncertainties are shown on the upper, middle and
lower left (right) panels, respectively, with the dark-shaded (green) bands. Extrapolations of the
lattice QCD results for B; — K [23], B — K [25] and B — 7 [27, 28] form factors are shown with
the light-shaded (orange) bands.

interval of our prediction, compared to the interval 7 (0) = 0.267003 obtained in ref. [7].

The central value of the latter is somewhat below the one we present in table 2, since we
use a smaller (larger) central input value of fp (of pr). In ref. [7] one can also find a
detailed comparison with the LCSR B — 7 form factor obtained earlier in ref. [29].

We turn to the numerical analysis of B — P{T/~ observables, where the B — P form
factors obtained above are used. We recalculate the nonlocal amplitudes, following [12, 13].
In appendix B a brief outline of the calculational method is given. Here we need some
additional input parameters. The most important are: the inverse moment \p of the B-
meson DA (we assume Ag, = Ap) and the Borel and threshold parameters in 7, K channel

~-10 -



Coefficent | 4t =2.5GeV | 4 =3.0GeV | p=4.5GeV
cett —0.332 -0.321 —0.304
(-0.356) (-0.343) (-0.316)
Cy 4.070 4.076 4.115
(4.514) (4.462) (4.293)
Cho —4.122 -4.122 —4.122
(-4.493) (-4.493) (-4.493)

Table 3. Wilson coefficients of the FCNC operators at next-to-leading (leading) order in a; used
in our numerical analysis at various scales.

Decay mode | Fpp[1.0,6.0] | Dpp[1.0,6.0] | Cpp[1.0,6.0] | Spp[1.0,6.0]
B~ — K0t~ | 75.0159%° — — —
B~ =m0t~ 47.7%5 16.1135%, 14.3778 —9.8%7

By — KOt¢~ 61.0752 7.8152 ~12.97%7 34738

Table 4. The parts of the B — P{T¢~ amplitudes squared, as defined in eqs. (2.11)-(2.14), in the
units [GeV?3], for the bin [1.0 GeV?, 6.0 GeV?].

in the LCSRs for the soft-gluon emission contributions. They are displayed in table 1. The
same input parameters for the pion, kaon and B-meson DAs as the ones given in table 1
serve as an input in the hard-gluon contributions for which we use the QCD factorization
expressions [14] at spacelike ¢.

The effective FCNC Hamiltonian (see eq. (B.1) in appendix B) is chosen as in [13]
(see table V there), with all Wilson coefficients C; taken at leading order in «,. This
accuracy is sufficient for C;_g, C$® entering the nonlocal hadronic amplitudes, having in
mind the overall accuracy of our method for these amplitudes. At the same time, the
numerically large Wilson coefficients Cy, C'p and C";H of the FCNC operators multiplying
the factorizable parts of the decay amplitudes, have a noticeable impact on the observables.
Therefore, we adopt here the values of these coefficients at the next-to-leading order in aj
(see table 3).

For completeness and future use, in appendix B the numerical results for the separate
nonlocal amplitudes Hg}; and Hg} defined as in eq. (B.2) are presented in figures 2,
3, 4. Combining these results with the form factors, we compute the quantities defined in
eq. (2.9) for a single bin [¢?,¢2] = [1.0 GeV?,6.0 GeV?] which optimally covers the part
of the large-recoil region. The results are collected in table 4, where the (uncorrelated)
uncertainties are obtained by adding in quadrature the individual variations due to changes
of input parameters.

Note that the binned quantities Fpp are not much sensitive to the magnitude of the
nonlocal amplitudes Hg})(qQ), which enter the numerically subleading contributions to the
coefficients cpp(q?). Hence, the differences between Fpr, Fgr and Fp, ¢ in table 4 roughly

- 11 -



Decay mode B~ = K00~ BT — a0t~ B, — KO+i~
Measurement Bpk[1.0,6.0] Bpr[1.0,6.0] Bp.k[1.0,6.0]
or calculation

Belle [31] 2.72 7095 + 0.16 — —

CDF [32] 2.58+0.36 +0.16 — —

BaBar [33] 2.721058 +0.06 — —
LHCb [10, 34] 2.424+0.740.12 | 0.09110-550 4 0.003 —
HPQCD [38] 3.624+1.22 — —

Fermilab/MILC [28, 39] 3.49 4 0.62 0.096 + 0.013 —
This work 4.38709240.28 | 0.13175:023 4 0.010 | 0.15475012 +0.011

Table 5. Binned branching fractions in the units of 1078 GeV ™2 defined in eq. (2.15) for the bin
[¢3,¢3] = [1.0 GeV?—6.0 GeV?]. The first (second) error in our predictions is due to the uncertainty
of the input (only of the CKM parameters).

reflect the ratios of the corresponding form factors. On the other hand, the remaining
binned quantities Dgp, Cgp and Sgp are essentially determined by the nonlocal effects in
B — P¢t{~. In particular, the large differences between Dpy, Cpr, Spr and Dp, i, Cp. K,
S,k emerge mainly due to the enhancement of the weak annihilation mechanism in the

u)

nonlocal amplitude 7_[5%@2) for B~ — m¢*t¢~ [13]. The same mechanism does not play

a role in the amplitude Hg‘}K((f) contributing to By — K%*¢~, due to a different quark
content of the initial By meéon, and due to a suppressed combination of Wilson coefficients.

As shown in the previous section, the binned quantities Fgp, Dpp, Cep, Spp can in
principle be used for an independent determination of the Wolfenstein parameters A, n and
p from the combination of observables measured in B — P{T¢~ decays. The important
role in this determination is played by the direct C'P-asymmetry in B — 7¢™¢~ which
is not available yet in the large-recoil region bins. Hence, here we limit ourselves by an

inverse procedure. Taking the values of all Wolfenstein parameters

A = 0.22506 +£ 0.00050, A =0.811 £ 0.026,
2

A2 A
p=p (1 — 2) =0.12470019, = (1 — 2) = 0.356 £ 0.011, (3.6)

from the global fit of CKM matrix [17] and using the calculated hadronic input from table 4,
we predict the values of the binned branching fractions presented in table 5 and the binned
direct C P-asymmetries:

Apr[1.0,6.0] = —0.15%017,  Ap,k[1.0,6.0] = —0.0470:0 . (3.7)

The numerical results for the B — K{™¢~ and B — w¢T{~ decays presented here
update the previous ones obtained, respectively, in [12]* and [13].

4Note that the branching fractions given in the literature are adjusted to our definition, which implies
division by the width (¢ — ¢}) of the bin.
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4 Discussion

In this paper we updated the LCSR predictions for the By — K form factors in the large
recoil region of the kaon. We predicted the ratio of the integrated B; — K /v, decay width
and |Vy;|?. Our result can be used to determine this CKM matrix element from the future
data on By — K/{v, in the kinematically dominant large recoil region.

We also calculated the hadronic input for the branching fractions and direct CP-
asymmetries of B — P¢T¢~ FCNC decays in the large recoil bin 1.0 < ¢ < 6.0 GeV2. Our
results include the B — P form factors and nonlocal hadronic matrix elements, all obtained
in the same framework and with a uniform input. The LCSRs used in this calculation
take into account the soft-overlap nonfactorizable contributions to the form factors and
nonlocal amplitudes. Extending the application of LCSRs to other nonlocal contributions
represents an important task for the future. For example, as discussed in more detail
in [13], the weak annihilation contribution which is important in the B — w¢T¢~ decay
can be obtained from LCSRs with B-meson DAs, alternative to QCD factorization and
potentially including subleading effects.

Furthermore, we suggested a systematic way to extract the CKM matrix elements,
cast in a form of the Wolfenstein parameters, from the combination of observables in
B — P{T¢~ decays, independent of the other methods involving the nonleptonic B-decays
and/or B — B mixing.

Note that an independent extraction of CKM parameters is also possible from other
modes of FCNC exclusive B-decays, such as B(s) — Vv or By — VIt~ , where V = K*, p.
The corresponding combinations of observables demand, apart from B — V form factors,
a dedicated calculation of all relevant nonlocal hadronic matrix elements. For this not
yet accomplished task, a variety of methods combining QCD factorization with various
versions of LOSRs may prove to be useful. In case of radiative decays the sum rules with
photon and vector-meson DAs and heavy-meson interpolating currents can be also of use
(for previous works in this direction see [35-37]).

In table 5 we compare our results for the binned branching fractions* with the ex-
perimental measurements and lattice QCD predictions [28, 38, 39]. In the lattice QCD
studies of B — P¢t{~ decays, as explained in detail in [39], the nonlocal contributions
cannot be calculated in a fully model-independent way. Instead, the (continuum) QCD-
factorization [14] in the timelike region of ¢? is employed. Let us also mention in this
context the earlier estimates of B — K¢ [40, 41] and B — wl{ [42] where the QCD-
factorization approach was used combined with various inputs and extrapolations for the
form factors.

As seen from table 5, the theory predictions for the B — K/*{~ branching fraction
reveal some tension with the experimentally measured values, making this observable an
important ingredient of the global fits of rare B decays (see e.g., [43]). Adding the charac-
teristics of B — m¢*¢~ and B, — K{T/¢~ decays to the set of fitted observables will further
extend the possibilities to test the Standard Model in the quark-flavour sector. The fact
that these very rare B-decay modes are within the reach of LHCb experiment, makes this
task realistic.
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A LCSR calculation of the B — P form factors

The LCSRs for B — P (P = m, K) form factors at large recoil of P (parametrically, at
P < mz) are derived from the correlation function of the weak flavour-changing current
and B-interpolating quark current, sandwiched between the vacuum and on-shell P-state:

Fp(p.q) = i/d4w€iqz<P(p)!T{Q1($) “b(x), (mp + Mg, )b(0)i52(0) }0)

_ | Fsr(@® (0 + )" + Fpp(@®. (0 +0)))a", # =",
) FEp(e? 2) [42 o (A.1)
FEp(a®, (p+)?) [a*p" — (a-p)g"] | H= _jghvg,

where the quark-flavour combination ¢; = u, go = s corresponds to the B, — KT weak
transition; ¢ = s, ¢ = v and q; = d and g2 = u (g2 = s) correspond, respectively to the
B~ — K~ and B~ — 7~ (Bs; — K% FCNC transitions.

The invariant amplitudes Fgp(q?, (p + ¢)?) and FLn(¢% (p + ¢)?) in (A.1) are used
to derive the LCSRs for the vector f3,(¢%) and tensor f},(¢?) form factors, respectively.
At ¢? < mg and (p + ¢)? < mg the OPE near the light-cone z? ~ 0 is applied for the
correlation function (A.1) and the result is cast in a form of convolution, e.g.,:

FOP(@ 0+ 0P =Y / Du ( ))TW A(p+9)% {ui)ely ({wih, ), (A2)

+=2,3,4," k=0,1,..

where T,gt) are the perturbatively calculable hard-scattering amplitudes and gog)(ui) are

the P-meson light-cone distribution amplitudes (DAs) of the twist ¢ > 2. The variables
{u;} = {u1,us,...} are the fractions of the P-meson momentum carried by the constituents
of DAs and Du = §(1 — Y, u;) [[; du;. In eq. (A.2) the same renormalization scale p is
used for DAs and for the QCD running parameters in the adopted M S scheme.

The terms in the eq. (A.2) that correspond to higher-twist light meson DAs are sup-
pressed by inverse powers of the b-quark virtuality ~ ((p + ¢)*> — m?) ~ Amy, where
A > Aqcp does not scale with my,. The adopted approximation for the correlation func-
tion includes LO contributions of the twist 2,3,4 quark-antiquark and quark-antiquark-
gluon DAs. For the kaon DAs the O(m?%) ~ O(m;) accuracy is adopted. The factorizable
parts of twist-5,6 contributions to LCSRs for B — P form factors were calculated by one
of us [9] and their numerical impact on the total invariant amplitude was found negligible,
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< 0.1% of the total. This strengthens the argument for using a truncated twist expansion
to the accuracy t = 4.
The NLO O(as) corrections to the twist-2 and (two-particle) twist-3 hard-scattering

amplitudes T1(2’3)

are taken into account. In the latter we neglect the s-quark mass, hence,

the double suppressed O(asms/A) effects. We use the expressions for OPE derived in [7]

extending them to the B — K and By — K cases (see also [18]). We do not include the
O(o) estimate of the twist-2 O(a?) contribution to the twist-2 hard-scattering amplitude

calculated in [44], since the resulting effect in LSCR is very small and does not yet represent

a complete NNLO computation of T} @

(OPE)( ,(p+¢)?) and Fp 2 ,(p+¢q)?) is matched to the

hadronic dispersion relation for the correlation function (A.1) in the variable (p + ¢)%. To

The analytic result for F’ OPE)(

apply quark-hadron duality one needs to transform the calculated invariant amplitudes to
the form of dispersion integral,

FSROPE (2 (p + )%) =

(1)OPE) (12
ImFy
/ ds (7, 5) (A.3)

. 8—(p+q)2
my

We equate the contribution of the excited and continuum B-states in the hadronic dis-
persion relation to the part of the above integral at s > sgg , where 853 is the effective,
process-dependent threshold. The integral at s < 569 is then equated to the contribution
of the ground-state of B-meson. The subsequent Borel transformation with respect to the
variable (p+ ¢)? exponentiates denominators, so that, e.g., 1/[s — (p+q)?] — e=5/M*  Here
M? is the Borel parameter chosen so that M? ~ Amy ~ u? guarantees a power suppression

of higher-twist contributions. One finally obtains the LCSRs for the B — P form factors:

emB/M? | ¥
OPE —s 2
fiplg?) = S /dlm@w (@, s)e M

2meB s
my
B
s (%) = (mp +mp)e mp/M? 1 /dsI W (OPE)( 9 s)e*s/W (A1)
BP\4 2m23fB . BP q, . .

mg

B Nonlocal contributions to B — P£+¢—

The effective weak Hamiltonian of the b — ¢¢™¢~ transitions (¢ = d, s) generating the
B — P{1{~ decays has the following form in the Standard Model (see e.g., the review [45]):

4G . .
H§;q2é< Zoo +/\Q)ZCO )\(Q)ZCO>+hc (B.1)

i=1 1=3

where )\I(;Q) = VpVpys (P = u,c,t) are the products of CKM matrix elements. For the
B — K/{T{~ transitions, the part of the decay amplitude proportional to )\Sf) ~ A s

neglected. The operators O; in (B.1) and the numerical values of their Wilson coefficients C;
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Figure 2. Hadronic nonlocal amplitude Hg‘}((qz) in B~ — K~ £7¢ in the large recoil region. On
the left (right) panel the real (imaginary) part is plotted for the central input (solid) and including
uncertainties (dashed band).
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Figure 3. The same as in figure 2 for the amplitudes ’Hgl,)r (¢?) and ’H(Bc;(q2) in B~ —a (T,

used in this paper are listed in the appendix A of ref. [13] and in table 3 above. In the decay
amplitude (2.4) the dominant contributions of the operators Og 19 and O are factorized
to the B — P form factors. The additional amplitudes denoted as ng(q2),7-lgl)g(q2) in
egs. (2.5), (2.6) accumulate the nonlocal effects generated by the all remaining effective
operators combined with the electromagnetic emission of the lepton pair. They can be

represented as a correlation function of the time-ordered product of effective operators with
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Figure 4. The same as in figure 2 for the amplitudes Hg}K(qz) and Hg‘zK(qQ) in B, — KO¢+i—.

the quark e.m. current, j;™ = > d=u.d.s.c.b Q4qvuq, sandwiched between B and P states:

H ), =i / d4xeiqx<P(p)|T{j;m(x), [clo€(0)+0205(0)+ 3 Ck(’)k(O)]}B(]H—q))
k=3—6,3g

= (000~ P HEp(@), (P=1w.c). (B.2)

In the case of the B — K/{*¢~ decay only the amplitude Hg}( (¢?) contributes. The cal-
culation of the nonlocal amplitudes following the method suggested in [11] proceeds in
two stages. First, the amplitudes ”Hg’]g)(qQ) are splitted in the contributions with different
topologies, including ¢ or u quark emission in LO, NLO factorizable corrections, nonfactor-
izable effects of soft gluon emission, hard-spectator and annihilation contributions. They
are calculated one by one at spacelike ¢> < 0 where the light-cone OPE for the corre-
lation function (B.2) is valid. For the hard-gluon NLO and spectator contributions we
apply the QCD factorization and for the soft gluon emission the dedicated LCSRs. A
detailed account of this calculation can be found in refs. [12] and [13]. After that, the
resulting functions Hg’;)(qQ < 0) are fitted to the hadronic dispersion relations in the ¢?
variable where the contributions from the lowest vector mesons V. = p,w, ¢, J/¥, 1(2S)
are isolated and the excited states and continuum contributions are modeled, employing
the quark-hadron duality. Here we employ as an additional input the experimental data
on branching fractions of the nonleptonic B — V P decays determining together with the
vector meson decay constants the moduli of the residues in the pole terms of the dispersion
relation. The phases of these contributions are included in the set of fit parameters. Since

in this paper we are interested only in the large recoil (low ¢?) region, the integral over
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hadronic spectral density at ¢> > 4m?, with no singularities in the large recoil region is
modeled by a polynomial with complex parameters (see refs. [12, 13] for details). Indeed,
for our purposes it is not necessary to use a more detailed hadronic representation, like the
ansatz suggested in [46] and used in [47], where the broad charmonium resonances located
above the open charm threshold are resolved with separate relative phases.

Having fitted the parameters of dispersion relations, we continue them to the positive
values of ¢? in the large recoil region, where there is a minor influence of the model-
dependent contributions. Finally, we note that in our approach the differences between the
B, - K, B — K and B — 7 nonlocal amplitudes originate from the SU(3) -violating
differences between the decay constants, parameters of light-meson DAs and nonleptonic
amplitudes, as well as from the different spectator-quark flavours, determining the diagram
content of these amplitudes.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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Abstract

We calculate the decay width and the 7-lepton energy distribution as well as relevant moments for inclu-
sive B — X T, process including power corrections up to order A%)CD / mZ and QCD corrections to the
partonic level. We compare the result with the sum of the standard-model predictions of the branching frac-
tions of the exclusive semileptonic B — (D, D*, D**)1 v, decays as well as with the relevant experimental
data. Our prediction is in agreement with the LEP measurement and is consistent with the standard-model
calculation of the exclusive modes. We discuss the impact from physics beyond the Standard Model.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Semitauonic B decays have attracted renewed attention after the measurements of the exclu-
sive channels B — D™ 1D, which exhibit a tension with the Standard Model (SM) [1-4]. In fact,
the theoretical predictions within the SM turn out to be quite precise, since one of the relevant
form factors can be inferred from the decays into light leptons (electrons and muons), while the
longitudinal form factor that appears only for the heavy 7 lepton can be related to the known one
by heavy quark symmetries (HQS). Although the use of HQS implies corrections of the order
Aqcp/me, a good precision is maintained due to the fact, that the contribution of the longitudinal
form factor receives an additional suppression factor m% / mZB.
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However, there is another problem with the current data on exclusive semitauonic B decays
which is related to the degree of saturation of the inclusive B — X_.tv rate. There is on the one
hand a measurement of this inclusive rate based on the b-hadron admixture as it was generated
by LEP [5],

Br(b-admix — X17) = (2.41 £0.23) %

which to leading order in the heavy quark expansion (HQE) should be the branching ratio for
each individual hadron. On the other hand, one may also compute the inclusive semitauonic ratio
R(X,)=T(B— Xctv)/ ['(B— X.£v), where £ is a light lepton. This ratio does not depend on
Vep and can been computed within the HQE very precisely. In combination with the accurately
measzured branching ratio Br(B — X.£v) one finds in the 1§ scheme including corrections up to
1/mj [7]

Br(B~ — X,tv) = (2.42 £+ 0.05) %

in full agreement with the LEP measurement. Taking the current data for R(D) and R(D*) at face
value, the two exclusive decay modes B — Dt and B — D*1v would at least fully saturate (if
not oversaturate) the inclusive rate.

This situation has motivated us to perform an independent calculation of B — X.tv within
the HQE. The calculation presented in [6] makes use of the 1S5 scheme and includes terms up to
order 1/ m%. In this paper we present a calculation in the kinetic scheme and include terms up to
order 1/ mZ, improving the existing calculations by including the next order in the HQE. In the
light of the quite precise prediction for the inclusive B — X7 rate we discuss the theoretical
predictions for the exclusive channels B — D™ *9 1 and compare to the current experimental
situation.

2. The inclusive B — X.tv decay
2.1. Outline of the calculation

The matrix element for the B — X Av (L =e, u, 7) decay can be written in terms of the low
energy effective Hamiltonian for the weak process b — cfv:

GF Vcb
V2

where J;' = 2y*(1 — y>)v and Jy =cy*(1 — ¥>)b are the leptonic and hadronic currents,
respectively, and V., is the CKM matrix element involved in the decay.

We express the triple-differential distribution for B — X.£v in terms of the energies of the
lepton and neutrino E, and E,, and the dilepton invariant mass q2 =(p¢+ pv)2 as

ar  GplVal
dE.dg?dE, 1673

where Lyg and Wyp are called the leptonic and hadronic tensors, respectively. In the Standard
Model, the leptonic tensor takes the form

Hy = J&Jy, +he., (2.1)

LogWOP, (2.2)

L= 3" (014 |ev) (]I} 10)

lepton spin

=8(pepl + pl p — g% (pe - o) —i”*P py, puy) (2.3)
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and the hadronic tensor is defined as

1 1 - _
WP = =" ——@m) (BITJ IX) (XI5 1B)Y (ps — g — px.). (2.4)
4 X 2mB
Its general decomposition into scalar functions W; = W;((v - g), qz), j=1,---,5reads

W = —g®P W) v 0P Wy —i€®PP70,q, W3 4 q%qP Wa 4 (q%vP + ¢Pv*)Ws.  (2.5)
After contraction of leptonic and hadronic tensors the triple differential decay rate takes the form:

dr GLVeb> [ 7 ,
dE,dq2dE, 273 {q 1+ (2EeEy — 5 )W2 + g7 (Ee — Ev)Ws 2.6)

1 1
+ Em% [—2 Wi+ Wy —2(E,+ E) W3 +¢*> W, +4EvW5] — EM?W4}-

Due to the optical theorem, the hadronic tensor W is related to the discontinuity of a time-
ordered product of currents:

: ~(BIT{I )10} |B)
l/d4xe—qu { H H ]

4 2mp
via the relations
1
——1Im Tj = W]’ (28)
b4
with the structure functions 7; defined in analogy to W*#:
T% = —g®P Ty +v*vP Ty — PP 0,4, T5 + ¢ qP Ty + (q%vP + ¢Pv)Ts . (2.9)

Inserting p, = mpv + k for the momentum of the b quark and expanding in the residual
momentum k ~ O(Aqcp) yields the standard OPE as it is used for the light leptons. A simple
way to derive this OPE at tree level based on an external-field method has been derived in [8].

In order to calculate 7-lepton energy spectrum and decay width we need to define the kine-
matic boundaries of the variable involved in the triple differential decay rate (2.6). We introduce
the following dimensionless variables

2 2F 2F
P=1, =y (2.10)
my, mp mp

and the mass parameters

m; m?
p=— n=—5. (2.11)
my, ny,

We first perform an integration over the energy of the final state neutrino E, and in terms of
corresponding dimensionless variable x the limits of integration are determined as

) ~2
- - 1
el nfqu 77, yi=§<y:|:\/y2—4n>. (2.12)

Y+ y—

Subsequently we perform the integration over variable 2 with corresponding boundaries:
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y_(l— P )5&25y+(1— P ) (2.13)
l—y_ 1=yt

and one gets the t-lepton energy distribution. Integration over all possible values of the t-lepton
energy

2/n<y<l+n-p (2.14)

allows us to calculate decay width.
In this way we obtain the analytic result for the decay width which can be presented in the
following form:

['(B— X.t7)

2 3
o
=To(1+ Aew) | €3+ =C§ +Cpp —Z+C,2 =< ‘g G e pLS . (2.15)
& mp ¢ mj Py, ES my

where nonperturbative parameters ,u,jzr, ,u%;, ,0?), ,02 g are defined as:

2mp iy = —(B(p)|by(i D)*by| B(p)), (2.16)
2mp g = (B(p)|by(i D) (i Dy)(—ic" )by | B(p)), (2.17)
2mp pjy = (B(p)|by(i Dyy)(iv - D)(i D*)by| B(p)), (2.18)
2mp pj s = (B(p)by(iDy)(iv - D)(i Dy)(—ic"")by| B(p)) . (2.19)

Note that this corresponds to a “covariant” definition of these parameters using the full covariant
derivatives instead of only their spatial components, for a more detailed discussion see [8].

The coefficients C(()O) , C(()l), C W2 C e C p3 C o depend on p and 71, and we define

_ GVaplPm)
19273

The calculation of the decay width revealed that — as in the case of a massless lepton — the
corresponding coefficients C p3 for massive t-lepton also vanishes, C P = 0. The explicit ana-

(2.20)

lytic expressions for coefficients C(()O), C pER C e C 5 as functions of p and n can be found in

Pb
Appendix A. The derived expressions for C(()O) , C u2 and C » are in agreement with the corre-
sponding results of [9,10], while analytic formula for C P re%resents a new result of this paper
which in the particular case my — 0 (or equivalently n — 0) reproduces the corresponding ex-
pression in [8] originally derived in [11]. Moreover, we include perturbative radiative corrections
to the partonic level of the decay width using results of [12]. This correction is presented as Cél)
in eq. (2.15). Additionally, we include the electroweak correction Agy to the decay width which
is well-known and can be found in [13]:

My\2
) ~ 1.014. 2.21)

1—|—Aew< “n

Moreover, we calculate the t-lepton energy distribution and their moments. We define the
moments of the t-lepton energy distribution as in [14]

Emax En dr
n__ n Ecut T dE
My =(E7)E,>Eqq = £ dTr (2.22)

Ecut T dET
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Table 1
The values of the parameters involved in the decay width given in kinetic scheme. The corresponding matrix of the
correlations between the parameters can be found in [17].

Parameter Value Units Source
min 4.561 £0.020 GeV

mkin 1.092 +0.020 GeV

u2 0.464 + 0.067 GeV?

uZ 0.333 £0.061 GeV?

03, 0.175 £ 0.040 GeV? [17]
Pi s —0.146 = 0.096 GeV3

Vep x 1073 42.04 +0.67

as 0.218 +0.018

Gr 1.16637 x 107> GeV~2

me 1.777 GeV (5]
Tp+ 1.638 ps

TRo 1.520 ps

and the central moments
My ={(Er = (E:)") Er> Eeuts (2.23)

where E¢y denotes the energy cut of t-lepton and Epy is its maximal value.
2.2. Numerical analysis and results

We evaluate the rate and the moments in the kinetic scheme. To this end, we re-write the pole
mass in (2.15) in terms of the kinetic mass, using the one loop relation from [15]

miy' = min () (1 +ro(w a;) (2.24)
with Q = b or ¢ and auxiliary coefficient rg:

7 3 0nun
mg" () 8 mG" ()
Inserting (2.24) into (2.15) allows us to absorb parts of the one-loop QCD corrections into the
mass definition. In a similar way as for the light leptons, the remaining corrections are small and
thus allow us a precise prediction.

The numerical values of the parameters used in our analysis are given in Table 1. For a simple
comparison to the massless case we show the dependence of the coefficients Cy, C W2 C 12 C 2

4
ro(pn) = §C (2.25)

in the kinetic scheme on the mass of the 7 lepton in Fig. 1.

Table 2 shows a breakdown of the various contributions for the total branching fraction, where
we use the PDG values for the lifetimes. We can now compute the total rate, and with the input
of the measured lifetime we get for the branching fraction of the inclusive Bt — X.tTv; de-
cay

Br(Bt — X.t"v;) = (2.37 +£0.08) %, (2.26)

where the uncertainty appears due to a variation of the input parameters within their intervals
including the correlations between them. The corresponding matrix of correlations between pa-
rameters shown in Table 1 is not presented here and can be found in [17]. The uncertainty in



216

T. Mannel et al. / Nuclear Physics B 921 (2017) 211-224

0.0p
-0.2}
~04F
0.6}
ot
~1.0f
-1.2}
—14f

0.00 0.05

Fig. 1. Dependence of Cy, C 2, C 2, C 3 on the parameter 1, with Cy = CO
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Table 2

Values of the branching fraction of the inclusive BT — X%t v, de-
cay depending on the different kinds of perturbative and power correc-
tions included there. The last row represents our final prediction for
this process. Here the following value of charged B-meson life time

+

Tp = 1.638 ps is used [5]. In order to get results for neutral mode

BY - x - Ty itis sufficient to multiply values given in table by factor

9/t ~0.928 [5].

Accuracy Br(Bt — X.tTv;) [%]
LO 3.06£0.12
LO +1/m? 2.84+0.11
LO +1/m? +1/m; 2.56+0.09
NLO 2.87+0.12
NLO +1/mj, 2.65+0.10
NLO +1/m? + 1/m} 2.3740.08

(2.26) includes also an estimate of the higher power contribution of order (’)(A‘éCD / mi) where
the relevant coefficient is conservatively assumed to be of order one. Moreover, we include the
estimate of the contributions of the higher order radiative corrections. We note that the correc-
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tions of order (’)(asz) have been computed in the on-shell scheme in [16] and were found to be
small. Thus we assume that the impact of the O(af) corrections in the kinetic scheme is within
the quoted in (2.26) uncertainties.

Alternatively, we can compute the ratio R(X.) = Br(Bt — X .t v;)/Br(B*T — X £ v,) for
which we obtain

R(X.)=0.212 £ 0.003. (2.27)

Combining this with the recent world average, Br(B — X fv;) = (10.65 & 0.16) %, quoted
by HFAG [23], we can avoid the uncertainty in V5, and we thus find an even more precise
prediction

Br(Bt — X.t7v;) = (2.26 £ 0.05) %, (2.28)

with a slightly smaller central value compared to (2.26), which is, however, within the 1o range.
We note that the uncertainty of our result (2.28) is comparable with one in [7]. However, our
analysis shows that the coefficient in front of ,03D is of the order of ten, similar to what is observed
for the case of a massless lepton. The result of including the 1/ m?) corrections is thus a significant
shift of the central value compared to the analysis up to 1/ mi as the one presented in [7], see
also Table 2.

Our predictions are also consistent with the measurement of the inclusive branching fraction
of the LEP admixture of bottom baryons [5]

Br(b-admix — X75v) = (2.41 £ 0.23) %. (2.29)

Moreover, we also show the resulting t-lepton energy distribution in Fig. 2. However, these
curves cannot be interpreted on a point-by-point basis, since the OPE breaks down in the endpoint
region. Note that this region is in fact larger than in the case of massless leptons due to the
sizable mass of the t lepton. However, moments of these spectra can be interpreted in the 1/m;
expansion.

In [6] the authors also derived standard model predictions for the t energy distribution as
well as dilepton invariant mass spectrum in the inclusive B — X.tv decay including AéCD / mi
and oy corrections in the 1S mass scheme. In additions, they estimated the effects from shape
functions in the endpoint region. In our paper we focus on the t energy distribution, including the
A3QCD / mg corrections. In our analysis we use the kinetic scheme which explains some visible
differences between the shapes of the curves presented in Fig. 2 of our paper and in Fig. 2 of [6].

In the case of the light leptons the lepton energy distribution and the relevant moments are
the measurable observables. However, for t leptons, these observables will be more difficult to
access, since the t has to be reconstructed from its decay products. Nevertheless, it is instructive
to show the 7-lepton energy moments defined by eqgs. (2.22) and (2.23) as a function of the cutoff
energy E¢y for the sake of comparison with the light lepton case. We present our results in Fig. 3
and give the numerical results for several values of Ey in Table 3. Once abundant data on this
decay becomes available, appropriate inclusive observables have to be defined, which should
take into account the decay of the T lepton. The construction of such observables will be subject
of future work.

3. The exclusive B — D®** 1§ decays

_ Finally, we compare the inclusive result to the sum of identified exclusive states. The decays
B — D™t into the two ground-state mesons D and D* are described in terms of six form



218 T. Mannel et al. / Nuclear Physics B 921 (2017) 211-224

‘I|‘ ]
.

- i

> i

S i

= ! ---= LO

Uj ‘l N

3 % | =--NLO

5 )]

~ ] -=- NLO+1/m?

= !

= 01} /1 — NLO+1/m}+1/m}

_0'27\ I IS S S S Y \\\\\\\\\\\\7

18 19 20 21 22 23 24 25
E. [GeV]

Fig. 2. t-Lepton energy spectrum of the inclusive B — X T, decay.
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Fig. 3. Dependence of the moments of 7-lepton energy spectrum on the value of the cutoff energy Ecyt. The left plot
corresponds to the first moment Mr1 (Ecut), the middle plot contains the second central moment M% (Ecut), the right plot

contains the third central moment Mi (Ecut). The solid curves with green shaded areas indicating uncertainties are the
result of the full calculation, the dashed ones are without 1/ mz corrections.

?izli:lues of the moments of the t-lepton energy distribution for three different values of the cutoff energy Ecyt.
Moment Ecut = 1.8 GeV Ecut =2.0 GeV Ecut =2.2 GeV
M,1 [GeV] 2.118 £ 0.006 2.197 £ 0.007 2.321 +£0.015
M% [GeV?] 0.028 +0.003 0.015 +£0.003 0.004 £ 0.004

103 x Mﬁ [GeV3] 0.08 +1.21 —0.12+£1.02 —1.24+0.82




T. Mannel et al. / Nuclear Physics B 921 (2017) 211-224 219

Table 4

SM predictions and experimental results concerning the branching fraction of BT — DOR)0 4y, decays. In the
second column the SM predictions of [18] and [20] are presented and in the third column the values extracted from
combined data provided by HFAG [23] and PDG [5] are given.

Mode Theory (SM) Experiment (HFAG + PDG)
Br(Bt — DOt tu;) (0.75+£0.13) % (0.91 £0.11) %

Br(BT — D*0¢ty;) (1.25+0.09) % (1.77+0.11) %

Br(Bt — (DY + D*0)z ;) (2.00 £0.16) % (2.68 £0.16) %

Z** Br(Bt — D¥0¢ty.) (0.14 £ 0.03) % -

D

factors, some of which can be accessed in the corresponding decays into light leptons. However,
due to the sizable mass of the 7 lepton there are two form factors which cannot be accessed
from light-lepton data. For these one may make use of heavy quark symmetries to get at least
an estimate. Still a quite precise prediction can be made due to the fact that the contribution of
these form factors come with a suppression factor m% / m%. Also the decays into the first orbitally
excited mesons have been studied in the heavy mass limit. Using QCD sum rules for the form
factors appearing in these processes one may get an estimate for these decays, which we shall
generically denote as B — D**7.

In Tab. 4 we quote the recent SM predictions for these processes, referring to [ 18] for exclusive
B — Dtv and B — D*tv decays and to [19] and [20] for B — D®**) ¢, We note that the SM
predictions for the exclusive channels Bt — D0zt imply

Br(B* — Dt tv) + Br(BT — D*t ) + ) "Br(BT — D*rTuy)
D**
=(2.144+0.16) %. (3.1)

It is important to mention the recent paper [21] where the most precise prediction for R(D) =
0.299 £ 0.003 was derived based on the combination of the experimental data and the result
of the lattice calculation of the both B — D scalar and vector form factors [22]. However, in
our paper we focus on the calculation of the branching fraction of the inclusive decay and on
the comparison with the corresponding branching fractions of the exclusive modes, and at this
level the value given in eq. (3.1) is sufficient for our purpose. From (3.1) one can see that the
decays into the two ground state D mesons already saturate the predicted inclusive rate to about
85%, the lowest orbitally excited states add another 6%, leading to a saturation of the predicted
inclusive rate at a level of 90%. This is in agreement with the expectation from the decays into
light leptons, where the measured decay rates to the two ground state D mesons saturate the
measured inclusive rate at a level of about 72%. Note that due to the sizable T lepton mass we
expect a lesser degree of saturation for the light leptons, so the overall picture is very consis-
tent.

In Tab. 4 we also show the recent experimental data on B — Dtv and B — D*tv. We use
the HFAG values for R(D) and R(D*) and combine them with the PDG values for the branch-
ing ratios with light leptons to get the branching ratios for the semitauonic decays. Summing
the experimental values for branching ratios into the two ground state D mesons, we find an
indication that these two decays alone already over-saturate the predicted inclusive rate, how-
ever, only at a level of 20. We take this as an indication of an inconsistency, which needs to be
clarified.
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4. Discussion and conclusions

The tension of the recent data for R(D) and R(D*) with the theoretical predictions for these
exclusive channels has been intensively discussed recently, including a possible explanation
through effects from “New Physics” (NP). However, as it has been noticed before, there is also
information on the inclusive rate, experimental as well as theoretical.

On the theoretical side, the heavy quark expansion allows us to perform a precise calculation
of the inclusive semitauonic decay rates as well as of spectral moments. In the present paper
we performed this calculation up to and including term at order 1/ mz, thereby improving the
existing calculations by one order in the 1/m; expansion. On the experimental side we have a
measurement of the inclusive rate from LEP which, however, is not precise enough to allow for
a stringent test.

There have been various attempts to explain the tension in R(D) and R(D*) in terms of
different NP scenarios. We do not go into a detailed discussion of all possible scenarios, we
rather parametrize the effects of NP by a simple extension of the effective Hamiltonian

Gr Veb

/2

with the new operators

Ovia = (cyu(l +y5)b) (Ty* (1 —ys)v), (4.2)
Os—p = (c(1 —ys5)b) (z(1 = ys5)v)

and the dimensionless couplings o and 8. Our main motivation is to study the effect of (4.1) on
the inclusive rate on the basis of this example.

We may discuss this effective low-energy interaction in the context of a standard-model ef-
fective theory (SMEFT) with linear realization of the Higgs field. It is interesting to note that the
above operator structures cannot be obtained at the leading order of the SMEFT expansion, since
we insist on having lepton-universality violation. At dimension 6 we can write

Pvia = (Cryubr) (' (iD")¢) (4.3)

where ¢ is the SM Higgs doublet field. After spontaneous symmetry breaking, this operator gen-
erates an anomalous coupling of the W to the right handed b — ¢ current. Since the SM coupling
to the W is lepton universal, the insertion of this operator into the SM Lagrangian would lead to a
lepton-universal effect. Thus we would need to combine this with another new-physics operator
which will have dimension six and which generates a lepton-universality violating coupling of
the W to the left handed v — v current. Upon integrating out the W boson, the combination of
the two dimension-six operators generates the same effects as the dimension eight operators we
shall discuss now. In fact, writing the left-handed SU (2); doublets as L for the leptons and Q
for the quarks, we can construct the relevant SU (2);, x U (1)y invariant operators of dimension
eight

Hnp = (@Oyia+pBOs_p) 4.1)

Oy a = (Erribr) (L -#Hy"@-L)). (4.4)
0s_p=(er@" 0) (2%G" - 1), @.5)

where ¢ is the charge conjugate Higgs field. Once the Higgs field acquires its VEV



T. Mannel et al. / Nuclear Physics B 921 (2017) 211-224 221

w=—2(1) @=75(5)

we obtain 8 0(,+A = v20y44 and 8 Og_p = v20g_p. To this end, we infer that within the
SMEFT power counting we have

vt
a,B=0 . (4.6)
(m v )

However, the purpose of our simple ansatz (4.1) is not a sophisticated analysis of NP effects,
rather we want to study the effect of NP on the inclusive rate. It is a straightforward exercise to
add (4.1) to the effective Hamiltonian of the SM and to re-compute the exclusive decay rates for
Brnp(B — D™ ¢vy) including the NP effects, using the heavy-quark limit for the form factors
(see e.g. [18]). Assuming that there is no effect in the decays into light leptons, the resulting
expressions for R(D) and R(D™) are quadratic forms in the parameters o and 8. We define the
corresponding NP ratios Rxp(D™) by

BI‘NP(B — D(*)rvt)
Br(B — D®{vy)

The values of parameters « and 8 are extracted by requiring consistency with the correspond-
ing experimental data on R(D) and R(D*). Our ansatz is designed to describe both R(D) and
R(D*) simultaneously, and a fit yields

a=-0.15£0.04, B=0.35+£0.08 (4.8)

Rnp(D™) =

4.7)

for the parameters o and 8. Note that there is a second solution, which exhibits destructive
interference with the SM contribution. This solution yields a smaller (in comparison with the
first scenario) value for the inclusive rate, which is in tension with the measurement of the sum
of the branching fractions of the exclusive BT — D%z v, and Bt — D%t ty; decays. It is
interesting to note that the values (4.8) obtained in our fit are not in conflict with the above
SMEFT discussion since putting v = 250 GeV, Axp ~ 1 TeV, V., >~ 0.041 in (4.6) yields «, B ~
0.1.

It is worthwhile to point out a subtlety in the extraction of the parameters o and B from the
exclusive decays. The experimental analysis of R(D) and R(D*) assumes the SM shapes for the
kinematic distributions, which are used to extract e.g. efficiencies. However, including the NP
operators (4.2) will change the shapes of the spectra, and hence the extracted values could shift.
As in most other NP analyses we assume that this is only a small effect; a full analysis of this is
clearly beyond the scope of this paper.

We are now ready to study the impact of this NP model on the inclusive rate by including
the NP operators (4.2) into the calculation. Inclusion of NP modifies the parametrization (2.15),
which becomes

FNP=FSM+F0[Aloé-l-AzOlz-i-Clelﬁ—i-Blﬁ-I-Bzﬁz], (4.9)

with coefficients Co, A1, A2, By, B>, C12 depending on parameters p = mg/mlzj andn = m%/m%,
and I'sy is the expression given in (2.15).

In Fig. 4 we show the dependence of the inclusive rate on the parameters « and . The green
dot together with the ellipse indicate the best fit value and one-sigma range, respectively, of
the parameters o and g8 (4.8) extracted from R(D) and R(D*). The shaded bands indicate the
one-sigma intervals for Br(BT — X.t"v;): the red band is our SM prediction (2.26), the green
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BR(B* =X, tv,) [%]
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Fig. 4. Contour plot for the branching fraction of BY — X,t vy (4.9) as function of o and B. The green dot together
with the ellipse indicate the best fit value and one-sigma range of the parameters o and S extracted from R(D) and
R(D¥*), see (4.8). The shaded bands indicate the one-sigma intervals of Br(BT — X.t1v;): the red band is our SM
prediction (2.26), the green area represents the LEP measurement (2.29), and the blue band is our prediction for inclusive
Bt — X.tTv; decay including contribution from NP (specified in Table 5). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

area represents the LEP measurement (2.29), and the blue band is our prediction for inclusive
BT — X.t"v; decay including the contribution (4.1) from NP (specified in Table 5). The error
estimate of the latter value contains also the uncertainties from « and B, including the correla-
tion between them. The NP prediction brings the inclusive rate into agreement with the data on
exclusive decays, but is now in visible tension with the LEP data.

Recently, the constraints on NP in the b — ctv transition from the tauonic B. decay have
been discussed, however, with a different ansatz for the NP operators [24-26]. In fact, adding the
new physics contribution (4.1) yields a modification of the decay rate B, — tv, which reads

’ 1 M B ’ (4.10)
-0 —— , .
me(mp +me)

Mm2f2G2|Vb|2 2
[(Be = 7o) = —— (1 m)

877 - M2

where M is the mass of the B, meson and f3, is its decay constant, defined in the usual way. It
has been pointed out in [24] that even relatively small values of 8 may have a significant effect in
the decay rate, since the pre-factor M 2 /(my(mp + m.)) ~ 4 enhances the contribution of Og_p.

Using the parametrization (4.1) together with our fit values implies a reduction of the tauonic
branching fraction for the B, compared to the SM, since the extracted value of 8 = 0.35 is
positive and yields in combination with the corresponding pre-factor the relative contribution of
order ~ 1 but with a opposite sign compared to (1 — «) contribution, as one can see from (4.10).
We conclude that the width of leptonic B, — tv,; decay including our parametrization of NP is
not in tension with the measured B, lifetime.

Thus we arrive at a different conclusion compared to [24]. However, the reason is that we
dropped the assumption that only the leading order in the SMEFT expansion is taken into ac-
count. Thus, attributing a possible NP effect leading to the R(D™)) puzzle to dimension-eight
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Table 5

Summary of predictions for different mode of semitauonic B-meson decays in the framework of SM and including NP
effects in comparison with relevant experimental data. NP predictions presented here correspond to the first scenario for
parameters «, § (4.8). We do not quote an uncertainty for the exclusive NP calculations; for fixed {«, §} the uncertainties
are of the same size as the SM ones.

SM NP Experiment
Br(Bt — DOt tv;) (0.75+0.13) % 0.93 % (0.91+0.11) %
Br(BT — D*0¢ty,) (1.25+0.09) % 1.65 % (1.77+£0.11) %
Br(BT — X.tTvy) (2.37 £0.08) % (3.15+£0.19) % (2.41+0.23) %

operators can lift the constraint obtained in [24]. We have pursued a different purpose with this
simple model, but this observation might deserve a more detailed analysis.
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Appendix A

Here the explicit analytic expressions of the coefficients introduced in the B — X .tv; decay
width (2.15) as functions of dimensionless variables p and n are given:

Co= ﬁ[l =T 4 P = (T=12p+ 7% —T(1 + p)n® + rf‘] (A1)
2. U+p—n—vR? 5 (1+n—p++R)?
— 12 p“ In —n“In
4p 4n
1 — p—n—/R)?
—pznzln( p—n \/_) ’
4pn
vR
Cua ==~ [1 =T 4 P = (T=12p+ 7% —T(1 + p)n® + 773] (A2)
1 —n—+/R)? l1+1n— R)?
6| 2 AP VR) IR p+~R)
4p 4n
1 — p—n—+/R)?
—,027721n( pP—N \/_) ’
4pn
\/E 2 3 2 2 3
CM%:T[—3—I—5,0—19/0 503+ (54280 — 35021 — (19 + 350)n° + 59 ] (A3)

4p 4n
a—p—n—vﬁﬂ}

2. U+p—n=vB?> , (A+n—p+~R)?
— 6| p° In /!

—5p%n% In
4pn
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. 2 7 6 5 2
Cp%‘m[" G +T) 41 <6p +22p—l—21) (A4)

+ ot (p3 —9p2— 350 — 35)
3 (=5p* =203 —8p2 +20p +35) + 12 (3p5 43 11807 50 — 21)
+0(1=p)* (207460 +11p+7) + (0= D’(p + 1)?
— R[* = ' Gp+5)+n* (=307 + 8p+10) +n? (370 + 2797 = 6p - 10)
+77(32,04 — 1803 —9p2+5) 405 +10p* —3p3 — 1502 + p — 1]}
(1—p—n—+R)?

4np

o 2
-1 (1+p—n—+R) ’
4p

+81n*(Gp*+n—1)In

where R=n%>—2n(p+ 1)+ (p — 1)2.
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Chapter 6

Summary and discussion

In this thesis, several semileptonic exclusive and inclusive B-meson decays were stud-
ied. The hadronic input for these decays was calculated in the framework of QCD-based
methods and the new predictions for the observables were obtained.

At first, the FCNC exclusive B — w¢*¢~ decays were studied. The main focus was put
on an analysis of the most difficult underlying input — the nonlocal hadronic amplitudes.
The latter ones are generated by a nonlocal overlap of the weak transition with the
electromagnetic lepton-pair emission. At timelike region of momentum transfer squared
the nonlocality involves long distances, including the formation of hadronic resonances
— the vector mesons. To avoid complications related to the long-distance part of the
nonlocal effects, the nonlocal contributions have been calculated one by one, combining
QCDF and LCSR methods at spacelike region of the momentum transfer squared ¢2,
where the quark-level diagrams are well defined. The accuracy of the calculation was
improved by taking into account, in addition to the factorizable quark-loop effects and the
factorizable NLO corrections, also the important nonfactorizable contributions: the soft
gluon emission, spectator scattering and weak annihilation. The quark-level calculations
were then combined with the hadronic dispersion relation and the parameters of the
latter were fitted to access the ¢? > 0 region. As a result, the ¢*>-dependent correction to
the Wilson coefficient of the semileptonic operator Oy was obtained.

This result was used for predictions of the various observables including the differential
branching fraction, direct C' P-asymmetry and the isospin asymmetry. This analysis has
been performed for the exclusive B — wf*T¢~ decays which were recently measured by
the LHCD collaboration. These measurements were compared with our predictions in
the recent LHCb paper. Furthermore, we have extended the analysis for another yet
unobserved B, — K{*{~ decay channel.

Moreover, the higher twist effects in the LCSR for the heavy-to-light transition vector
form factor were estimated within factorization approximation. To this end, the light-
cone expansion of the massive quark propagator including for the first time the higher
derivatives of the gluon field strength was derived. This new expression was found
consistent with the known massless quark limit. This result has a more general relevance
since it can be used in any other application of LCSR where one needs the light-cone
expansion of the massive quark propagator. Additionally, the analytical expressions for
the factorizable twist-5 and twist-6 contributions to the LCSR for the B — 7 vector form
factor have been derived. The relevant numerical analysis revealed that these effects are
extremely suppressed, that justifies the conventional truncation of the operator product
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expansion in the light-cone sum rules up to twist-4 terms adopted in the previous LCSR
analyses.

The results described above have then been taken into account for updating the B —
P form factors from LCSR. The revised By — K vector form factor in the large recoil
region was used to predict the ratio of the integrated B, — K (v, decay width and |V,|?.
This result can be used to determine this CKM matrix element from the future data on
B, — K/v; in the kinematically dominant large recoil region.

Additionally, the B — w, B — K and B, — K form factors updated from LCSR
were used to obtain new predictions for the binned branching fraction and binned direct
C'P-asymmetry in the FCNC processes B — w{*(~, B — K{*{~ and B, — K{*¢~. In
these decays the contributions of the nonlocal hadronic amplitudes were also taken into
account in a systematic way described above.

Furthermore, we suggested a new way of determination of CKM parameters from
observables in FCNC B — K{T(~, B — w(*{~ and B, — K/{*{~ decays. Recently,
|Vial, |Vis| and their ratio were determined by the LHCb collaboration from the measured
B — wlt¢~ and B — K/(*{~ partial decay widths. We suggested to make the extraction
of CKM parameters from these decays more accurate and systematic. To this end, it was
found more convenient to switch to the Wolfenstein parametrization of the CKM matrix.
In this form, three observables: the width of B — K/{™¢~, the ratio of B — w(t(~
and B — K/{T¢~ widths and the direct C'P-asymmetry in B — w¢*{~, are sufficient to
extract the three Wolfenstein parameters A, n and p from experimental data, provided
the parameter \ is known quite precisely from the global CKM fit. Two additional
observables for the same determination are given by the yet unmeasured B, — K/{T(~
decay. Future more accurate data on the B — K{™¢~ and B — 7/™{~ decays will allow
to use this method to extract the CKM parameters with an accuracy comparable to the
other determinations.

Finally, a calculation of the inclusive B — X_.7v, decay including the terms up to
order A%CD /m3 was performed improving the existing accuracy by one order more within
HQE. A new explicit analytic expression for the coefficient of the Darwin term in the total
decay width of the inclusive B — X,.7v; has been derived. Updated predictions for the
branching fraction and the moments of the 7-lepton energy distribution in B — X, .7v, are
of interest for experimental collaborations aiming at more precise measurement of these
observables. Furthermore, in the light of the current anomalies in R(D) and R(D*), we
considered a certain NP scenario as an example to demonstrate a correlation between the
NP predictions for exclusive and inclusive semileptonic B-meson decay modes induced
by flavour changing b — ¢ transition current.

In conclusion, we emphasize that all the results are of great interest for experimental
collaborations aiming at more precise measurements of the discovered decay modes and
for exploring yet unobserved channels. Some other results derived in the thesis can be
used as an input in the further phenomenological analysis of the other various B- and
D-meson decays.
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