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Semileptonic decays are ideally suited to study the weak interaction as well as strong interaction
effects in B-meson decays. In the last decade, precision studies of semileptonic B decays have been
made possible by the large samples of B mesons collected at the B factories KEKB in Japan
and PEP-II in the USA. Measurements of the charged-current semileptonic transitions b — g£v
(¢ = u, c) allow for a determination of the magnitude of the Cabibbo-Kobayashi-Maskawa matrix
elements V., and V,,;, and the masses of the b and ¢ quarks, which are fundamental parameters of the
standard model of particle physics. The values of |V, | and |V ;| are determined from measurements
of inclusive B decays in combination with calculations of partial decay rates or from exclusive decays
combined with theoretical predictions of hadronic form factors. Purely leptonic B decays B — £v
(¢ = e, p, 1) also provide access to |V,,;,|. They are theoretically simpler, but the available signal
samples are still small. Decays involving a 7 lepton, B — v and B — D)7y, are sensitive to new
physics, in particular, to charged Higgs bosons in models with an extended Higgs sector, and provide
a window to the physics of the third generation. In this article, the measurements and theoretical
descriptions of charged-current leptonic and semileptonic B decays and the status of |V ,| and |V ;|
determinations are reviewed. An overview of the theoretical approaches and the experimental
techniques used in the study of these decays is also provided.
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I. INTRODUCTION

The standard model (SM) of particle physics is a very
successful theory which describes all phenomena observed at
particle colliders and other terrestrial experiments, ranging
from the smallest energy scales up to the scale of several TeV
set by the center-of-mass energy of the Large Hadron Collider
(LHC) at CERN. With the recent discovery of the Higgs
boson, the particle content of the SM corresponds to a
renormalizable theory and is in this sense complete. On the
other hand, the SM has some shortcomings. First, its particle
content seems to describe only a small faction of the matter
and energy density needed to explain cosmological observa-
tions. Based on general relativity and the standard model of
cosmology it can be concluded that we understand only about
5% of the energy density in the Universe, the remainder is
“dark matter” and “dark energy.” However, it is currently
completely unclear if this question has an answer within
particle physics. In addition, there are a few more problems
which are mainly theoretical issues, related to the stabilization
of the electroweak symmetry breaking scale. The question
why all particles appear in three copies, which differ only by
their mass, is among the most intriguing outstanding questions
in contemporary physics. Overall, the SM has a sizable
number of parameters, most of which emerge from the
parametrization of its flavor structure. While this parametri-
zation is phenomenologically very successful, the origin of the
parameters remains obscure. In particular, the origin of the
hierarchical structure of the parameters in the flavor sector
(masses and mixing angles) is presumably nontrivial.

The SM is the product of almost a century of investigations
which relied on close collaboration between experiment and
theory. Often the developments were not straightforward and
in many cases experimental puzzles created new theoretical
ideas which are nowadays considered common knowledge.
The historical developments that led to the SM are, for
example, gathered in the textbook of Siegmund Brandt
(Brandt, 2009). The study of weak decays, in particular, those
of hadrons, played a prominent role in these developments
due to its extensive phenomenology. These processes are
interpreted within the SM as transitions between quarks of
different flavors. The relative strengths of these transitions are
parametrized in terms of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix
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Vud vus Vub
VCKM = Vcd Vcs Vcb . ( 1 )
Vzd Vrs Vzb

The CKM matrix is unitary in the SM, since it corresponds to
a basis transformation from the states generated in weak
interactions and the mass eigenstates. Details of the flavor
sector of the SM can be found in many textbooks, e.g., in
Quigg (2013).

From the experimental side, a significant effort has been
made to study the flavor structure of the SM. During the last
15 years, the B factories KEKB in Tsukuba, Japan and PEP-II
at SLAC in the USA have made major contributions to the
advancement of our knowledge of the flavor sector through
studies of B mesons produced in electron-positron collisions.
The violation of CP symmetry in the B-meson system was
observed for the first time in 2001 by the Belle and BABAR
experiments at KEKB and PEP-II, respectively. Since then,
numerous measurements of B decays have been performed
which have led to an advanced understanding of the weak
interaction of b quarks and the mechanism for CP violation in
the SM. The CP violation measured in B decays has been
found to be well described by the CKM matrix. Hints for
physics beyond the SM have been looked for by checking the
consistency of many complementary measurements to test the
unitarity of the CKM matrix and by studying rare B decays.
Sensitivity to new physics is limited by both the experimental
precision of the measurements and the uncertainties involved
in the theoretical calculations of B decays.

The BABAR and Belle experiments stopped operation in
2008 and 2010, respectively. Nevertheless, many analyses are
still ongoing to exploit the full data samples collected by these
experiments. Several key measurements involving B, By, and
other b-hadron decays have also been performed at hadron
colliders, by the Tevatron experiments at Fermilab and more
recently by the LHC experiments at CERN, in particular, the
dedicated B-physics experiment LHCb.

In this article, we review the status of charged-current
leptonic and semileptonic B decays. In particular, we discuss
their impact on the determination of SM flavor parameters. A
salient feature of these decays is the presence of a charged
lepton and a neutrino in the final state. Experimentally, the
charged lepton is a signature that can be well identified and
reconstructed, while the neutrino cannot be directly detected
and thus complicates the reconstruction of the decay kin-
ematics. Among the weak processes of quarks, the leptonic
and semileptonic processes are of particular relevance as they
are much simpler to calculate than fully hadronic processes.
This is mainly due to the fact that leptons do not interact
strongly and hence the part of the decay related to the quarks is
easier to describe. The leptonic processes are mainly governed
by a single parameter, the decay constants of the meson, while
the semileptonic processes are governed by form factors,
which are defined as scalar functions of the momentum
transfer to the leptons. Leptonic and semileptonic decays
constitute the “backbone” of precision determinations of the
flavor parameters of the SM, in particular, the magnitudes of
CKM matrix elements.
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The review is organized in the following way. In Sec. II, we
give an overview of the theoretical input to the calculation of
leptonic and semileptonic B decays, such as the effective
Hamiltonian, the kinematics, and the theoretical methods. The
production and detection of B mesons at particle colliders are
discussed in Sec. IIl. We also present the experimental
techniques used in their measurements. Here and in the
discussion of experimental results, we put a focus on the
B-factory experiments Belle and BABAR, which currently
provide the most precise measurements of charged-current
leptonic and semileptonic B decays. In Sec. IV, we present the
searches for purely leptonic decays B — £v (£ = e, u, 7). A
review of inclusive and exclusive measurements of semi-
leptonic decays with charm and charmless final states, B —
X.fv and B — X,fv, is given in Secs. V-X. Each section
contains a brief theoretical introduction, followed by a
discussion of the measurements, the experimental results,
and the extraction of the corresponding CKM matrix element.
Section X is dedicated to semileptonic B decays with 7 leptons
and their special sensitivity to new physics. In Sec. XI, the
results of the previous sections are revisited in view of isospin
and flavor symmetry. The article concludes with a summary of
the status of |V ;| and |V,| determinations and gives a brief
outlook of further developments in the area of leptonic and
semileptonic B decays in the future.

II. THEORETICAL OVERVIEW

In this section, we give a compact overview of the
theoretical methods used to compute the hadronic matrix
elements needed for a quantitative analysis of semileptonic
decays. Many of these methods make use of the fact that the
mass of the bottom quark is large compared to the typical
hadronic scale Agcp that determines the running of the QCD
coupling constant a,(u). In this way, QCD-based methods
have been developed which in many cases make model
assumptions obsolete.

In the next section, we briefly introduce the kinematics of
leptonic and semileptonic B decays, which we use in Sec. II1.C
to write down the general matrix elements needed for the
decays under consideration. The remainder of this section is
devoted to a short description of heavy-quark methods
(Sec. I1.D), lattice QCD calculations (Sec. II.LE), and other
methods that are frequently used (Sec. ILF).

A. Semileptonic decays in the standard model

Within the SM, charged-current leptonic and semileptonic
processes at the quark level are mediated by an exchange of a
charged weak boson W,f between a quark and a lepton
current. The quark current can be written as

Jy = Ury,VexmDy). (2)

where we use the notation

uj, dL
Uy =|cp | Dy =|s1 (3)
I by,
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involving the left-handed up- and down-type quarks. The
lepton current is given by

jﬂ = (éLyﬂl_/e,L + ﬁLyﬂl_/,M.L + %Lyﬂl_/T,L)' (4)

Here we do not discuss lepton mixing, which would occur as a
unitary rotation among the three neutrinos but is irrelevant for
our purposes since we do not identify the neutrino flavors.

All the quarks with the exception of the top quark are light
compared to the mass of the W*. On the other hand, the top
quark does not form hadrons, so when considering weak
decays of hadrons, we may consider the Wf to be infinitely
heavy, leaving us with a local effective Hamiltonian of the
form

sl 4G =
Ht(eff) =—=(0, ¥uVexmDr)

V2

X (8r¥yler + BrYulpur + To¥uber) +He., (5)

where U; does not contain the top quark anymore,

uy
Up=|c |, (6)
0
and
2
g
Gp=——— 7

is the Fermi coupling constant obtained from comparing to
the full SM calculation. From this form of the effective
Hamiltonian it becomes clear that all CKM matrix elements
except the ones involving the top quark (V) are accessible in
leptonic and semileptonic decays.

B. Decay kinematics of leptonic and semileptonic B decays

The kinematics of purely leptonic decays [see Fig. 1(a)] are
simple, since the final state consists of only a charged lepton
¢ = e, u, 7, and a neutrino. Denoting the momentum of the
decaying B meson as pg, the momentum of the charged lepton
as p, and the one of the neutrino as p,, we have for the purely
leptonic case

2

2 _ 2
Pp=mp,

PE="Ps+ D0 pz=m;. p;=0. (8)
assuming a massless neutrino. Since this is a two-particle
decay, all kinematic quantities are fixed, e.g., the energy E, of

the outgoing charged lepton in the rest frame of the B meson is

2 2
myp—m
E, = Pbe _ 732 . (9)
mpg mpg

For the semileptonic decays [see Fig. 1(b)] we have in
addition one or more hadrons in the final state. Denoting the
hadronic momentum as py, we have
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FIG. 1. (a) A leptonic B decay (B — V), and (b) a semileptonic
B decay (B — X?v).

pB:pX+pf+pw

2 _ 2 2 _ 2 2 _ 2
Py = ng, Px = Ny, Py = mg,

p; =0. (10)
where my is the mass of the final-state hadronic system.
Semileptonic decays for a fixed mass my are described by
two kinematic quantities, which can be chosen to be the four-
momentum transfer squared ¢> and the energy of the charged
lepton E:
0> =(pr+p.) = (ps—px)’.  m;<q* < (mg—my),
PpPr¢

1
E,= my meEme(m%—mg("'m?)- (11)

The two variables are not independent; Fig. 2 shows the
boundaries of the allowed region in the ¢*-E, plane for the
specific case of a B - D*¢v decay.

The various semileptonic B decay modes have spectra with
different end points. Figure 3 shows the lepton momentum
spectra for the different B - X v and B — X, v decays,
where X, and X, denote hadronic final states containing a
charm quark and an up quark, respectively.

T T T [ T T T T 7 T T
| DALITZ PLOT i
10} §°——D~'¢I_¢vl _

~ L e~ ]
3
8 5 .
1‘0‘ - -

Yy j

(\4/ TS ST SRS SR WY VU MO N N S SR
10 20
E, (GeV]

FIG. 2. Allowed kinematic region in the ¢>-E, plane for B —
D*¢v decays. From Korner and Schuler, 1990.
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FIG. 3. Lepton momentum distributions for semileptonic B
decays: (a) B — X.fv and (b) B — X,¢v. From Aubert et al,
2006c¢.

In the context of the heavy-quark expansion (see Sec. I1.D)
it is convenient to introduce velocities instead of momenta.

For the case of heavy mesons like B and D'*) mesons we
define

DB __ Pp»
Up = —, Up = s
mpg M)

W = VpUp), (12)

and the scalar product w of the two velocities is used instead of
the momentum transfer ¢ = m% + mém — 2mgmp.w. The
point w = 1 corresponds to the maximum momentum transfer
to the leptons g2, = (mp — mp.))?, while g* = 0 yields the
maximum value of w, thus

2 2
mg + mp.

1<w< (13)

2mBmD(*)

Finally, for heavy-to-light transitions it is useful to define
light-cone components of the momenta. For a decay with the
kinematics given in Eq. (10), it is convenient to define
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P_ = Ex + |pxl, P, =Ex — |pxl|. (14)
where Ey and py are the energy and the momentum of the
final state X in the rest frame of the B meson. The product
P? = P P_ can be close to zero in the case of a heavy-to-light
transition but either P, or P_ can still be large, corresponding
to a situation where a light particle or a jet with a small
invariant mass has a large energy in the rest frame of the B
meson. The phase space for these variables is given by

2

TELP <P <my. (15)

C. Decay constants and form factors

In this section, we give the general parametrizations of
decay constants and form factors for exclusive leptonic and
semileptonic decays.

The simplest case is the purely leptonic decay B — ¢v. The
necessary matrix elements of a pseudoscalar ground state B
meson with valence-quark content gb are given in terms of a
single parameter

(0lgr*ysb|B(ps)) = Plsfs: (16)

where f is the so-called decay constant of the B meson. If the
quark fields are written without argument, they are given for
the space-time point x = 0. For the SM prediction, only the
matrix element in Eq. (16) is needed, but a possible con-
tribution beyond the standard model could involve also other
currents such as a pseudoscalar current. However, all other
nonvanishing matrix elements can be expressed in terms of fp
by using the equations of motion of the quark fields

(iD—-my)g=0 and (iB—m,)b=0. (17)

Thus the pseudoscalar density is given by
mi

0|gysb|B - "B
(0lgysb|B(ps)) & m,

fB9 (lg)

where mp is the mass of the B meson.

Exclusive semileptonic decays are described in terms of
form factors, which are functions of the leptonic momentum
transfer g>. Looking first at the SM contributions only, we
need to parametrize the matrix elements of the vector and the
axial-vector currents. For the decays into the ground-state
pseudoscalar meson only the vector current can contribute,
which is parametrized in terms of two form factors:

+fo(qz)Tq : (19)

For a vector final state V, both the vector and axial currents
contribute, and one obtains
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V(o) arblB(pa)) = V(g?)e, s LBPY_ (a0)
7 mp 4 my
<V(Pv»€)‘517”75b|3(133)>
. 2myq'q” "
= ie} | Ao(q?) ‘;72 + Ay (g%) (mg + my )
_Az(QZ)M,?;w 7 (1)

mB+mV

where we have introduced the polarization vector ¢, of the
vector meson with epy = 0, and ¥ = ¢ — g"q"/q* is the
transverse part of the metric.

For heavy mesons like B and D) it is useful to switch to a
description in terms of velocities [see Eq. (12)] and to define
w-dependent form factors:

(D(vp)|cr"b|B(vg))

=h,(w)(vg+vp) +h_(w)(vg—vp),

mpmp
(22)
(D*(vp-, €)|Ty"b|B(vp))
—=h HUPC ; *,
NS y(w)e P vg up »€c
(23)

(D*(vp-, €)|er'y’b|B(vg))
\/MpMp-
= i, (W) (1 + w)e™ = ilhy, (w) oy + By, (W)U " - 0.

(24)

D. Heavy-quark methods

Methods based on the fact that some of the quark masses
are large compared to the QCD scale Agcp have become
standard in B physics. These heavy-quark methods have been
developed over the last two decades and lead to a significant
reduction of model dependences.

The key idea is to perform an expansion of the QCD matrix
elements in powers of Agcp/mg, where m is the mass of the
heavy quark. The leading term corresponds to the infinite-
mass limit, in which the heavy quark degenerates to a static
source of a color field. Such a nonrecoil approximation is in
fact well known since the work of Bloch and Nordsieck
(1937), who considered the soft radiation of an electron in
this approximation. Applying the same idea to QCD leads to
some important conclusions, which were first formulated by
Shifman and Voloshin (1988) and Isgur and Wise (1989,
1990). The main observation is that in the infinite-mass limit
QCD exhibits new and additional symmetries, the so-called
heavy-quark symmetries (HQS).

The physical origin of these symmetries can be easily
understood. The interaction of quarks and gluons does not
refer to the mass, i.e., all quark flavors have the same
interaction with gluons. For massless light quarks this leads
to the well-known chiral and isospin symmetries, while in the
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infinite-mass limit the same argument leads to a heavy-flavor
symmetry, connecting heavy (static) quarks moving with the
same velocity. Treating b and ¢ quarks as heavy quarks, this
leads to relations between matrix elements involving bottom
and charm hadrons.

The second symmetry originates from the fact that the
coupling of a gauge field to the spin of a fermion scales with
the inverse power of the mass and thus vanishes in the infinite-
mass limit. In other words, in the infinite-mass limit the
heavy-quark spin decouples, and rotations of the heavy-quark
spin become a symmetry. This symmetry is called the heavy-
quark spin symmetry.

Details on this can be retrieved from textbooks dealing
specifically with this subject (Manohar and Wise, 2000;
Mannel, 2004), where one also finds the formulation of the
heavy-quark limit as an effective field theory, the heavy-quark
effective theory (HQET). Here we restrict ourselves to quoting
the main results relevant to semileptonic B decays.

The first result is that, due to HQS, the number of form
factors reduces. For a heavy-to-heavy quark transition, one
can express all form factors in terms of a single one, the Isgur-
Wise function £(w). Using the definitions in Egs. (22)-(24),
one obtains

hi(w) = ha, (W) = ha,(w) = hy(w) = E(w),  (25)
h_(w) =0 = hy,(w). (26)

Furthermore, from HQS one also obtains a normalization
statement of the Isgur-Wise function. In a simple wave function
picture, the Isgur-Wise function describes the overlap of the
wave functions of the light degrees of freedom of the initial and
final states. However, due to HQS, the final-state wave function
is the same as the initial-state one, up to the boost related to
the momentum of the final state. Consequently, at the point
vp = Upw, corresponding to w = 1, the overlap is maximal
and corresponds to the normalization of the wave function.
Deviations from this normalization originate either from finite-
mass corrections or through hard gluons. Making use of the
general theorem (Ademollo and Gatto, 1964) stating that
symmetry breaking corrections to matrix elements involving
the currents generating the symmetry are of quadratic order in
the symmetry breaking, we obtain for the form factors in
Egs. (22)-(24) (Luke, 1990)

h (1) =1+ 0(a,) + O((AQCD/mQ)Z)» (27)
h_(1) =0+ O(ay) —l—O(AQCD/mq), (28)
hy, (1) = 1+ O(ay) + O((Aqep/mgp)?). (29)

where mg is the charm-quark mass for the cases under
consideration.

Exclusive heavy-to-light transitions are not as much con-
strained by HQS. Still a few relations may be obtained which
relate B decays to D decays, implying a certain scaling. Since
we are not going to use these relations and rather use different
theoretical tools to treat heavy-to-light transitions, we will not
go into detail here.
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A related methodology has been developed for inclusive
decays, which is called the heavy-quark expansion (HQE)
(Chay, Georgi, and Grinstein, 1990; Bigi et al., 1993; Mannel,
1994). The starting point is the optical theorem which relates
the decay rates to the forward matrix element of a scattering
amplitude:

Film/d4X<B(ph)IT[Heff(X)Heff(O)]\B(P3)>- (30)

The time-ordered product can be written in terms of an
operator product expansion (OPE). The OPE allows us to
write

1
/d4XT[Heff(x)Heff(0)] = Zmﬁcn,ionﬁ,i’ (31)
0

n.i

where O, is a set (labeled by i) of operators of dimension /,
and C,; are [in terms of a;(my)] perturbatively calculable
coefficients, called the Wilson coefficients.

Taking the forward matrix element of this expression, we
obtain the decay rate in terms of the Wilson coefficients and
the matrix elements of the operators O, 3 ;, which encode the
nonperturbative input into the decay rate. The HQE has some
specific and general features as follows:

* The leading operators are n = 0 and hence are dimen-
sion 3. It turns out that up to corrections of higher order
in 1/mg all operators can be related to the matrix
element

<B(Pb)|1_77ub|B(PB)>,

which is normalized even in full QCD due to the
conservation of the bottom current. Thus there is no
unknown hadronic matrix element to leading order, and
the coefficient Cy is the decay rate of a free b quark, i.e.,
the partonic rate including also the perturbative QCD
corrections.

* All dimension-4 operators (n = 1) can be rewritten in
terms of dimension 5 (n = 2) and higher, using the
equation of motion for the b quark. Consequently, there
are no contributions of order 1/m,; to the free quark
decay appearing at leading order.

* The first nontrivial nonperturbative contributions emerge
at n = 2, corresponding to dimension-5 operators. These
may be written in terms of two matrix elements:

2mppz = —(B(pp)|b,(iD)*b,|B(pp)),  (32)
2mBﬂ%} = <B(pB)|l_71)5/w(iDﬂ)(iDy)bv|B(pB)>' (33)

Here we have defined b,(x) = exp[im,(vx)]b(x) such
that the derivative acting on the field b, corresponds to
the residual momentum k = pp — m,v, where v is the
velocity of the hadron containing the b quark. The
parameter u2 corresponds to the kinetic energy of
the heavy quark inside the heavy meson, while uZ
is the chromomagnetic moment of the heavy quark
inside the heavy meson.
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e At dimension 6 (n = 3), there are again two matrix
elements,

2mgp}, = — (B(py)|b,(iD,)(ivD)(iD")b,|B(ps)).
(34)

2mezS :<B(pB)‘Evo-;w(iD”)(i”D)(iDD)bv‘B(pB»’
(35)

which are the Darwin term and the spin-orbit term.

* At higher orders (n > 4) the number of nonperturbative
parameters proliferates. Details on this can be found in
Dassinger, Mannel, and Turczyk (2007) and Mannel,
Turczyk, and Uraltsev (2010).

The HQE may also be set up for differential rates. We will

discuss the corresponding expression when we discuss spe-
cific processes and spectra.

E. Lattice QCD

The only known method to deal with a quantum field
theory in a nonperturbative way is to compute its correlation
functions on a lattice. The starting point is the generating
functional of a quantum field theory, written as a functional
integral

7] = / (] exp {iS—% / d4xJ(x)¢(x)], (36)

where the integration runs over all possible field configura-
tions. The variable ¢ is a place holder for all the fields that
appear in the corresponding theory; in QCD this would be the
quark and gluon fields. Because of the anticommuting nature
of the fermions, the fermionic fields have to be represented by
anticommuting Grassman variables. Without going into detail,
this fact leads to specific problems in the numerical imple-
mentation of fermions.

Lattice QCD computes the functional integral in Eq. (36) on
a space-time lattice which serves as a regularization of this
integral. The functional integral in Eq. (36) is ill defined from
a mathematical point of view, as soon as an interaction field
theory is considered. The usual perturbation theory may be
considered as a perturbative evaluation of this integral, which
still needs renormalization. In this sense the regularization
needed in perturbative calculations matches the regularization
by a finite lattice spacing a. Obviously, the continuum limit
a — 0 has to be discussed carefully.

Typical modern lattice QCD calculations have lattices of the
size 16%, which is at the edge of what current computers can
handle. Progress in computing power as well as progress in
lattice methods has led to enormous progress in lattice QCD,
turning it into an important tool for QCD calculations of
nonperturbative quantities such as form factors and decay
constants.

While a more detailed description of lattice methods is
beyond the scope of this review, we list a few specific points
relevant to semileptonic decays:

* Early lattice simulations of QCD were performed in the

so-called quenched approximation, since calculations
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without quenching (unquenched calculations) need
much higher computing power. The quenched approxi-
mation concerns the integration over the fermionic
degrees of freedom in Eq. (36),

[aaness [f [ datin - m>w] )

which yields after the lattice regularization a determinant
of a large matrix. The quenched approximation replaces
the functional in Eq. (37) by a constant value, although it
still depends on the gluon fields. Comparing this to the
perturbative approach, quenching corresponds to the
omission of all Feynman diagrams with closed fermion
loops. Although it is qualitatively clear what the approxi-
mation means, its quantitative impact was not under
control. The power of modern computers has allowed us
to overcome this approximation, such that the quantities
relevant for the leptonic and semileptonic processes are
nowadays known from unquenched calculations.

* As pointed out above, the variables appearing in func-
tional integrals for fermions should be anticommuting
Grassman variables. For the numerical implementation
of this case one may set up different ways to represent
the fermions, which all coincide in the limit a — O.
Nevertheless, the choice of the fermion representation
remains an issue, which, however, for the leptonic and
semileptonic matrix elements is under control.

e The continuum limit @ — 0 needs careful discussion,
since it involves the renormalization of the QCD param-
eters. In other words, performing the continuum limit
requires simulations at different lattice spacings a.
However, the coupling constant a; is a function of the
lattice spacing a, = a,(a). Because of asymptotic free-
dom, the corresponding f function can be taken from
perturbation theory, once a is small enough, but also
nonperturbative methods for renormalization have been
developed.

» Heavy quarks on the lattice are difficult to simulate, since
the lattice spacing has to be chosen to be smaller than the
inverse mass of the heavy quark. In order to simulate a
hadron of typical size 1/Agcp this requires very large
lattices. For the strange and the charm quark this is
feasible, and for bottom quarks this only very recently
became possible. A workaround for this problem is to
use the static approximation, i.e., to simulate HQET on
the lattice. This leads to problems that do not appear in
full QCD, which, however, can be solved such that the
nonperturbative quantities of HQET and of the HQE can
be obtained from the lattice.

» Likewise, it is difficult to simulate objects with large
momenta. This is the reason why form factors for decays
of heavy mesons cannot be computed in regions where
the outgoing meson has a large momentum in the rest
frame of the decaying meson. This means that form
factor simulations are restricted to the region of maxi-
mum momentum transfer to the leptons.

Overall, lattice simulations for quantities relevant for

leptonic and semileptonic decays have become quite reliable.
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Unquenched results from different groups are available which
are compatible with each other. This concerns mainly the
lattice values for fp, the heavy-to-light form factors in the
region of maximum momentum transfer to the leptons, and
the heavy-to-heavy form factors, again in the region of
maximum momentum transfer. We quote the relevant lattice
results in the sections where they are used.

F. Other methods: Sum rules and quark models

The remaining methods depend more or less on additional
assumptions or even models.

One method, which certainly has its roots in QCD, is based
on the various kinds of QCD sum rules. The main idea is to
perform a perturbative calculation of suitably chosen corre-
lation functions in those kinematic regions, where perturba-
tion theory is valid. These perturbative results are then
extrapolated into the (usually nonperturbative) regions of
interest by using unitarity and analyticity, i.e., by using a
dispersion relation. The simplest example is the correlator
involving two electromagnetic currents of quarks,

/ dxe= (0| T(j, (1),(0)][0) = (94 - ¢a,)T(?).

(38)

which can be computed for large negative ¢*> in QCD
perturbation theory. In fact, one can apply the technique of
the OPE, which yields an expansion of Eq. (38) in inverse
powers of —g?. The leading term is simply the perturbative
result, while the subleading terms can be computed in terms
of vacuum matrix elements of local operators (sometimes
called “condensates”), multiplied by perturbatively calculate
coefficients.

On the other hand, 7'(¢?) satisfies a dispersion relation in
terms of a spectral function p(s),

T(s) = / as’_ p(s) (39)

27is — s +ie’

where p(s) contains all nonperturbative information and is
nonvanishing in the physical region s > 4m2.

The original sum rules were formulated by Shifman,
Vainshtein, and Zakharov (1979) for exactly this case and
have been used to extract information on the p meson, which
is the lowest state that can appear in the spectral function p(s).

The technicalities of QCD sum rules have been refined
since then. The standard repertoire for sum rule estimates
consists of the following:

* In order to reduce the contribution of the states with large

mass s in the dispersion relation in Eq. (39), one usually
performs a Borel transformation defined as

T(s) =Y a,s" —» T(M?) = %M

which transforms the denominator of Eq. (39) as
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turning the power suppression into an exponential one.

* Above a certain threshold s,, one may assume duality,
which means that the hadronic spectral function is
replaced by the partonic one. This assumption introduces
uncertainties, which are hard to quantify. To this end, the
sum rule will depend on two parameters M> and s,,.

* The two parameters M? and s, have to be determined. In
principle, there should be a plateau in both parameters
where the extracted nonperturbative quantities should be
largely independent of M? and s,,. For many quantities
this is also the case, and in practical applications values
are taken that are known to lie within such a plateau.
Nevertheless, this is the point where a QCD sum rule
estimate becomes model dependent. However, one can
get a feeling of the quality of the sum rule by varying M
and s.

e The sum rules discussed up to here turn out to not be very
stable for the calculation of form factors, in particular, for
heavy-to-light transitions. Up to this point we relied on
the local OPE applied to Eq. (38). However, instead of
setting up an OPE for the limit x — 0 in Eq. (38), one
may as well replace this limit by the limit x> — 0, which
is a light-cone expansion. This is also studied in QCD
and corresponds to the twist expansion in deep inelastic
scattering. One may set up sum rules based on the twist
expansion which are usually called light-cone sum rules
(LCSR). These sum rules require as the nonperturbative
input also light-cone distributions of mesons, usually the
one of the light meson, defined as

(m(q)|a(x)7,y5d(0)|0) 2—g = —iqufx K due ¥ pr(u),
(40)

where f, is the pion decay constant and ¢, can be
interpreted as the distribution of the (light-cone compo-
nent of the) momentum between the two quarks. To this
end, the light-cone distribution is a nonperturbative input
to the sum rule, in addition to M and s,.

Finally, we make a few remarks concerning quark models.
Although there are a variety of methods based or at least
rooted in QCD, one may still resort to a quark model for
estimates of hadronic matrix elements if no other option is left.
Clearly such models have a few serious shortcomings:

* Since the connection to QCD remains unclear, the use
of a model introduces a basically uncontrollable sys-
tematic uncertainty, making an uncertainty estimate
almost impossible. This is in contrast to all the other
approaches described, where in all cases uncertainties
can be estimated.

* An explicit treatment of bound states is up to now only
possible in nonrelativistic quantum mechanics, which is
the basis for any nonrelativistic quark model. Such a
model treats a meson as a two-particle state bound by an
(instantaneous) potential, which has to be modeled from
phenomenology. As far as spectroscopy is concerned,
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such models are phenomenologically quite successful,
once the parameters are fixed properly. However, even if
a relatively large constituent mass is assigned to the light
quarks, the nonrelativistic assumption is questionable.

* Instead of solving a Schrodinger equation one may try to

include relativistic effects by moving to a Dirac equation,
interpreted as a two-body equation. This allows for an
inclusion of relativistic effects, but still only as small
corrections, since otherwise the two-body description
breaks down.

As far as leptonic and semileptonic decays are concerned,
quark models have fortunately become completely obsolete,
since sum rules, HQE, and lattice QCD calculations are
available for all relevant nonperturbative quantities.
Nevertheless, quark models are still useful for estimates of
some subleading effects, such as the matrix elements of the
HQE or the form factors for decays into orbitally or radially
excited states. We quote the relevant results in the sections
where they are needed.

III. EXPERIMENTAL OVERVIEW

In this section, we give an overview of the production and
detection of B mesons at particle colliders. The reconstruction
of leptonic and semileptonic B decays and the experimental
techniques used to analyze them are introduced.

A. Accelerators and detectors

1. B-meson production at colliders

Studies of B-meson decays have been performed in
electron-positron collisions at the Y'(4S) resonance with the
following colliders and experiments: DORIS (ARGUS experi-
ment), CESR (CLEO experiment), PEP-II (BABAR experi-
ment), and KEKB (Belle experiment). CLEO, Belle, and
BABAR also collected data at or near the Y(5S) resonance,
providing samples of excited B mesons and B, mesons.
Samples of b-flavored hadrons of different types are available
from production at higher energies, in e*e™ collisions on the
Z resonance at LEP (ALEPH, DELPHI, L3, and OPAL
experiments) and SLC (SLD experiment), as well as in hadron
collisions at the Tevatron (CDF and DO experiments) and the
LHC (LHCb, ATLAS, and CMS experiments).

The cross sections for the process ete™ — bb at the Y (45),
T(5S), and Z resonances are 1.1, 0.3, and 6.6 nb, respectively.
The cross section for b-hadron production in hadron collisions
is much larger, e.g., o(pp — bb) ~300 ub at a center-of-
mass energy of /s = 7 TeV. Table I gives an overview of the
data samples recorded by the various experiments.

Semileptonic and leptonic B decays are best studied in
et e~ collisions, where the four-momentum of the initial state
is known and the events are comparatively clean. Their study
in hadron collisions is difficult due to the large hadronic
background and the unknown initial state, which makes
reconstruction of the neutrino challenging. Furthermore,
hadron-collider experiments must trigger on specific exclusive
decay modes and typically require charged particles in the
final state. The B-factory experiments can reconstruct a large
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TABLE I.  Overview of the b-hadron samples recorded by various
experiments. For LEP and SLC, the number of produced Z bosons,
Ny, is given instead of the integrated luminosity [ Ldr. For the LHC
experiments, only the run 1 data samples are considered.

Experiment Vs (GeV) [ Ldt (fb~"y or N,  BB/bb pairs
Belle 10.58 711 7.72 x 10% BB
BABAR 10.58 426 4.68 x 10° BB
CLEO 10.58 16 1.71 x 107 BB
ARGUS 10.58 0.2 2x 10° BB

LEP*’ ~91 ~4 x 100 Z ~6 % 10° bb
SLD ~91 ~6 %105 Z ~9 x 10* bb
LHCb 7000, 8000 3.2 2.6 x 10" bb
ATLAS, CMS® 7000, 8000 25 ~10'% bb

Tevatron™® 1960 10 ~10'" pb

“LEP represents ALEPH, DELPHI, L3, and OPAL.
Quoted numbers are per experiment.
“Tevatron represents CDF and DO.

variety of B-meson decay modes with a high efficiency and
are thus able to perform inclusive measurements.

The measurements of the high-luminosity B-factory experi-
ments Belle and BABAR are the focus of this article. They
currently provide the most precise results on B — v and
B — X?v decays. If competitive results from other experi-
ments exist, they are also mentioned. The PEP-II and KEKB
colliders were in operation from 1998 to 2008 and 1998 to
2010, respectively. They operated at a center-of-mass energy
of /s = 10.58 GeV, equal to the mass of the T (4S).

The production of B mesons in e e~ collisions at the Y'(45)
resonance is illustrated in Fig. 4. The Y(4S) is the lightest
bb resonance with a mass above the BB pair production
threshold:  my45) = 10.58 GeV > 2mp = 10.56 GeV. It
decays almost exclusively to B-meson pairs, with about equal
probability to B*B~ and B°B°. The current upper limit for
non-BB decays of the Y (4S) is 4% at the 95% confidence
level (Olive et al., 2014).

The energies of the colliding electron and positron beams
were chosen to be asymmetric to boost the Y'(4S) resonance
and the B mesons produced in its decay. This boost allows for
a better spatial separation of the two B-meson decay vertices.
The flight lengths of the B mesons are used to determine their
lifetimes and are thus important for time-dependent measure-
ments, in particular, the measurement of time-dependent CP
asymmetries. Table II lists some of the operating parameters of
the KEKB and PEP-II colliders.

2. Detectors

The detection of B — £v and B — X¢v decays requires a
reliable reconstruction and identification of the charged lepton
¢ = e, p and, in the case of semileptonic decays, the hadrons

e’ b B /B
T(5) w/d

C .

_ + 0
o ;. BY/B

FIG. 4. B-meson production in ete™ collisions at the Y(4S5)
resonance.

035008-9



Jochen Dingfelder and Thomas Mannel: Leptonic and semileptonic decays of B mesons

TABLE II.  Operating parameters of the e*e™ colliders running at
the Y(4S) resonance. For the asymmetric-energy colliders, LER and

that form the hadronic final state X. The other particles in the
event also need to be reconstructed to infer the kinematics of
the undetected neutrino either from the missing energy and
momentum in the event or from the reconstruction of the
second B meson. For this reason, a good hermeticity of the
detectors is important.

Figure 5 shows schematics of the Belle and BABAR
Both detectors have a similar overall design.
They are laid out in a cylindrical geometry and feature the
following subdetector components (from inside to outside):

HER denote the low-energy e® ring and high-energy e~ ring,
respectively.
KEKB PEP-IT CESR
Beam energy (GeV) LER: 3.5 LER: 3.1 5.29
HER: 8.0 HER: 9.0
Lorentz boost Sy 0.425 0.56 0 detectors.
Circumference (m) 3018 2199 768
Peak luminosity (cm™2s7!) 2.1 x 10* 12x10* 0.08 x 10**
(a)
KLM
Belle /
150° CDC i

FEET T e

0 1 2 3(m
(b)
L 1 1 | | Detector G Instrumented
! ' ' f | P | Flux Return (IFR))
0 Scale 4m el Barrel .
Superconducting
BABAR Coc;rdinate System 1015w~ 174 / Coil
. f ! Electromagnetic
Cryogenic x ~1149 4050 1149+ Calorimeter (EMC)
Chimney z | —| k370 )
I | JER ant( [())g'ia_'r?ber
1
ng{gglé?v ! N Silicon Vertex
(DIRC) __:Nj ‘l‘u J ’T T Tracker (SVT)
M5 i {4
IFR
Ma neg(i F?(r;ueld 1225 Endcap
Forward
i End Plug 30*°
Bucking Coil—— ' '7
1375
Support — =
Tube p 810
= — SR m— — e
Q4
Q2 —
Ql —
B1 A 3500
Floor —T T | T 11 ]
3-2001

8583A50

FIG. 5. Side views of (a) the Belle and (b) BABAR detectors. The acronyms used for the subdetector components of Belle are SVD =
silicon vertex detector, CDC = central drift chamber, PID = particle identification system, TOF = time-of-flight counter, CsI = CsI crystal
calorimeter, KLM = K OL /muon system, and EFC = extreme forward calorimeter. From Abashian et al., 2002 and Aubert et al., 2002.
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* a multilayer silicon-strip detector for the reconstruction
of decay vertices and precision track reconstruction close
to the interaction point;

* a large, low-material drift chamber to reconstruct tracks
of charged particles and measure their momenta;

e a particle identification (PID) system to identify charged
particles;

* a crystal calorimeter with Tl-doped CslI crystals for the
measurement of electromagnetic showers created by
electrons and photons;

* a solenoid magnet enclosing the tracking detectors and
the calorimeter, which provides 1.5 T axial magnetic
field to bend charged-particle tracks for the measurement
of their momentum and charge;

* and an iron flux return instrumented with resistive-plate
chambers or limited streamer tubes for muon and K9
detection (“Kg/muon system”).

The largest difference between the Belle and BABAR
detectors lies in their PID systems. BABAR used a novel
Cherenkov detector system that was based on the detection
of internally reflected Cherenkov light (DIRC) produced in
long quartz radiator bars. Belle relied on a threshold
Cherenkov detector with aerogel as radiator and photon
multiplier tubes as photon detectors and time-of-flight
plastic scintillation counters situated radially outside of
the drift chamber. In both experiments, specific energy loss
(dE/dx) measurements in the drift chamber are used in
combination with the Cherenkov and scintillation counter
information to identify particles. Because of the asymmetric
beam energies, both detectors have a forward-backward-
asymmetric design and are instrumented down to smaller
polar angles in the forward (e -beam) direction. The
detector acceptance in polar angle is 17° <6 < 150°.
Another consequence of the asymmetric design is a reduced
solid angle coverage in the center-of-mass frame compared
with detectors at symmetric colliders, e.g., CLEO. Detailed
descriptions of the Belle and BABAR detectors can be found
in Abashian et al. (2002) and Aubert ez al. (2002, 2013),
respectively.

B. Reconstruction of leptonic and semileptonic B decays

B mesons have a mass of 5.279 GeV and a mean lifetime
of 750 = 1.519 + 0.005 ps for neutral B mesons and zz+ =
1.638 4= 0.004 ps for charged B mesons (Olive er al., 2014).
Their mean flight length at the B-factory experiments is
Pyctp =~ 0.2 mm, so they decay inside the beam pipe, close
to the interaction point. Therefore, B mesons must be
reconstructed from their stable or long-lived decay products:
charged pions, charged kaons, protons, photons, electrons, or
muons. The key signature of B — v and B — X¢v decays is
the charged lepton. The hadronic final state X in semileptonic
decays can be reconstructed either inclusively or exclusively.
In the exclusive case, X is reconstructed in a specific decay
mode, while in the inclusive case, X is not explicitly
reconstructed and represents the sum over all possible
resonant and potentially also nonresonant hadronic final
states. An example semileptonic decay in the BABAR detector
is shown in Fig. 6.
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1. Lepton identification

The reconstruction of a leptonic or semileptonic B decay
starts with the identification of a high-momentum lepton
candidate.' The typical minimum lepton momentum require-
ment used in analyses of leptonic or semileptonic B decays is
p3 > 1.0 GeV.” The identification of electrons is based on a
match of a track reconstructed in the central tracking system
with an energy cluster in the electromagnetic calorimeter.
Variables used to discriminate electrons from other particles
include the shower shape in the calorimeter and the ratio of the
cluster energy to the track momentum E/ p, which is expected
to be close to unity for electrons. Muons are identified by
their ability to traverse the whole detector and leave tracks in
the muon system. Energy deposits in the muon system are
matched to a track in the central tracking system. The quality
of this match is evaluated in terms of a y> value computed
from the transverse deviations of the energy deposits in the
muon system from the position of the drift chamber track
extrapolated to the muon system. Additional variables used for
muon identification are the length and shape of the cluster of
energy deposits in the muon system, the shape of the cluster of
energy depositions in the calorimeter, dE/dx, and Cherenkov
detector information.

The performance of the lepton identification is studied with
large control samples of electrons and muons from e*e™ —
ete (y) and ete™ — putu~ processes or from J/y — ete™,
utu~ decays. The misidentification of pions and kaons as
electrons or muons is studied with control samples of
D*t = D%t - K-ztz" and Ky — n" 7z~ decays. In Belle
and BABAR, electrons are identified with an efficiency of up to
98%, corresponding to a pion misidentification probability
of a few per mil (for lab-frame momenta above 1 GeV).
Muons are identified with an efficiency of 90%-95% and
the corresponding pion misidentification probability is a few
percent (for lab-frame momenta above 1.5 GeV).

Tau leptons are identified through their leptonic decay
modes, 7" — e*v,0,, 5 = pty,D,, or hadronic decay
modes, + — X0, where the hadronic final state X most
of the time consists of one or three charged pions and possibly
additional neutral pions.

2. Hadron reconstruction

Semileptonic B decays predominantly produce a final state
containing a charm meson X,. Reconstruction of the D° and
D" mesons (the lightest charm mesons) is of particular
importance and is performed by choosing decay modes,
which produce a kaon and at least one pion. The invariant
mass of the decay products is used for identification.

The experimentally most favorable decay modes are D° —
K-zt and D* — K n"xt. A list of further decay modes
commonly used to reconstruct D mesons is given in Table III.
Neutral pions and neutral kaons that appear in these decays are
reconstructed in their dominant decay modes z° — yy and
K% — 77, and narrow mass windows around their nominal
masses are applied. D* mesons are identified by their decay to

'From here on, we refer to charged leptons simply as leptons.
*The asterisk (*) denotes variables in the Y (4S) rest frame.
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TABLE III. Ground-state charm mesons (D and D*), their
masses, the most important decay modes, and branching fractions
(Olive et al., 2014).

TABLE 1V. Charmless mesons (with masses below 1 GeV), their
masses, the most important decay modes, and branching fractions
(Olive et al., 2014).

Meson Mass (MeV) Decay modes B (%) Meson Mass (MeV) Decay modes B (%)
D 1864.86 +0.13 D - K-zt 3.88 £0.05 ° 134.9766 £ 0.0006 7° — yy 98.823 +0.034
D’ —» K- ntnnt 8.08 £0.20 n n a
DO & K-m 1394105 b4 139.57018 £0.00035 7" — uv 99.98770 4+ 0.000 04
DO — K90 1.19 + 0.04 n 547862 £0.018 5 —yy 39.41 £0.20
D° - Kdzta~ 2.83 +0.20 n— 2'z’z’ 32.68 +£0.23
DY — KU07070 0.91 +0.11 n—xtaa’ 22.924+0.28
D) > Katwa Z% i 0~2 o 775.11+£034  p* = 22" ~100
D K~ - . K
D+ 1896.62 + 0.15 D+_) K—ﬂf:r ’ 9 13i3 19 ’ 715264025 %~ ata” ~100
' ' NG : : ® 782.65+£0.12 > ataa® 89.2 +0.7
DT> Kntn'x 5.99 £0.18 0 8.8 1 028
D" - Kdr'ntn~ 3.12+0.11 ©=nY : :
Dt = Krata® 6.99 +0.27 7 957.78 +0.06 N —nrtn 429 +0.7
Dt — K3xt 1.47 £ 0.07 7 = p 29.1 £0.5
/ 0.0
D 200699 +0.15 D — DOx° 61.9+£2.9 n o 222+08
D* - D% 381+29 *Because of their long lifetime (z, = 2.6 x 107% s), charged
Dt 2010.29 + 0.13 Dt = DOxt 67.7+05 pions can be considered as stable particles in B-physics
D = D0 30.7+£05  experiments.

a D meson and a slow pion or a low-energy photon. The pions
or photons from D* decays have characteristically low
energies, since the mass difference between D and D* mesons
is only marginally larger than the pion mass mp+ —mp+ =
140.66 £ 0.10 MeV, Mmpo —mpo = 145.42 £ 0.01 MeV
(Olive et al., 2014). As the experimental uncertainties in
the reconstruction of the D and D* masses are correlated, their
difference, Am = mp, —mp or mp, — mp, can be measured
more precisely. The uncertainties largely cancel out in the
difference and the Am distribution exhibits a very narrow peak
for correctly reconstructed D* candidates. Higher-mass charm
mesons, e.g., the orbitally excited D** mesons, are recon-
structed in their decays to the ground-state D and D* mesons
and a transition pion (see Sec. VIL.B.4).

Semileptonic B decays to charmless final states X, are
suppressed with respect to charm final states by the ratio of
CKM matrix elements |V,,|>/|V.,|>. The most relevant
charmless mesons for B — X, Zv analyses are the pseudosca-
lar mesons z ", z°, #, and 5’ and the vector mesons p*, p°,
and w. Table IV shows their masses and main decay modes.
Charmless mesons with masses above 1 GeV have not yet
been observed in semileptonic B decays.’

3. Neutrino reconstruction

The neutrino in B — v and B — X¢v decays is not
directly detected. If there is only one neutrino in the BB
event, its four-momentum can be inferred from the missing
energy and momentum of the whole event:

P, = (Ew f)y) - (Emissv F)miss)

~ (Exasras) - (T S0). @D

*Belle recently reported the first signs of the decay BT — f,# v at
a hadronic mass of ~1.3 GeV (Sibidanov et al., 2013).
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where the index 7 runs over all detected particles. The squared
missing mass in the event M2, = P2 is expected to be
compatible with zero (i.e., with a negligible neutrino mass).
As the neutrino reconstruction depends on the measurement of
the energies and momenta of all particles in the event, the
experimental resolution of P, is moderate and the M2.
distribution has long tails. Better resolution can be achieved if
the second B meson in the BB event is fully reconstructed (see
Sec. III.C.3). In this case, the four-momentum Py of the signal
B meson decaying via B — v or B — X¢v can be derived
from that of the fully reconstructed B meson. The neutrino

four-momentum can then be precisely calculated as
P, = Py — Ps(=Px), (42)

resulting in a narrow peak around zero for correctly recon-
structed signal decays.

C. Background suppression and experimental techniques

The e*e™ cross section at the Y(4S) resonance includes
sizable contributions from non-BB events. Only about 25% of
all hadronic events produced at this energy contain a BB pair.
Table V gives the effective cross sections for the different
processes in ete™ collisions at /s = my (4s)-

The two main background sources for the analyses of B
decays are as follows:

(1) Continuum background: et e~ = qq (9 = u, d, s, c)

processes involving quarks lighter than the b quark and
lepton pair production in ete™ =T~ (C=e, pu, 7)
processes.

(2) Combinatorial background: BB events where one or
more particles have been wrongly assigned to the
signal B decay (typically originating from the other
B decay).

The suppression of these backgrounds is a crucial part of any
B-decay analysis and is discussed in more detail in the
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TABLE V. Effective cross sections (expected cross sections within
the experimental acceptance) for ete™ — bb, eTe™ — qg (q = u, d,
s,c)and ete” = £7¢(¢ = e, pu, 7). The numbers are valid for the
acceptance of the BABAR detector; they are very similar for Belle.

ete™ - qq Cross section (nb)
bb 1.05
cc 1.30
55 0.35
dd 0.35
uit 1.39
T 0.94
wrp 1.16
ete” ~40

following. In addition to data taking at the Y'(4S) resonance
(on-resonance data), the B factories dedicated a part of their
data taking to off-resonance data recorded at a center-of-mass
energy 60 MeV (Belle) or 40 MeV (BABAR) below the T (45)
mass. This off-resonance data sample can be used to estimate
the continuum background under the Y (4S) peak, after
scaling the cross section and the magnitudes of the particle
momenta to those expected for on-resonance collisions.

1. Continuum background suppression

In ee™ collisions at the Y (4S) resonance, B mesons are
produced slightly above the kinematic threshold for BB pair
production. Their momentum in the Y'(4S) rest frame is only
about 320 MeV. For this reason, they decay almost isotropi-
cally in the Y(4S) rest frame, leading to a spherical distri-
bution of the final-state particles. The average charged-particle
multiplicity in BB events is 10.7 (Brandenburg et al., 2000),
i.e., 5.4 charged particles per B decay (3.9 for semileptonic B
decays). Events from continuum processes have a lower
particle multiplicity, larger particle momenta, and are more
directional. The hadronization of the quarks in ete™ — ¢g
(g=u, d, s, c) processes leads to a two-jet topology.
Continuum background can be suppressed by asking for a
minimum number of tracks, typically at least three or four, and
by applying criteria on event-shape variables that quantify
how jetlike or spherical an event is.

Examples of commonly used event-shape variables are the
thrust and thrust-related variables. The thrust axis 7' of a
collection of N particles is defined as the unit vector that
maximizes the sum of the projections |p; - 7| over all particle
momenta p;. The thrust itself is defined as

S |pi- T

T = -
1N:1 |pil

(43)

Often two thrust axes are computed for an event and are
compared with each other, for instance the thrust axis of the
visible decay products of the signal B decay and that of the
rest of the event (ROE). These two axes are uncorrelated for
BB events due to the isotropic B decays. In continuum events,
the particles are aligned along the directions of the two jets
and the thrust axis of the B candidate and that of the rest of the
event are collinear. As shown in Fig. 7, the magnitude of the
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FIG. 6. Event display of a BY — p°u*v (p° = 2777) decay in
the BABAR detector. The neutrino is not detected and can be
only indirectly reconstructed; its flight direction is indicated by
the dashed arrow. The second B meson in the event decayed
hadronically.

cosine of the angle between the two thrust axes | cos Afy| =
|Teana — Trog| is uniformly distributed between 0 and 1 for
signal, while it is strongly peaked at 1 for continuum events.

Further examples of event-shape variables are sphericity,
aplanarity, Fox-Wolfram moments (Fox and Wolfram, 1979),
and variables describing the particle momentum flow around
the thrust axis of the B candidate. See Bevan et al. (2014) for a
discussion of these variables. To achieve an optimum con-
tinuum suppression, several event-shape variables are typi-
cally combined in a multivariate discriminant, e.g., a Fisher
discriminant or a neural network.

2. Combinatorial background suppression

The combinatorial BB background as well as the continuum
background can be suppressed by testing the kinematic
consistency of the reconstructed B candidate with a B meson.
Two largely uncorrelated kinematic variables used for such
tests are the difference between the reconstructed and
expected energy of the B candidate, AE, and the beam-
constrained mass of the B candidate, my,. (or mES4). They are
defined as

AE = E} — E}

beam’

Mpe = \/ Eltgaln - pEZ, (45)

where E7 is the energy of the B candidate and Ej_, is the
beam energy in the Y(4S) rest frame. The beam-energy
constraint in my, makes use of the fact that the energies of
the colliding beam particles are precisely known and hence
improves the mass resolution compared to the standard
invariant mass definition. For a correctly reconstructed B
candidate, AE ~ 0 and my, ~ mp. Example distributions of

AFE and my, are shown in Fig. 8.

(44)

“Belle uses the nomenclature my. (beam-constrained mass), while
BABAR uses mgg (energy-substituted mass). For simplicity, we use
only my, in this article.

035008-13



Jochen Dingfelder and Thomas Mannel: Leptonic and semileptonic decays of B mesons

8000 [~

7000 - [les

F |:| Continuum
6000 -

5000 |

4000

Events

3000 |
2000 -

1000

o e b
0 041

llllJLlLl[lLllll[L[[[L[l

02 03 04 05 06 07 08 09 1

ITcand T ROE I

FIG. 7. Distribution of |[cosAf;|= |Teana — Trop| ~ for
BB events (open histogram) and continuum events (shaded
histogram).

Another useful variable for analyses of B — XZv decays
is the angle Opy between the B candidate and the visible
system Y = X7 [see Fig. 9(a)]. If the only missing particle
in the event is the neutrino from the semileptonic decay,
cosOgy can be derived from four-momentum conservation
(Pp = Py + P,) and the assumption that the neutrino is
massless:

P;=0
= (Pp—Py)?
= mj + my — 2(EgEy — pppy cos Ogy)

2EBEY - m% - m%/
2pppy

= cosOpy = (46)

Under these assumptions, the variable cos 6py is distributed
between —1 and 1, up to resolution and photon radiation
effects. For incorrectly reconstructed semileptonic B decays or
background events, cos 8y does not correspond to the cosine
of a physical angle and the distribution is spread out much
further, as shown in Fig. 9(b).

3. B tagging

A further suppression of the continuum and combinatorial
background can be achieved by reconstructing not only the B
decay of interest but also the second B meson in the BB event.
This approach is referred to as B fagging. In addition to
identifying the event as a BB event, B tagging provides
kinematic constraints that allow for a precise reconstruction of
the neutrino four-momentum or other kinematic variables
such as the squared four-momentum transfer ¢°. The second B
meson can be either fully reconstructed in a hadronic decay
mode (hadronic tag) or partially reconstructed in a semi-
leptonic decay mode (semileptonic tag) and is referred to as a
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FIG. 8. Observed distributions of (a) my,. (= mgg) and (b) AE
from an analysis of hadronic B decays (Aubert et al., 2008f). The
data are compared with the result of a fit of two functions
representing correctly reconstructed B candidates (dashed lines)
and the total continuum and combinatorial BB background (dash-
dotted lines). The sum of the signal and background functions is
shown as solid lines.

By, candidate. B-tagging methods usually require that all
charged-particle tracks in the event are assigned to one of the
two B candidates and that there is only a small amount of
remaining energy from unassociated photon candidates or
energy deposits in the calorimeter, allowing for beam back-
ground, calorimeter noise, etc.

A full reconstruction of the By,, four-momentum Pg,, ina
hadronic decay mode allows the four-momentum of the signal
B meson Py to be inferred

(47)

where Py (4 is the four-momentum of the ' (4S). In addition,
the charge and the flavor of the signal B candidate are
uniquely determined from the charge and the flavor of the
By, candidate (apart from BB” mixing).

A large number of different decay modes, mostly with a
b — ¢ quark transition that lead to final states with a D°, D+,
D*, or a J/y meson, are considered for the hadronic B,
reconstruction. The charm meson is combined with additional
charmless mesons (7%, K*, 7% K9) to reconstruct a large
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FIG. 9. The variable cos@py for B? — D*~¢*v decays:
(a) reconstruction of the angle #zy, and (b) distribution of
cos Oy for correctly reconstructed B — D*~#*v decays (top-
most histogram) and various backgrounds (other histograms).
From Dungel et al., 2010.

number of exclusive By,, decay modes. The tagging efficiency
and purity depend on the number of charged and neutral
particles in the decay and are highest for decay modes with
low-multiplicity final states. Since the branching fractions
of the individual hadronic decays are small, typically of the
order of 107°—1073, the inclusion of higher-multiplicity final
states is necessary to reach a sufficient tagging efficiency. The
variables AE and my, introduced in Egs. (44) and (45) can be
used to distinguish correctly reconstructed from combinatorial
By, candidates and to estimate the tagging efficiency and
purity.

Both Belle and BABAR updated their hadronic B-tagging
algorithms during the course of the experiment, leading to an
improvement of about a factor of 2 in the tagging efficiency at
a comparable background level compared with the previous
versions. In the latest BABAR algorithm, By,, candidates are
reconstructed in nearly 1800 decay modes. Mode-dependent
selection windows in AE and my,. are applied. If there are
multiple By, candidates per event, the one reconstructed in
the decay mode with the highest purity is chosen. The recent
Belle algorithm uses a more hierarchical approach which
employs a four-stage By, reconstruction (as illustrated in
Fig. 10) combined with a neural-network -classification
(Feindt, 2004). At the first stage, z*, KT, K9, v, 7°, e, and
u candidates are reconstructed from tracks and from clusters
in the electromagnetic calorimeter. Then D, D, and J/y
candidates as well as D* and D7 candidates are formed.
At the last stage, the By, candidates are reconstructed and
classified. At each stage, neural networks are used to estimate
the probability that the particles have been correctly
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FIG. 10. The selection and classification stages of the hadronic
B-tagging algorithm in Belle. From Feindt ez al., 2011.

reconstructed. The neural-network outputs of each stage are
used as input to the next stage, where the particles are
combined to reconstruct parent particles. Additional informa-
tion is provided to the neural networks at each stage, such as
invariant masses, angles between particles, and vertexing
information. At the end, the kinematic consistency of the
B, candidates with a B decay is checked using my,. The final
neural-network output is used to rank the By, candidates,
allowing the best to be easily selected. Typical efficiencies
achieved for hadronic B tagging at the B factories are ~0.3%
for BB~ and ~0.2% for B°B" events with purities of
(10-30)%.

For semileptonic B tagging, usually the four decay modes
BY > D~¢*tv, B > D*¢ty, Bt - D% v, and Bt —
D¢y (¢ = e, p) are reconstructed. They have a combined
branching fraction of about 8% for B* and 7% for B°, per
lepton mode. Sometimes semi-inclusive B — DXZv decays
are also used, where X denotes an unspecified hadronic final
state. This more inclusive reconstruction includes D* and
higher-mass charm mesons, without having to reconstruct the
slow pion or low-energy photon from the D* decay. This
approach leads to a somewhat increased tagging efficiency at
the expense of higher backgrounds. Backgrounds and
wrongly reconstructed By, candidates can be suppressed
by selecting only events in the signal region of the cosfpy
(Y = DW¢) distribution [see Eq. (46)]. The efficiency for
semileptonic tags is about 0.5%—1%. It is larger than that for
hadronic tags because of the sizable semileptonic branching
fractions and the relatively high reconstruction efficiencies for
these decays. However, the background level is higher and the
kinematic constraints are not as tight as for hadronic tags due
to the neutrino in the tag decay. In general, semileptonic tags
(in contrast to hadronic tags or no tags) represent a com-
promise between signal efficiency and background suppres-
sion. As the various tagging techniques are statistically
independent and have largely uncorrelated systematic uncer-
tainties, measurements based on different tagging techniques
are complementary and can easily be combined.

D. Branching fraction measurement

The most fundamental quantities of interest in studies of B
decays are the total branching fraction B and the partial
branching fractions A of the studied decay mode in certain
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kinematic regions. The total branching fraction can be
calculated from the number of selected data events N,
the estimated number of background events Ny, the signal
selection efficiency g, (obtained from simulation), and the
number of BB events Ny in the data sample:

(48)

The factor of 2 accounts for the presence of two B mesons in a
BB event. The number of BB events is computed as
Ngp =o(ete™ — Y(4S) - BB) [ Ldt, where [ Ldt is the
integrated luminosity. The trigger efficiency for BB events at
the B-factory experiments is close to 100%. Branching
fractions are usually measured for B or BT, not for an
admixture of the two. In this case, the ratio of the Y(4S5)
branching fractions to charged and neutral B mesons,
f+/foo = 1.055 £0.025 (Olive et al., 2014), needs to be
taken into account. Partial branching fractions are computed in
the same way with the event numbers and signal efficiency for
the corresponding kinematic region.

Having discussed the production and reconstruction of B
decays and the relevant experimental techniques for their
analysis, we now turn to the measurements of leptonic and
semileptonic B decays.

IV. LEPTONIC B DECAYS

B mesons can decay into a charged lepton and a neutrino
B — ¢v if the quark and the antiquark inside the meson
annihilate each other and produce a virtual W boson [see
Fig. 1(a)]. These purely leptonic decays are possible only for
charged B mesons. As no hadrons appear in the final state,
these decays are quite easy to deal with from the theoretical
side. Experimentally they are more difficult, since the anni-
hilation of a b and a # quark into a W~ boson involves the
CKM parameter |V ,,|, making these decays quite rare.

A. Theory

The hadronic input to the description of purely leptonic
decays is mainly given by the decay constant fp of the B
meson defined in Eq. (16). The decay rate to leading order is
given by

G2 2
(B~ ¢v) = %Bfl? V22 (1=x?  (49)

T
and involves the product f3|V,,[>. Here x = m,/my is the
ratio of the lepton and B-meson masses. The decay constant

which turn out to be consistent with each other within
the uncertainties (at the ~2¢ level). From the lattice result
for fz and the |V,;| average of (3.70 £ 0.38) x 1073 (see
Sec. VIIL.B.6) one can derive a SM value for the B — v
branching fraction of

B(B* — ttv) = (0.83 £0.17) x 107, (51)

The branching fractions for B — ev and B — pv are much
smaller due to helicity suppression. They are suppressed by
factors of ~107 and ~220 relative to B — 7v, respectively.

The factor m2 in the decay rate reflects the helicity
suppression due to the left handedness of the charged current,
which is a typical feature of the SM. However, this suppres-
sion can be overcome by the radiation of an additional photon,
i.e., the process B — #vy does not suffer from the factor x2,
but has an additional factor of « (the electromagnetic coupling
constant) due to the photon emission. For the light leptons
¢ =e, p the predicted B — £vy branching fractions are
considerably larger than those without radiation.

The decay rate for the radiative decay is

dr _ aGimy|V,|* 5
— = - 1- z ()], 52
o et AN AL ()
where fy, and f, are the vector and the axial-vector form
factors for the B — y transition,

(r(p.e)lay* (1 —ys)b|B(v))
= V4nae; [P v, psfv(y) +i(g” + v p*) fa(y)].  (53)

and y is the rescaled photon energy y = 2E,/mp.

The SM prediction for this process depends strongly on the
theoretical input. Calculations based on QCD factorization
yield branching fractions B(B — £vy) ~ O(107°), depending
also on the energy cut applied to the photon. It was advertised
by Beneke and Rohrwild (2011) to use the measurement
to extract theoretical parameters appearing in the QCD
factorization.

In addition to the determination of the standard model
parameters |V,,| or fp, B — £v decays are particularly
interesting as probes for new physics. In models beyond
the SM with an extended Higgs sector, a charged Higgs boson
can be exchanged instead of a W boson. In particular, within a
type-1I two-Higgs doublet model (2HDM), which also rep-
resents the Higgs sector of supersymmetric models, there are
additional tree-level contributions from the exchange of a
charged Higgs boson. The rate in the 2HDM is given by

f g can be obtained either from QCD sum rules or from lattice Doupm(B = €v) = rglsm(B = ¢v) (54)
calculations. The most recent values are (Dowdall ez al., 2013;
Gelhausen et al., 2013) with
(186 +4) MeV  from lattice QCD mtan2f\ 2
ry = 1- 872 . (55)
f (Dowdall et al., 2013), (50) my,
B =
207157) MeV CD 1
(207%7) Me rom Q sum ries where my is the mass of the charged Higgs boson and tan f is
(Gelhausen et al., 2013), the ratio of the Higgs vacuum expectation values that appear in
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the 2HDM. This shows that measurements of B — fv
branching fractions can be used to indirectly search for
charged Higgs bosons and to constrain the 2HDM parameter
space or to look for other unknown heavy charged particles.

B. Measurements

1.B - ¢€v (C=e, p)

While B — ev decays in the SM are experimentally out
of reach at current particle colliders, the predicted B — uv
branching fraction of ~5 x 1077 is close to being accessible
with the B-factory data samples. It is nevertheless interesting
to study both B — ev and B — pv decays as they could have
significantly enhanced branching fractions in models beyond
the SM.

Identification of B — ev and B — uv decays exploits three
main event characteristics. The most distinctive signature is
the monoenergetic lepton in the rest frame of the decaying B
meson, since the decay is a two-body decay. A peak in the
distribution of the lepton momentum in the B rest frame, p%, is
expected at ~2.6 GeV (half the B-meson mass). Second, if
there is no additional neutrino from the other B decay in the
event, the M2, distribution should peak around zero. Third,
the consistency of the second B candidate in the event with a B
decay can be checked. This check is done for the second B
meson as the signal B decay cannot be fully reconstructed
because of the neutrino.

The most important backgrounds in B — £v searches are
ete™ — £T¢ events (as well as other continuum processes)
and B — X,¢v decays. B — X_./v decays make little con-
tribution, as the expected lepton momentum lies significantly
beyond the kinematic limit for these decays. The background
from hadronic B decays is strongly suppressed by the require-
ment of a well-reconstructed high-momentum lepton, as
hadrons misidentified as leptons tend to have lower momenta.

The decays B — ev and B — uv have been searched for
by Belle (Satoyama et al., 2007; Yook et al., 2015), BABAR
(Aubert et al., 2008g, 2009e, 2010a), and CLEO (Artuso
et al., 1995), in both untagged and tagged analyses. We
discuss only the most recent analyses from Belle and BABAR
in detail, as they have the best signal sensitivity.

In the untagged analyses, the second B meson in the event
is reconstructed inclusively. After identification of a well-
reconstructed electron or muon, the four-momentum of all
remaining particles in the event is computed and assigned to
the second B meson. Its consistency with a B decay is ensured
using my, and AE (see Sec. III.C.2). As the four-momentum
of the signal B meson is not known, the Y (4S5) rest frame is
used as an approximation of the B rest frame. This approxi-
mation results in a smeared-out peak between ~2.3 and
3.0 GeV in the pg distribution [see Fig. 11(a)]. The inclusive
reconstruction of the second B meson yields an estimate of the
four-momentum of the signal B meson, which somewhat
improves the approximation of the B rest frame. Events with
more than one identified charged lepton are vetoed, as charged
leptons are mostly produced in conjunction with neutrinos
(leading to multineutrino final states) or come from continuum
production of lepton pairs. As discussed in Sec. III.C.1,
continuum events are reduced by using event-shape variables.
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FIG. 11. Distributions from the untagged B — uv analysis by

Belle: (a) lepton momentum in the B rest frame pf,f, (b) Fisher
discriminant F used for continuum suppression, and (c) p?
after a cut on the Fisher discriminant (F > 0.3). The arrows
indicate the selection criteria applied on these variables. From
Satoyama et al., 2007.

Both Belle and BABAR combine these variables in a Fisher
discriminant to achieve an optimum continuum suppression.
Belle and BABAR extract the B — Zv signal from the
distributions of pZ, my,., and AE. In the BABAR analysis
(Aubert er al, 2009¢), events are selected in the range
—2.25 < AE < 0 GeV. A Fisher discriminant is built from
the lepton momentum in the Y'(4S) frame p and in the B rest
frame pZ to discriminate the signal against the remaining

035008-17



Jochen Dingfelder and Thomas Mannel: Leptonic and semileptonic decays of B mesons

TABLE VI. Branching fraction upper limits for B — v (£ = e, u) decays.
Upper limit at 90% C.L.

Experiment [ Ldt (fb7") B(B - ev) B(B = uv)
CLEO untagged (Artuso et al., 1995) 2 15%x107° 21 x 10°°
Belle untagged (Satoyama et al., 2007) 253 1.0 x 1076 1.7 x 107°
BABAR untagged (Aubert et al., 2009e) 426 1.9 x 1076 1.0 x 107°
BABAR semileptonic tag (Aubert et al., 2010a) 418 11x10°° 8 x 107°
BABAR hadronic tag (Aubert ef al., 2008g) 342 5.6 x 107° 5.2x 1070
Belle hadronic tag (Yook et al., 2015) 711 3.4 x107° 2.7 %1070
HFAG average (Ambhis et al., 2014) 1.0 x 107° 1.0 x 107°

continuum and BB backgrounds [see Fig. 11(b)]. The signal
is extracted in a joint fit to the Fisher discriminant and my,.
In the Belle analysis (Satoyama et al., 2007), events are
required to lie in the regions —0.8 < AE < 0.4 GeV and
2.6 < p% < 2.84 GeV, and the signal is extracted in a fit to
the my,. distribution. The signal efficiency is 2%-3% in the
Belle analysis and 5%-6% in the BABAR analysis. No
evidence for B — ev or B — uv decays has been observed.
Both experiments set upper limits on the B — ev and B — uv
branching fractions. The results are presented in Table VI.
Belle and BABAR also searched for B — £v decays using
tagged BB samples (Aubert et al., 2008g, 2010a; Yook et al.,
2015). While the signal yields are much lower than for
untagged analyses, tagged measurements provide better kin-
ematic constraints. The full reconstruction of the By,, allows
for a precise determination of the four-momentum of the
signal B meson and thus a precise reconstruction of the B rest
frame. As can be seen in Fig. 12, the resolution of the pZ peak
is much improved, providing better suppression of the
continuum and BB backgrounds. The hadronic-tag analysis
is almost background free. Semileptonic-tag B — ev and
B — pv analyses were carried out by BABAR as part of their
B — v analysis, where the electron and muon final states
contribute to the leptonic 7 decay channels. The exclusion
limits obtained with the tagged measurements are also shown
in Table VI. The best limits from hadronic-tag analyses are
about a factor of 2-3 higher than for the most precise untagged
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FIG. 12. Distribution of the lepton momentum in the B rest
frame pZ for the hadronic-tag B — pv analysis by BABAR. The
observed distribution (points) is compared with the fit of a signal
(dotted line) and a background (solid line) function to data.
The signal is shown with an arbitrary normalization. From Aubert
et al., 2008g.
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measurements. Because of the excellent p? resolution and
the low background, tagged measurements have a promising
future in B — £v searches with the larger data samples
expected at Belle II, the upgrade of Belle at the Japanese
SuperKEKB collider, which is expected to start operation in
2017 or 2018.

The current exclusion limits for the combination of all
B — v measurements are

B(B — ev) < 1.0 x 1076,
B(B — pv) < 1.0 x 107° (56)

at the 90% confidence level (Ambhis et al., 2014).

Besides the purely leptonic decay modes, radiative decays
B — Zvy with their enhanced branching fractions compared to
their B — ¢v counterparts are of interest. The current upper
limit on the B — £vy branching fraction for photon energies
above 1 GeV is 3.5 x 107° at the 90% confidence level (Heller
etal.,2015). B — vy decays also allow the parameters of the
B-meson light-cone distribution amplitude to be determined
[see, e.g., Beneke and Rohrwild (2011)], which will become
feasible with the Belle II data set.

2.B->w

The B — v decay has by far the largest branching fraction
of all leptonic B decay modes. Experimentally it is challeng-
ing because of the presence of several neutrinos in the final
state, so it does not provide many constraints that can be used
to suppress backgrounds. The multiple neutrinos make a
complete reconstruction of the two-body decay kinematics
impossible. Analyses of B — 7v decays must rely on the
reconstruction of the second B meson in the event to reach a
tolerable signal-to-background ratio. Both hadronic-tag and
semileptonic-tag analyses have been performed and show a
comparable sensitivity with the current data sets.

The 7 candidate is typically reconstructed in decay modes
with a single charged particle (leptonic and one-prong
hadronic decays). The track belonging to the 7z candidate
and the By, are required to have opposite charges. After both
the By, and the = candidate have been reconstructed, there
should be no remaining particles in the event. Events with
additional charged particles are vetoed. In addition, the
remaining energy in the electromagnetic calorimeter EEGL
is computed from all energy clusters (above a certain energy
threshold) that are not assigned to the B,,, or the = candidate.
Signal events tend to have very little remaining energy and are
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located in a peak around zero in EEGL, while background events

often contain additional photons or neutral pions. In practice,
there is always some amount of extra energy in the calorimeter
due to beam backgrounds, detector effects, and fragments of
hadronic showers of pions and kaons, so-called hadronic split
offs, that are identified as separate clusters. The dominant
background that peaks at EESL ~ 0 is B — D¢y, if the D
meson decays semileptonically or to final states with one or
more KY. Also charmless semileptonic decays B™ — 7%/ v or
radiative decays B — K*y contribute to the peaking back-
ground. A reliable reconstruction of EECL is one of the most
important but also most challenging tasks in B — zv analyses.

The first searches for B — v decays were already per-
formed before the start of the B factories, by ALEPH (Barate
et al., 2001), ARGUS (Albrecht et al., 1995), CLEO (Artuso
et al., 1995; Browder et al., 2001), and L3 (Acciarri et al.,
1997). These analyses led to an upper limit on the B — v
branching fraction of 5.7 x 1074 (Hagiwara et al., 2002) at the
90% confidence level. In 2006, the Belle experiment reported
the first evidence of B — 7v decays (Ikado et al., 2006) in a
hadronic-tag analysis using a data sample of 414 fb='. A
branching fraction of B(B — 7v) = (1797038, 105 tys) X 107
was measured, corresponding to a signal significance of 3.5¢.
Two years later, also BABAR published a 2.2¢ evidence for
B — v decays in a hadronic-tag analysis using a data sample
of 346 tb~! (Aubert et al., 2008a), and measured a branching
fraction consistent with the Belle result.

Both Belle and BABAR have recently published updates
of their hadronic-tag analyses using the full data sets (Adachi
et al., 2013; Lees et al., 2013b). These analyses benefit not
only from the larger data samples, but also from improvements
in the hadronic B-tagging algorithms. The results are sum-
marized in Table VIL

The 7 lepton is reconstructed in the four decay modes
= et b, vt = ptyb, 0 = 10, and 1 = pto, —
7l'+7t017r, which have a combined branching fraction of 72%.
Belle extracts the signal in a joint fit to the EEGL and M2
distributions. The reconstruction of EEGL and M2, is
validated in data with a sample of BT — D*%¢*v decays
after removing the D** decay products from the event to
obtain a similar event topology as for the B — v signal. The
signal fit is performed simultaneously for all four z decay
modes, taking the different reconstruction efficiencies and 7
branching fractions into account. The EESL distribution after
the fit is shown in Fig. 13(a). In the BABAR analysis, a

TABLE VIIL

Overview of B — v results from Belle and BABAR. The uncertainty on the number of signal events N

likelihood ratio is constructed from the signal and background
likelihoods to suppress BB backgrounds. The likelihoods are
obtained from the product of the probability density functions
of two variables for t+ — z*0, and four variables for
T = pT0, - 7t2%,: the momentum of the hadron, the
polar angle of the missing momentum, and in the case of
7+ — pti,, also the masses of the z° and the p* candidate.
The signal and background yields are determined from a fit to
the EESL distribution in the four decay modes simultaneously.
Templates for signal and background events in which the
By, is correctly reconstructed are taken from simulation.
The template for the combinatorial background is taken from a
sideband of the m,. distribution of the B, candidate.
Differences between data and simulation for these distribu-
tions are studied and corrected using double-tag events, where
the signal B meson is replaced by a second reconstructed
By, candidate. As seen in Table VII, the branching fraction
measured by BABAR is larger than the one obtained by Belle;
the two measurements lie about 1.7¢ apart. The experimental
uncertainties on the individual measurements are 30%—40%,
dominated by the statistical uncertainty.

As the hadronic-tag results are still statistically limited,
Belle and BABAR have also measured B — 7v decays in
semileptonic-tag analyses (Aubert ef al., 2010a; Kronenbitter
etal.,2015). The two tagging techniques provide independent
measurements, both statistically and to a large extent also
systematically. Belle reconstructs semileptonic tags in the
decay modes BT — D¢y and BT — D*%¢"v. BABAR uses
a more inclusive approach and reconstructs B — DXZv
decays by selecting only a D meson and a lepton without
any requirement on the presence of any additional hadrons
(X). In the BABAR analysis, two likelihood ratios per signal
mode are constructed from kinematic and event-shape vari-
ables to suppress backgrounds, one for the BB background,
and the other for the continuum background. Selection criteria
on the two likelihood ratios and on EESL are chosen to
maximize the signal significance in each decay mode sepa-
rately and to determine the signal yields. Belle uses neural
networks for background suppression and extracts the signal
with a two-dimensional fit in EESL and the momentum of the
visible 7 decay products. The EESL distribution is presented in
Fig. 13(b). The results of the semileptonic-tag analyses are
also shown in Table VIIL.

A graphical overview of the branching fraction measure-
ments is shown in Fig. 14. The results are still statistically

sig 1S

statistical, and the uncertainties on the branching fractions are statistical and systematic.

Experiment

[Ldr (™) N

B(B - tv) (10™*)  Significance ()

sig

Belle semileptonic tag (Kronenbitter er al., 2015)
Belle hadronic tag (Adachi et al., 2013)

Average Belle

BABAR semileptonic tag (Aubert et al., 2010a)
BABAR hadronic tag (Lees et al., 2013b)

Average BABAR
Average Belle + BABAR

2224£50 1.25+0.28+0.27 3.8
62+£23 0727037 £0.11 3.0
0.91 £0.22
74 £ 39 1.7£08+02 2.3
6217  1.831033 £0.24 3.8
1.79 £0.48
1.06 £ 0.20
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FIG. 13. Distributions of EEGL for the Belle B — 7v analysis
using (a) hadronic tags (Adachi et al., 2013) and (b) semileptonic
tags (Kronenbitter ez al., 2015). The observed distributions (points)
are compared with fits of simulated signal (topmost histogram) and
background distributions (other histograms) to data.

limited. The leading systematic uncertainty comes from the
background modeling, in particular, of the shape of the EECL
distribution. The combination of the hadronic-tag and semi-
leptonic-tag measurements from Belle and BABAR yields a
signal significance of about 5o, corresponding to an obser-

vation of B — v decays.

3. Interpretation of B — v results: |V,;|, f5, and new physics

The measured B — v branching fraction can be compared
with the SM prediction computed for given values of f and
|V.p]- The average of the Belle and BABAR measurements
in Table VII is found to be in good agreement with the SM
prediction in Eq. (51).

The branching fraction average can be translated to a result
for the product fz|V,;|. Using the lattice QCD result for fp,
we can then extract the following value for |V,,|:

V.| = (4.19 £ 0.40) x 1073, (57)
Alternatively, if the value of |V,,| is known from

other measurements, the measured branching fraction
can be used to determine the B decay constant. Using
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Belle had. tag .
(0.72+0.27-0.25+0.11) x 10°

Belle sl. tag 4
(1.25+0.28+0.27) x 10

Belle combined -o—
(0.91£0.22) x 10

BaBar had. tag
(1.83+0.53-0.49+0.24) x 107

BaBar sl. tag
(1.7+0.8+0.2) x 10

BaBar combined
(1.79+0.48) x 10

Average (BaBar+Belle) e
(1.06£0.20) x 10
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FIG. 14. Comparison of the B — zv results from Belle and
BABAR. The inner error bars show the statistical uncertainty, and
the outer ones the total experimental uncertainty. For averaged
branching fractions, only the total uncertainty is shown.

|Vus| = (3.70 £ 0.38) x 1073
obtain

(see Sec. VIILB.6), we

f5 =210 429 MeV. (58)

The measured B — zv branching fraction in combination
with |V, | can also be used to constrain new physics models,
for instance the ratio ry in Eq. (55). As an example, Fig. 15
shows the constraints in the my+ — tan f plane for the type-II
2HDM obtained by BABAR (Lees et al., 2013b).

In this article, we focus on charged-current leptonic decays
with a neutrino in the final state, which are a domain of the B
factories. A number of other interesting leptonic decay modes
of the B meson exist and have been studied at the B factories,
the Tevatron, and the LHC, for instance B?S) —utu, B > o

and lepton flavor violating decays B — eu, B — er, and
B — ut. Their discussion is beyond the scope of this article.

V. INCLUSIVE SEMILEPTONIC B DECAYS
TO CHARM MESONS

This section describes the current status of studies of
inclusive B — X, Zv decays. The large samples of B mesons
available from the two B factories allow for high-statistics
investigations of B — X _.£v decays, which have a large total
branching fraction of about 10% per lepton mode £ = e, p.
From the theoretical side the methods are in a very mature
state, allowing for precise calculations, which lead to extrac-
tions of SM parameters, in particular, |V,| and quark masses,
with small uncertainties.

A. Theory

The basis of the precise theoretical prediction for inclusive
B — X Zv decays is the heavy-quark expansion discussed in
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FIG. 15. Constraints on the parameters my+ and tanf in the

type-1II 2HDM, derived from the B — zv branching fraction of
the BABAR hadronic-tag analysis. The exclusion limits are
shown for 90% (light-shaded) and 99% (dark-shaded) confidence
level and two example |V,,| values: (a) (3.23 4 0.30) x 1073
and (b) (4.33 £0.28) x 1073, From Lees et al., 2013b.

Sec. II.D. Here we quote the necessary formulas that are used
for the determination of |V ,]|.

For the extraction of |V,,| from inclusive decays, a
simultaneous fit is performed to determine |V,| together
with the parameters of the HQE and the quark masses. The
observables used are the total rate as well as various moments
of differential distributions (lepton energy, hadronic energy,
hadronic invariant mass, etc.), which can be computed using
the methods presented in Sec. II.D. In contrast to the detailed
form of the spectrum, moments of the spectra can be
calculated reliably.

The general structure of the expansion (Benson et al.,
2003) is
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A 2 A 3 A 4
dl' = dT, + dl“z( QCD) + dF3< QCD) + dn( QCD)
my, my my,
A 5 A 37N 2
my, my, m.

+dr7<m)3(m>u..., (59)

my, me

where the coefficients dI'; are functions of m./m, that
depend on the HQE parameters uz,uZ,p3.pig. ... [see
Egs. (32)—(36)]. Furthermore, the OPE yields an expansion
of the dI'; in powers of a,(m,). It is interesting to note that
also inverse powers of the charm-quark mass appear, indicat-
ing an infrared sensitivity to the charm-quark mass, which
starts with an Inm, term at 1/m; (Breidenbach et al., 2008;
Mannel, Turczyk, and Uraltsev, 2010).

The coefficients dI'; are known at tree level up to and
including 1/ mg (Dassinger, Mannel, and Turczyk, 2007,
Mannel, Turczyk, and Uraltsev, 2010), the corrections of
order a, (Jezabek and Kuhn, 1989) and a% (Melnikov, 2008;
Pak and Czarnecki, 2008; Brucherseifer, Caola, and Melnikov,
2013) are known for dI'y, while for the subleading terms in
1/my, the a, corrections are known for the u2 (Becher, Boos,
and Lunghi, 2007) and the uZG terms (Alberti, Gambino, and
Nandi, 2014; Mannel, Pivovarov, and Rosenthal, 2014).

As pointed out in Sec. I1.D, the leading term of the HQE is
given by the decay rate of a free quark. For dimensional
reasons the free decay rate scales with the fifth power of the
heavy-quark mass, at least if the final state is assumed to be
massless. In the early days of the HQE this was considered a
problem for the precision of the predictions, since the result
depends strongly on the way the heavy-quark mass is defined.
Usual perturbative calculations assume the pole mass, corre-
sponding to the location of the pole in the quark propagator.
However, the pole mass cannot be defined to a precision better
than a few hundred MeV due to the so-called renormalon
problem (Bigi et al., 1994b). Moreover, the radiative correc-
tions calculated in terms of the pole mass turn out to be large,
and hence, if the two issues were uncorrelated, the HQE
would not yield precise predictions.

Fortunately, the bulk of the radiative corrections are indeed
correlated with the mass, and hence it is mandatory to choose
a suitable mass definition. The first requirement is to choose
a mass definition that is not plagued by the renormalon
problem; such mass definitions are called short-distance
masses. The most commonly used definition of this kind is
the mass defined in the so-called modified minimal subtraction
scheme (MS scheme) (Bardeen et al., 1978), which depends on

a renormalization point y, usually chosen to be m}S.

The HQE is an effective theory at scales below my,.
Extrapolating the MS scheme to values below m;, has turned
out to not yield the most precise scheme for the HQE; rather
two specific mass definitions have been constructed which are
both short-distance masses. The first one is the mass definition
in the so-called kinetic scheme (Bigi et al., 1997), where a
u-dependent mass is defined from a sum rule for the (non-
relativistic) Kinetic energy; my"(u) is defined for values of y
below m,,. The second possibility is the so-called 15 scheme
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(Hoang, Ligeti, and Manohar, 1999; Bauer et al., 2004), where
a short-distance mass value is extracted from the mass of the
T(1S) state. Both the 1.5 mass and the kinetic mass are short-
distance masses, thus they can be related to each other within
perturbation theory.

The rate for B — X _.£v decays also depends on the mass of
the charm quark. However, it turns out that the total rate as
well as the moments depends only on a linear combination of
the two masses. In fact, from the semileptonic moments one
may precisely determine a linear combination

mkin(1 GeV) — am,, (60)

where a is in the range 0.7-0.8, depending on the choice of the
scheme for the charm-quark mass.

The radiative corrections are under good control in both
schemes. Including the terms of the HQE up to 1/mj, the
theoretical uncertainty is at the level of 2%. The higher-order
terms can be estimated to be (Mannel, Turczyk, and Uraltsev,
2010)

Arl/mS
= Um 0,030, (61)
Ftree
AFl/m4
=t 0,007, (62)
Ftree
Arl/ms
= m 0,006, (63)
Ftree

where the terms of the order of 1/m; are taken into account in
the analysis. The terms of the order of 1/m} and higher yield
only a very small shift in |V |, which is well under 1%. Thus
the HQE yields a very precise prediction of the rate and also of
the moments, which are given in terms of the HQE parameters
in Egs. (32)—(36). These are extracted in a simultaneous fit to
data in various moments and hence also yield a contribution to
the overall uncertainty. If one assigns this uncertainty to be
theoretical, the overall (relative) theoretical uncertainty for the
extraction of |V ;| is now below 2%.

Additional sources of uncertainty such as duality violations
have been discussed in the literature (Bigi and Uraltsev, 2001;
Bigi and Mannel, 2002), however, they are hard to quantify.
Following the arguments of Bigi and Mannel (2002), duality
violations should show up as unnaturally large coefficients
in higher orders in the HQE when extracting them from
the data. As there is no evidence for this in the present data,
no additional uncertainty for possible duality violations is
assigned to |V ).

B. Measurements

_ Jg 0"(dr/d0)do (64
~ [f™(dr/d0)dO

(0",

where E., denotes the minimum energy required for the
lepton. The moments are measured as a function of the
minimum lepton energy, as their dependence on E, contains
information on the HQE parameters and thus provides addi-
tional sensitivity for their determination. Moments of order n
can be interpreted as follows:

* n = 0: According to the definition in Eq. (64) the zeroth
moment is unity. What is referred to as the zeroth
moment by the experiments is often the partial decay
rate, which provides the normalization information
needed to determine |V, |:

Emax dr
AT(E,,) = / a0, (65)
E,

cut

e n = 1: The first moment corresponds to the mean of the
distribution (O).

e n >2: As the moments with n > 2 are correlated with
the mean, it is advantageous to remove this correlation
by defining central moments u, about the mean of the
distribution:

47 (Eew) = ((0 = (0))")g,, (66)

The second central moment corresponds to the variance,
the third to the skewness, and the fourth to the kurtosis
of the distribution.
Moments of lepton energy (E”) and (squared) hadronic mass
(m%') have been measured for B — X .£v decays by several
experiments in ete” collisions at the Y(4S) and the Z
resonance, and in pp collisions. Table VIII gives an overview
of the available moment measurements.

In addition to B — X /v decays, moments of the photon
energy distribution (E}) in radiative decays B — X,y can be
used to determine the HQE parameters. Radiative decays
contain complementary information on the HQE parameters.
As B — X,y is atwo-body decay, the b quark is at rest in the B
rest frame at the parton level, but the photon energy spectrum
is smeared out when taking the Fermi motion of the b quark
inside the B meson into account. The measured shape of the
E, spectrum thus has a high sensitivity to m,;, and Uz,

Hadronic mass moments in B — X.Zv decays have been
measured with Y(45) data by Belle (Schwanda er al., 2007),

TABLE VIII. Moment measurements for hadronic mass and lepton

1. Measurements of moments of inclusive spectra energy.

The shapes of kinematic distributions, e.g., lepton energy . (mg") (Ep)
and hadronic mass spectra, of B — X, v decays are sensitive ~ xperiment n Eew GeV) n Eeu (GeV)
to the HQE parameters. Moments of inclusive distributions are BABAR 1/2,1,3/2,2,5/2,308-19 0,1,2,306-1.5
measured to characterize their shapes and the HQE parameters ~ Belle 1,2 07-1.9  0,1,2,304-20
are determined by fitting the HQE to these moments. SEE 0 } g (1)8 L5 1 '2 06 L5

The moments of the distribution of an observable O for  rroiy 1.2.3.4.5 2.3 -
semileptonic decays are defined as
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BABAR (Aubert et al., 2004b, 2010b), and CLEO (Cronin-
Hennessy et al., 2001; Csorna et al., 2004). Measurements
at higher energies come from DELPHI (Abdallah er al.,
2006) in eTe~ collisions and CDF (Acosta et al., 2005) in
pp collisions.

The CLEO analysis is performed as an untagged analysis
and hence the hadronic final state X, of the B — X_.£v decay
cannot explicitly be reconstructed. The mass my needs to be
determined from kinematics according to

mi’ = m% +C]2 _ZE;eam(Ef +Ev) +2|ﬁB| |Z]|C0893,f11' (67)

In this equation, ¢ = p,+ p, is the momentum of the
leptonic system, pg and my are the momentum and mass
of the B meson, and 6 4, is the angle between the B meson
and the leptonic system. The neutrino kinematics are inferred
from the missing energy and momentum in the event. As the
direction of the B meson is unknown, the last term in Eq. (67)
is not known. However, as the average momentum of the
B meson is small (pg =~ 320 MeV, see Sec. III.C.1), the
omission of the last term in Eq. (67) yields a reasonable
approximation of the hadronic mass.

In the Belle and BABAR analyses, the second B meson in
the event is fully reconstructed in a hadronic decay mode
(Biag)- After identifying the lepton from the semileptonic
decay, the momentum of the hadronic final state X, is
reconstructed as the sum of the momenta of all particles in
the event not associated with the By, and the lepton. The
measured my distribution needs to be corrected for detector
acceptance and resolution effects. In BABAR, an event-by-
event correction is applied, based on lepton momentum,
hadron decay multiplicity, and missing mass in the event.
Belle performs an unfolding of the my spectrum using a
correction matrix determined from simulation. Figure 16(a)
shows the m% distribution measured by Belle. The hadronic
mass spectrum in B — X _.£v decays is composed of D, D*,
and higher-mass resonant or nonresonant charm final states
(see Sec. VII.B.4 for more details). The experimental my
resolution is not sufficient to clearly separate these individual
contributions. In the measurements at higher energies from
DELPHI and CDF, exclusive B — X_.£v decays are recon-
structed (B - Dfv, B - D*fv, and B — D**¢v), and the
hadronic mass spectrum is composed of the sum of these
exclusive decays. The main systematic uncertainty in this
approach is due to the uncertainties on the exclusive branching
fractions. Because of the large average B momentum of
~30 GeV at LEP, no minimum lepton momentum require-
ment is needed.

Lepton energy moments in B — X./v decays can be
measured more precisely than hadronic mass moments.
They have been measured by Belle (Urquijo et al., 2007),
BABAR (Aubert et al., 2004a, 2010b), CLEO (Mahmood
et al., 2004), and DELPHI (Abdallah ez al., 2006). The CLEO
and the earlier of the two BABAR analyses are based on a
selection of dilepton events. A tag lepton with momentum
above 1.4 GeV is selected and the energy distribution of the
second (signal) lepton with momentum above 0.6 GeV is
studied. Background from events where the signal lepton
comes from a secondary decay of a charm meson can be
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FIG. 16. Inclusive B — X.Zv spectra measured by Belle

(Schwanda et al., 2007; Urquijo et al., 2007) for (a) squared
hadronic mass and (b) lepton momentum.

controlled by using charge correlation and kinematic proper-
ties of the leptons. The more recent analyses by Belle and
BABAR use hadronic tags and have low combinatorial back-
ground. The E, distribution measured in the Belle analysis is
shown in Fig. 16(b).

BABAR also measured combined hadronic mass and had-
ronic energy (Ey) moments (Aubert et al., 2010b), called

mixed moments (n¥"). The quantity ny is defined as

ny =my — 2AEy + A* (68)

with a constant A = 0.65 GeV, as proposed by Gambino and
Uraltsev (2004). Mixed moments are supposed to allow for a
more reliable extraction of higher-order HQE parameters.
The measured moments need to be known in the B-meson
rest frame for a direct comparison with theory calculations.
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The translation to the B rest frame is not a large problem
for the Y'(4S) analyses, as the T'(4S) rest frame is quite close
to the B rest frame. For hadronic-tag analyses, the four-
momentum of the signal B is precisely known from that of
the fully reconstructed By,,. Translation of the moments to the
B-meson rest frame at the LEP and Tevatron experiments
needs to rely on simulation.

2. Determination of |V |, b-quark mass, and HQE parameters

Belle, BABAR, CLEO, and DELPHI performed HQE fits
to their measured moments to determine |V |, the b-quark
mass, and the HQE parameters. The most precise results are
obtained for global fits that include the moments from all
experiments. Global fits have been performed in the kinetic
scheme (Buchmiiller and Flicher, 2006; Gambino and
Schwanda, 2014) and in the 1S scheme (Bauer er al.,
2004; Ambhis et al., 2014).

As mentioned in Sec. VILA, B - X./v moments are
sensitive to a linear combination of m,;, and m,.. For a precise
determination of m,, it is useful to include additional,
complementary constraints on these masses in the fit. This
can be done either by including moments from B — Xy
decays, which carry complementary information on m,,, or by
using theoretical determinations of m,, e.g., from QCD sum
rules (Chetyrkin er al., 2009; Dehnadi et al., 2013) or lattice
QCD (Allison et al., 2008) calculations, and constraining the
value of m. within its uncertainty in the fit. Relatively loose
constraints also exist for the HQE parameters uZ, and pj ¢ from
measurements of the hyperfine splitting between the B and B*
masses and from heavy-quark sum rules, respectively.

The most recent global fit was performed by Gambino and
Schwanda (2014) in the kinetic scheme. It is based solely on
B — X_.Zv moments [including next-to-next-to-leading-order
(NNLO) perturbative corrections from Gambino (2011)] and
uses a precise mass constraint on m,. from the sum rules
calculation by Chetyrkin ez al. (2009). The only other external
inputs are the B-meson lifetime and constraints on yZ and pj .
The fit includes the partial decay rate measurements from
Belle and BABAR, the lepton energy moments with n = 1, 2,
and 3 from Belle, BABAR, and DELPHI, and the hadronic
mass moments with n =1, 2, and 3 from BABAR and
DELPHI and with n =1, 2 from Belle, CDF, and CLEO
for several values of E_,;. The moments measured by each
experiment are strongly correlated, in particular, the measure-
ments for different E_, values. The full statistical and
systematic correlation matrices are taken into account in
the fit and only a subset of the available moments has been
used to avoid large correlations. Figure 17 shows the results of
the global fit. The fit results for |V ;| and m,, (in the kinetic
scheme) are

|V = (42.42 +0.86) x 1073,
mkin(1 GeV) = 4.541 +0.023 GeV. (69)
The quoted uncertainties are the combined experimental and
theoretical uncertainties of the fit. For |V |, an additional

1.4% theoretical uncertainty on the semileptonic decay rate is
included due to missing higher-order corrections in the HQE.
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The total average branching fraction for charged and neutral B
mesons obtained from the fit is

B(B — X £v) = (10.65 £ 0.16)%. (70)

Using the lifetime ratio zg+ /750 = 1.078 £ 0.004 (Olive et al.,
2014), the average branching fraction can be translated to
branching fractions for B® and B*: B(B’ — X ;¢/*v) =
(10.25 £ 0.15)% and B(B* — X%*v) = (11.05 £ 0.17)%.

The complete set of fitted parameters (including higher-
order HQE parameters) can be found in Table IX. Excellent
agreement between the measured moments and the HQE fit is
seen and gives confidence in the validity of quark-hadron
duality and thus the applicability of the HQE. In fact, the >
value per degree of freedom of the fit is significantly smaller
than unity (y>/ndf = 0.32, where ndf is the number of degrees
of freedom), as already observed in previous moment
fits. This may indicate that the theoretical uncertainties are
overestimated or the theoretical correlations underestimated.
Gambino and Schwanda (2014) discussed various assump-
tions about the theoretical uncertainties and their correlations
and investigated different scenarios in the HQE fit. Figure 18
presents the Ay? = 1 contours obtained for |V |, 42, and mi
using different scenarios for the theoretical correlations. Even
though a reduction of the theoretical uncertainties would lead
to a more realistic fit probability, Gambino and Schwanda
(2014) pointed out that this would make the use of the
extracted values of the HQE parameters in other processes
problematic, as higher-order corrections may result in sizable
shifts of some of these parameters.

The b-quark mass in the kinetic scheme can be translated

to the MS scheme, resulting in m}'S = 4.17 £ 0.04 GeV. The
increase in relative uncertainty is due to the additional
uncertainty introduced by the translation, which involves
perturbative expansions. This result is found to be in good
agreement with recent values calculated with lattice QCD,

mﬂﬁ =4.164 £ 0.023 GeV (McNeile et al., 2010), or QCD

sum rules, myS =4.163+0.016 GeV (Chetyrkin ez al., 2009).
Global moment fits have also been performed in the 1§
scheme (Bauer et al., 2004; Amhis et al., 2014), both for
B— X .Zv moments alone and together with B— Xy moments.
The 1S fit yields results for |V,,| and also for m, and u2
(after translation to a common renormalization scheme)
which are consistent with the ones in the kinetic scheme.

HQE fits to mixed moments have been performed only by
BABAR (Aubert et al., 2010b). From these fits in the kinetic
scheme, |V, | and m§™ values consistent with those from the
my fits are obtained, with comparable uncertainties. As the
extraction of the HQE parameters from ny moments is less
affected by higher-order corrections than from my moments,
the consistency of the results gives confidence in the reliability
of the uncertainty estimates.

In conclusion, the magnitude of the CKM parameter V.,
has been determined with very good precision from inclusive
spectra in B — X.¢v decays. The uncertainty on |V|
obtained from the global moment fits is 2.0% in the kinetic
scheme and 1.1% in the 1S scheme, dominated by the
theoretical uncertainty. The difference in the final uncertainty
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FIG. 17. Results of the global fit to the various E, and my moments (a)—(g) in B — X.£v decays by Gambino and Schwanda (2014).
The shaded bands correspond to the theoretical uncertainty of the HQE on the moments. The measured moments are shown as circles for
BABAR, squares for Belle, and triangles for CDF, CLEO, and DELPHI. Measurements represented by filled symbols are included in the

fit, and those with open symbols are not.

is mostly due to different estimates for the theoretical
uncertainties and the determination of |V | in the 1S scheme
employs a 1/m, expansion and does not include O(a?)
corrections.

In this article, we choose to quote the result obtained from
the latest global fit to B — X_.£v moments by Gambino and
Schwanda (2014) as the result for |V, | from inclusive decays:

[V = (42.42 £0.86) x 1073, (71)
In the future, the precision on |V, | and the HQE parameters
can be further improved by calculations of higher-order
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perturbative corrections to the coefficients of the HQE
parameters in Eq. (59) and potentially by the inclusion of
higher moments (n = 4,5, ...) in the global fit, which may
improve the sensitivity to higher-order terms in the HQE.

VI. INCLUSIVE CHARMLESS SEMILEPTONIC B DECAYS

We now discuss the charmless inclusive semileptonic
decays of B mesons. They involve a b — u quark transition
and are thus well suited for the determination of the magnitude
of the CKM matrix element |V, |. The main challenge in the
analysis of inclusive B — X, /v decays is that they are
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FIG. 18. Ayx? = 1 contours for the |V,,|, 42, and m,, results of
the global B — X v moment fit by Gambino and Schwanda
(2014). The various ellipses correspond to different scenarios for
the theoretical correlations. Shaded ellipses represent the fits
without m,. constraint and open ellipses those with m,. constraint;
see Gambino and Schwanda (2014) for details.

suppressed by a factor of |V,,;|>/|V|*, making their obser-
vation possible only in kinematic regions that are not polluted
by the much more frequent b — c¢ transitions. This fact is
not only relevant for the experimental analysis, but it is also
of particular relevance for the theoretical description of
B — X,fv decays, since the methods applied here differ
significantly from the ones used for the B — X .£v case.

A. Theory

The theoretical treatment of inclusive charmless semilep-
tonic B decays could in principle follow along the same lines

as the one for inclusive b — ¢ transitions. However, in most
of the phase space b — u transitions are completely over-
whelmed by b — c transitions. For this reason, the extraction
of b — u transitions requires cuts on the phase space of the
final state, which in most cases render the HQE as it is set up
for the b — ¢ case useless, since the final state is no longer
sufficiently inclusive to apply the local OPE.

This problem can easily be illustrated by looking at the
lepton energy spectrum, which extends to larger values for
b — u transitions than for the b — c¢ case. In the lepton energy
window

1
5 (m —mp) <Ep <

2 2)
2mB

my — my

1
T (72)
one should find only b — u transitions. However, looking at
the OPE result for the lepton energy, one finds that the actual
expansion parameter is not 1/m, but rather 1/m;(1 —x)
where x = 2E,/m,,. Thus the end point region where x ~ 1
cannot be described in terms of a local OPE.

This circumstance is related to the fact that close to the end
point the inclusive rate is dominated by very few or even a
single exclusive state, which is the physical reason for the
breakdown of the OPE. In fact, this is true for the resonance
region where (1 —x)~A?/m? and one has to resort to
exclusive decays described in terms of form factors. If the
region 0 < (1 — x) < A/m, is treated inclusively, one may still
use an OPE, however, in a modified way, which corresponds to
a partial resummation of the local OPE used for b — c.

To this end, it is useful to define the so-called shape
function (SF) (Bigi et al., 1994a; Mannel and Neubert, 1994;
Neubert, 1994), which is formally given by

2mpf(ky) = (B(v)|b,6(ky —iD.)b,|B(v)),

corresponding to the distribution of the residual b-quark
momentum on the light cone. This function is universal
and appears in all inclusive heavy-to-light transitions, once
the end point region needs to be described. The moments of
this function are related to the HQE parameters

(73)

F(@) = 8(@) + 155/ (0) P27 (@) + -

6 18 (74)

Equation (74) may be compared with the tree-level result for
the inclusive B — Xy case obtained by applying the OPE as
described in Sec. IL.D,

Hr o
Y (1—x)+'-~> (75)
b

with x = 2E,/m,,.

TABLE IX. Results of the global moment fit in the kinetic scheme by Gambino and Schwanda (2014).

Moment fit in kinetic scheme  |V,| (1073) mk (GeV) 12 (GeV?) i (GeV?) u% (GeV?) pis (GeV?)
B — X .fv+ m, constraint 42.42 +0.86 4.541 £0.023 0.414 £0.078 0.154 +0.045 0.340 £ 0.066 —0.147 £0.098
Rev. Mod. Phys., Vol. 88, No. 3, July—September 2016 035008-26
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Equation (75) is instructive in various aspects. First of all it
shows that the local OPE does not yield a point-by-point
description of spectra, at least not in the end point regions,
rather it allows for a calculation of moments of spectra, which
are inclusive quantities. Furthermore, one can show that the
order of derivatives of the é function corresponds to the order
in the 1/m,, expansion such that the terms with leading twist®
are given by

dt  Gramj 12 L\
T _TFTD * =1 D1 =
dx 32”4 |VtsVrb| |C7‘ Zal my, 6 (1 )C)

L O{(1/my) 1891 —x)}] (76)

Similar to deep inelastic scattering, the leading-twist terms
are summed into the shape function, which is in this sense
completely analogous to the parton distributions function. To
this end, the leading-twist expression for the inclusive decay
B — X,y reads

2 6
dl'  Gram;

- gt VsV, |G 2 f (my, (1 = X)). (77)

One effect of this resummation is that the spectrum now
becomes a smooth function that extends to the physical end
point of the spectrum, which is determined by the B-meson
mass and not by the b-quark mass. Thus the typical width of
f(w) has to be A = my —m,, moving the end point of the
spectrum from my,/2 to mg/2.

The shape function is universal and thus appears also
for inclusive charmless semileptonic B decays. The leading-
twist expression for the triple differential decay rate can be
written as

#r  GHVwL/
dP.dP_dE,  1927°
A
+0 <—QCD) : (78)

my

doC(P.P_.E; 0)f(w)

where C is a perturbatively calculable function and f(®) is the
shape function.

Although the moments of f(w) are given in terms of the
HQE parameters, the shape function is a source of uncertainty
in this approach, in particular, if phase space regions are
considered in which the full nonperturbative form of f(w) is
needed. Despite this, information on the shape function can be
extracted from all heavy-to-light processes, so in practical
terms the information from B — X,y and B — X,Zv is
combined. There are attempts of a data-driven determination
of the shape function similar to fits of parton distribution
functions, for instance in Bernlochner et al. (2013).

Subleading shape functions have also been investigated
(Bauer, Luke, and Mannel, 2002, 2003; Beneke et al., 2005).
However, there are a large number of subleading functions,

*The nomenclature is borrowed from the one in deep inelastic
scattering and it is in fact in one-to-one correspondence, once one
identifies shape functions with parton distribution functions.
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which again have moments that can be related to matrix
elements of local operators. Nevertheless, the simple relation
between the different heavy-to-light transitions does not hold
at subleading order, as different combinations of subleading
functions enter the different decays. For phenomenological
use the subleading functions can only be modeled.

The usual procedure is to parametrize the shape function
using the parameter A and the HQE parameters, in particular,
u2. From Eq. (74) we infer that the zeroth moment is the
normalization of f(w), while the first moment vanishes, which
is compatible with the equation of motion for a static quark.
The construction of the static limit from QCD requires one to
pick a definition for the heavy-quark mass, which is usually
the pole mass. Choosing a different definition changes the
equation of motion for the static quark, rendering the first
moment of the shape function nonzero; this moment becomes
om = mi"le — my,, where my, is the mass definition used in the
QCD Lagrangian.

Perturbative corrections also induce a nonvanishing first
moment, which can be used to define a scheme for the
quark mass, called the SF scheme (Bosch ez al., 2004). To this
end, one defines m3F = mb°l® — smPe™, where 6mP™ are the
perturbatively calculated contributions to the first moment.
This scheme also yields a short-distance mass, which is used
in the context of inclusive charmless semileptonic B decays,
where shape functions are employed.

Extractions of |V,,| are performed using the work by
Bosch, Lange, Neubert, and Paz (BLNP) (Lange, Neubert,
and Paz, 2005) and by Gambino, Giordano, Ossala, and
Uraltsev (GGOU) (Gambino et al., 2007). These approaches
are model independent. Model-dependent methods are also
considered, among which the dressed gluon exponentiation
(DGE) (Andersen and Gardi, 2006) is often used.

BLNP uses the kinematic region in which P, < P_ [see
Eq. (14)] and includes the resummation of Sudakov loga-
rithms to next-to-next-to-leading (NNL) logarithmic order.
The perturbative expansion of C includes the a, corrections,
treating m,;, in the shape function scheme. The effects of
subleading shape functions are modeled and included.

GGOU treats both kinematic regions P, <P_and P, ~P_
and computes the coefficient C to order a,, but also includes
the O(fya,) terms. The perturbative expansion in this
approach is performed in the kinetic scheme, and subleading
shape function effects are also included.

Finally, DGE constructs a model for the shape function
starting from the structure of the perturbative result. The
perturbative part includes the summation of Sudakov loga-
rithms, while the nonperturbative part uses the perturbative
renormalon structure to model this contribution.

In both BLNP and GGOU, the remaining uncertainties can
be estimated and are comparable, resulting in an extraction of
|V | with a relative uncertainty of 5%-10%. DGE is to some
extent model dependent, but was claimed to be able to perform
an estimate of the uncertainty which is comparable to the two
other approaches.

A new approach has been advertised which combines the
advantages of BLNP and GGOU (Ligeti, Stewart, and
Tackmann, 2008). This is achieved by an improved treatment
of the shape function, which is expanded in terms of properly
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chosen basis functions. One will be able to further improve the
determination of |V,,| using these new basis functions in a
combined fit to B — X,y and B — X,£0.

B. Measurements

1. Measurement of partial branching fractions

Charmless semileptonic B decays were first observed by
CLEO (Bartelt er al., 1993) in the lepton momentum spectrum
above the B — X./v kinematic end point of 2.3 GeV.
Subsequently, several analyses of B — X, /v decays were
performed by Belle, BABAR, and CLEO, using both untagged
and tagged data samples.

In untagged analyses, the signal must be extracted in a very
restricted region of phase space not populated by B — X .£v
background due to the low signal-to-background ratio. Most
of the untagged analyses extract the signal in the region of
high lepton momenta. However, as the HQE does not
converge properly in this part of phase space the theoretical
predictions needed to determine |V,,| are affected by large
uncertainties. It has thus been tried to push the minimum
lepton momentum requirement down as low as possible. In the
existing untagged analyses, the minimum lepton momentum
is 1.9 GeV or higher, corresponding to signal acceptances of
up to ~30%. Because of the steeply increasing B — X v
background, the extension of an untagged analysis to much
lower momenta is difficult, as the uncertainty related to the
subtraction of the B — X.Zv background becomes too large.
Backgrounds can be further reduced by reconstructing the
neutrino from the missing energy and momentum in the event
(Aubert et al., 2005).6 However, this comes at the expense of a
lower signal efficiency and additional systematic uncertainties
from the modeling of sources of missing momentum (imper-
fect track and cluster reconstruction, additional undetected
particles, etc.).

Figure 19 presents the electron momentum spectrum of the
most precise end point analysis, performed by BABAR on a
data sample of 80.4 fb~! (Aubert et al., 2006¢c). In this
analysis, an event sample with a well-defined electron is
selected. This sample contains background contributions from
continuum events and BB production. The latter consists
mostly of B — X./v decays, but also hadronic decays
contribute, where the electron comes from the misidentifica-
tion of a hadron or from a secondary decay [D — K¢v,
J/w — ¢1¢7, or Y(28) —» £7¢7]. The relative contributions
of the B — X, v signal, continuum, and BB background are
determined in a fit to the on- and off-resonance data. The
shapes of the electron momentum spectrum are obtained from
simulation for B — X,#v and BB background and are para-
metrized for the continuum background. An OPE calculation
(De Fazio and Neubert, 1999) of the electron momentum
spectrum is used for the signal shape and known contributions

“This analysis is based on a reconstruction of the neutrino. With
the knowledge of the neutrino momentum, the squared four-
momentum transfer in the decay ¢> = (P, + P,)? can be calculated.
The signal is extracted in a region of the two variables p} and s},
where s™ is the maximum kinematically allowed value of my? for

given p} and ¢°.
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FIG. 19. Electron momentum distribution in the Y (4S) frame
for the BABAR untagged B — X,ev end point analysis. The
distribution is shown for three stages of the analysis: (a) on-
resonance data (open circles) and off-resonance data (filled
circles). The line shows the parametrization of the continuum
background fit to off-resonance data and to on-resonance data
above 2.8 GeV, (b) continuum-subtracted on-resonance data
(triangles) and BB background (histogram), and (c) on-resonance
data after subtraction of all backgrounds (squares) compared with
the simulated B — X, ev signal (histogram). The hatched band
illustrates the region that is combined into a single bin in the
signal fit. From Aubert ef al., 2006c.

from charmless resonances are added. As can be seen in
Fig. 19, the simulated signal spectrum does not perfectly
match the observed data spectrum after subtraction of all
backgrounds. To reduce sensitivity to the detailed modeling
of the signal shape, the on-resonance data are combined
into a single bin for 2.1 < p; < 2.8 GeV. The selected
signal sample contains about 40000 events, and a partial
branching fraction of AB(B— X,£v)=(0.572+0.041, +
0.051y5) X 103 is measured. The dominant uncertainty is due
to the subtraction of the B — X./v background. The total
branching fraction can be obtained from B(B — X,¢v) =
AB/f,, where f, is the fraction of the electron spectrum that
lies within the selected momentum interval. The factor f,, is
determined from the BLNP calculation combined with shape
function parameters obtained from HQE fits to inclusive
B - X, /v and B — X,y decays. The result for the total
branching fraction is

B(B = X,£v) = (2.27 + 0.26,, 03

-3
exp 03 0.17,) x 1073,

(79)

where the first uncertainty is experimental, the second is due to
the shape function parameters, and the third is the theoretical
uncertainty of the HQE.

With the large data samples at the B factories, hadronic-tag
B — X, fv measurements have become feasible. The hadronic
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FIG. 20. Measured distributions of (a) my, (b) P, (c) ¢* for my < 1.7 GeV, and (d) p, for the BABAR hadronic-tag B — X ,Zv
analysis. Upper row: Comparison of the data with a fit of the simulated B — X ,Zv signal (open histogram) and background (gray,
shaded histogram) shapes to data. Lower row: Comparison of the background-subtracted data distributions with the fitted simulated

signal distributions (histograms). From Lees et al., 2012c.

final state X, is reconstructed from the sum of all detected
particles in the event that are not associated with the By,, or the
lepton candidate. Hadronic-tag analyses allow for a precise
reconstruction of hadronic variables, such as my or P, or
the squared momentum transfer in the decay g”. The signal
yield is rather low, O(1000) events for the Belle or BABAR
data sets, but the measured fraction of phase space is large
(up to 90%), which significantly reduces the theoretical
uncertainties. Combinatorial background is subtracted using
the sideband of the my, distribution of the By, candidate.
Background from B — X./v decays can be reduced by
vetoing kaons in the reconstructed hadronic final state, as
kaons are often produced in charm-meson decays. A veto
against slow pions, which are a characteristic signature of D*
decays (D* — D), is also frequently imposed. Events with
missing particles (in addition to the neutrino) are reduced
by requiring that M2, is consistent with zero. The M2,
requirement also rejects poorly reconstructed events and
hence improves the resolution of the hadronic variables.
The normalizations of the signal and the B — X, £v back-
ground are determined in a fit to various kinematic variables.
The fits to the my, P, ¢*, and p, distributions for the most
recent hadronic-tag analysis by BABAR (Lees et al., 2012c)
are shown in Fig. 20.

Using the hadronic-tag samples, partial branching fractions

have been measured for different kinematic regions:

* my < 1.55(1.7) GeV: Because of the larger mass of the
charm quark compared to the up quark, the masses of
charmless hadronic final states are significantly lower
than for charm final states. The lightest charm meson is
the D meson with a mass of mp = 1.87 GeV. Selecting
events with my < mp (taking the experimental mass
resolution into account) significantly enhances the sig-
nal-to-background ratio. However, in the low-my region,
nonperturbative corrections are kinematically enhanced
and make theoretical predictions of partial rates less
reliable.

e my < 1.7 GeV and ¢*> > 8 GeV?: The requirement on
q* enhances the relative B — X, Zv contribution, which
tends to have higher ¢ values than B — X_.Zv decays.
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The combined requirement on my and g restricts the
decay kinematics to the part of the small-my region,
where P, ~ P_ (see Sec. VL.A). In this case, the HQE in
terms of local operators can be used again (Bauer, Ligeti,
and Luke, 2001).

* P, <0.66 GeV: B — X ,¢v decays have smaller values
of P, than B — X _¢v. Unfortunately, the variable P, is
very sensitive to reconstruction effects and modeling of
the detector resolution.

e p, > 1.3 GeV: The minimum lepton momentum re-
quirement in hadronic-tag analyses can be lowered
much further than in untagged analyses due to the
overall much lower background. In the BABAR
analysis (Lees er al., 2012c) the precision of |V |
is studied for various pJ requirements between 1.0
and 2.4 GeV and the smallest total uncertainty is
found for p; > 1.3 GeV.

The latest hadronic-tag analyses by Belle (Urquijo et al.,
2010) and BABAR (Lees et al., 2012c¢) use a two-dimensional
fit to the my — ¢ distribution to measure the partial branching
fractions. They cover 80%—90% of the phase space. Figure 21
shows the fit projections in my and ¢ for the Belle analysis.
The leading systematic uncertainties come from the shape
function and the b-quark mass, which have an impact on the
simulated signal shapes.

Table X gives an overview of the hadronic-tag B — X, £v
analyses. The relative sizes of the partial branching fractions
AB give some indication of the fraction of phase space
covered in each measurement. It is useful to have results
from several measurements in various kinematic regions and
based on different techniques to test the theoretical predictions
of kinematic distributions and to cross-check the experimental
results.

2. Determination of |V ;|

The CKM parameter |V,,| can be determined from the
measured partial branching fraction AB in combination with a
theoretical prediction of the partial rate Ay, = ALly/|V,|?
for the same phase space region according to
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(a) C e B
: ] Vil = | 7 (80)
2000 7 T3An
*2 1500 . where 75 is the mean B-meson lifetime. Results for |V ;| have
g been determined for each of the three QCD calculations
w 1000 — | - presented in Sec. VLA (BLNP, DGE, and GGOU) and are
FF shown in Table X (Amhis et al, 2014). The |V,,| values
500 g obtained from the different experiments and in different
regions of phase space show good agreement. The consistency
0= ' : between the QCD calculations is also very good. This gives
0 1 2 3 4 confidence in the validity of the theoretical predictions, in
M, (GeV/c?) spite of the difficulties involved in their calculation for
—— restricted phase space regions. The most recent hadronic-
(b) T T — 1 '
. + B data il tag analyses, which cover almost the full phase space, show
i (OB X,lv 1 reduced theoretical uncertainties compared with the kinemat-
L B—->X_Iv _ . . .
@ 2000 D Secondaries ically re.stncted rr}egsurements. They have smaller relative
g g EICombinatorial | systematic uncertainties than the untagged measurements due
o l SContinuum | to much lower background.
- 1 A breakdown of the individual uncertainties on |V,,|
1000 - 1\1:: 7 presented by the Heavy Flavor Averaging Group (HFAG)
- . (Ambhis et al., 2014) is given in Table XI for the GGOU result.
B ) The uncertainty due to the HQE parameters is dominated by
0 : e the uncertainty on m,. The value of m,; used as input to the
0 10 20 30 |V,s| determination is taken from the global B — X .Zv
q? (GeV?/c?) moment fit in the kinetic scheme (see Sec. V.B.1). Another

significant source of uncertainty is due to the fact that the

FIG. 21. Projections of measured distributions in (a) my and  calculated B — X,#v decay rate does not include contribu-

(b) g for the Belle hadronic-tag B — X,£v analysis (Urquijo
et al., 2010). The observed distributions are compared with the
result of a two-dimensional fit of the simulated B — X, v signal

tions from weak annihilation, which is discussed in Sec. X.B.
Furthermore, the theoretical uncertainty depends on higher-
order perturbative and nonperturbative corrections, the func-

and background to data. tional forms of the leading and subleading shape functions
and the matching of scales, and differs for the various QCD

calculations.

TABLE X. Partial branching fraction (AB) and |V ;| results from HFAG (Amhis er al., 2014) for various measurements and three QCD
calculations (BLNP, DGE, and GGOU). The uncertainties on AB are statistical and systematic, and those on |V,,;| are experimental and
theoretical. The values of the HQE parameters used as input for the |V,,| determination are m3F = 4.569 & 0.023 & 0.018 GeV, ﬂ,z,'SF =
0.145 + 0.0897092) for BLNP (SF scheme), m}'® = 4.177 4+ 0.043 GeV for DGE (MS scheme), and m" = 4.541 +0.023, yz*" = 0.414 +
0.078 for GGOU (kinetic scheme). They were obtained from a global fit to B — X ,.£v moments in the kinetic scheme with translation from the

kinetic to the SF and MS schemes.

Vo (1073
Experiment Selection AB (107%) BLNP | ubl‘)((}E ) GGOU
Untagged analyses
CLEO (Bornheim et al., 2002) 2.2 < p% < 2.6 GeV 0.33£0.02+0.07 4.28£0.507034 3.90 £ 0455038 421 +0.49707
Belle (Limosani et al., 2005) 1.9 < p% < 2.6 GeV 0.85+0.04+0.15 4.93+046707 4.85+0457021 4.93+0.4613]
BABAR (Aubert et al., 2006c) 2.0 < p% < 2.6 GeV 0.57 £0.04 £0.05 4.54£0.26703] 4340257057 4.50£0.261),8
BABAR (Aubert et al., 2005)  p; > 20,5 > 3.5 GeV> 044 +0.04 £0.04 4.534+0.22703% 4.17£0.207038 e
Hadronic-tag analyses

BABAR (Lees et al., 2012¢)  my < 1.55 GeV 1.08 £0.08 £ 0.06 4.30 £0.2070% 4.53 +£ 021793 4.29 £0.20702
BABAR (Lees et al., 2012¢)  myx < 1.7 GeV 1.15£0.10 £ 0.08 4.04 £0.227023 4.26 £0.24703%  4.09 4 0.2370/3
BABAR (Lees et al., 2012¢)  my < 1.7 GeV, ¢*> > 8 GeV? 0.68 +0.06 +0.04 4.30 +0.23702° 4.27 +£0.22702% 4.32 +0.23702
BABAR (Lees et al., 2012c) P, < 0.66 0.98 £0.09 £0.08 4.15+£0.250% 4244026103 4.24 £0.261033
BABAR (Lees et al., 2012¢)  p% > 1.3 GeV 1.53£0.13+£0.14 4.324£027707) 444 £0275017 4.41£0275019
BABAR (Lees et al., 2012¢)  my — ¢° (2-dim. fit) 1.80 £0.13 £ 0.15 4.324£0.24703) 4.46+£ 0247013 4.42 £0.24500
Belle (Urquijo et al., 2010) my — ¢* (2-dim. fit) 1.96 £0.17 £ 0.16 4.49+£0.27°07) 4.63+0.287013 4.60 027510

HFAG average (Ambhis et al., 2014)

4.4540.16102)

452+£0.16102

451£0.16702
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TABLE XI. Breakdown of systematic uncertainties on the |V |
average from HFAG (Amihis et al., 2014) for the GGOU calculation.

Source of uncertainty Uncertainty on |V ;| (%)

Statistical +1.9
Experimental (detector) +1.7
B — X_.Zv modeling +1.3
B — X, v modeling +1.9
HQE parameters +1.6
Higher-order corrections +1.5
g% modeling +14
Weak annihilation +0.0,-2.0
Shape function parametrization +0.2
Total experimental (including modeling) +3.4
Total theoretical (including HQE parameter) +2.7,-3.3
Total +4.3,-4.7

The |V ;]| results given in Table X do not include NNLO
corrections. Greub, Neubert, and Pecjak (2010) presented a
partial calculation of the NNLO corrections to the leading
term in the 1/m,, expansion of the partial decay rate within the
BLNP framework. Their result suggests that the NNLO
contributions could have a significant impact on the |V,
determination, leading to an increase of ~8% with respect to
the |V, | value obtained with the BLNP calculation at NLO.
As the NNLO corrections are dominated by contributions of
order agﬁo, which are already included in the GGOU and DGE
calculations, no significant change in |V ;| for GGOU or DGE
is expected.

The HQE-based calculation by Bauer, Ligeti, and Luke
(2001) can be used together with the measurements based on
combined my and g* requirements (Kakuno et al., 2004;
Aubert et al., 2006a; Lees et al., 2012c), as this kinematic
region is less affected by nonperturbative contributions to the
shape functions. The result for |V,,,| is somewhat larger but
still consistent (at the ~1¢ level) with those obtained from the
other calculations in the same phase space region.

Since the results for all QCD calculations are very similar
and have comparable total uncertainties, we quote the arith-
metic mean of the HFAG averages for the three theoretical
predictions as the main |V ;| result from inclusive decays in
this article:

[Vip| = (449 £ 0.16,,7015,) x 1072 (81)

The current precision on |V,,| from inclusive decays is
about 5%.

VII. EXCLUSIVE SEMILEPTONIC B DECAYS
TO CHARM MESONS

The decays B - D¢v and B — D*¢v into ground-state
charm mesons are the most frequent semileptonic decays of
the B meson. The determination of |V _,| from these decays
involves theoretical predictions of the hadronic form factors
and serves as an independent cross-check of the |V
determination with inclusive decays. In this section, we first
introduce the relevant form factor calculations and then turn to
the measurements of semileptonic B decays to D, D*, and
excited charm states. We present the status of |V,
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determinations from these decays and discuss how well we
understand the composition of the total B — X .£v rate.

A. Theory

Exclusive semileptonic B decays into charm mesons are
overall under very good theoretical control, since the leading
contribution may be obtained from the infinite-mass limit for
both the b and ¢ quarks. Using the normalization of the form
factors at zero recoil (vp = vj+), One may extract a precise
value of |V,| from these decays. In addition, heavy-quark
symmetries constrain also the form factors for decays into
excited states.

1. B - D¢v and B — D*¢v

We first consider the decays into the ground-state charm
mesons D and D*, which make up more than 70% of the
inclusive rate. These two mesons constitute the lowest-lying
spin-symmetry doublet, since a spin rotation of the charm
quark rotates the D into a D* (see Sec. I1.D). Using the form
factor definitions in Eq. (22) of Sec. II.C, we obtain for the
B — D?v differential decay rate

dT'(B - D¢v)
dw
G2
= s Ve P + mp )2y (0 = D2 Glo) .
(82)
where the form factor G is given by
mpg —mp
=h ———h_(w). 83
Gw) = I (w) = P2 () (83)

The factor ngyw represents the electroweak corrections dis-
cussed below and w = vgvp is the scalar product of the
four-velocities.

Because of heavy-quark symmetries, the form factor G is
normalized at w =1, since h, (1) =1 and h_(1) =0. To
obtain a precision determination of |V |, corrections to the
normalization of G and information on the shape of G to
extrapolate to the kinematic point w = 1 must be considered.

From the form of G given in Eq. (83) it is clear that the
corrections to the normalization of G will be of the order of
1/m,, since h_(1) = O(1/m,). To this end, it has been argued
that the determination of |V, | from B — D*#v decays is more
precise, since in this case the corrections to the normalization
turn out to be O(1/m?).

Aside from the nonperturbative power corrections, there
are electroweak as well as QCD perturbative corrections. The
QED corrections also involve photon radiation off the charged
lepton and hence cannot be lumped into the form factor.
The main contributions are the corrections involving the large
logarithm In(M%,/m?), which can be expressed as a multi-
plicative factor ngw appearing in Eq. (82). These corrections
turn out to be small (Sirlin, 1982),

and are present in all semileptonic decays.
The QCD correction at the zero-recoil point w = 1 has been
investigated in detail, using lattice QCD simulations and the
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heavy-quark limit. Lattice simulations yield (Bailey et al.,
2015b)

G(1) = 1.054 + 0.008, (85)

while the estimates based on HQE methods yield a slightly
lower central value (Uraltsev, 2004)

G(1) = 1.04 £ 0.02. (86)

The w dependence of G(w) must be assumed to extrapolate
to the point w = 1. The maximum value of w is 1.62 for the
B — D mode, so one could consider a linear extrapolation

G(w) = G)[1 = pp(w—1) + -1, (87)

where p?, is the slope parameter. However, the data are more
precise and require the inclusion of higher terms of this
expansion.

Since form factors are subject to constraints from unitarity
and analyticity, a different expansion has been suggested,
which is based on a parameter z (Boyd, Grinstein, and Lebed,
1995; Caprini and Neubert, 1996),

Zzivw—'—_\/i (88)
\/w—l-l-l-\/z,

motivated by a conformal mapping used in the discussion of
analytical properties of the form factors. A frequently used
expansion is the one proposed by Caprini, Lellouch, and
Neubert (1998),

G(w) = G(1)[1 = 8p3z + (51p3 — 10)z2—(252p3 — 84)7%],
(89)

which relates all higher derivatives of G(w) to the slope
parameter pp. The values quoted below are extracted using
this parametrization.

Recent lattice calculations by the HPQCD (Na et al., 2015)
and FNAL and MILC (Bailey et al., 2015b) Collaborations
also provide values of G(w) for w > 1. They make use of
model-independent expansions in z, the so-called BCL para-
metrization (Bourrely, Caprini, and Lellouch, 2009) (see
Sec. VIII.A.1 for details) and a similar expansion called the
BGL parametrization (Boyd, Grinstein, and Lebed, 1995).

A similar treatment is used for B — D*#v. The differential
decay rate as a function of w is given by

dl'(B — D*¢v)  Gimj, )

|Vch|2(W2 - I)I/ZP(W””IEW}-(W)

dw 487°
(90)
where P(w) is a phase space factor,
4w 1 =2rw+r?
Pw) =1 =r2(w+ 1)2(1
() = (1= P P (14 )
o1

with r = mp-/mpg. The form factor F(w) is a combination of
the form factors &, (w) and h, (w) defined in Sec. ILD and is
given by
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5 ) r?=2rw+1 w—1_,
PONIFOIP =g P {272 14 2|
W 2
" [1 ey —R2(w)]} } (92)
where the ratios R; and R, are given by
_ hy(w) w hp (W) 4 rhy, (w)
R =3 00 Ral) =2 S T (03)

In the heavy-quark limit for the b and ¢ quarks, the form
factor F(w) is normalized to unity at w = 1. Furthermore, the
leading nonperturbative corrections are of the order of 1/m?
(Luke, 1990).

The ratios R; and R, are both unity in the heavy-quark limit
for the b and ¢ quarks (see Sec. II.D), independent of w.
Estimates of the w dependence at finite quark masses yield
only a weak dependence, so for many practical purposes R;
and R, can be taken as approximately constant. However, fits
indicate significant deviations from the value obtained in the
heavy-quark limit, and hence the w dependence is taken into
account for precision measurements.

The value of F(1) has been estimated using various
approaches. Lattice QCD simulations compute the deviation
of this form factor from unity and obtain for finite quark
masses (Bailey er al., 2014)

F(1) = 0.906 + 0.013, (94)

while estimates using QCD sum rules at zero recoil tend to
yield a smaller value (Gambino, Mannel, and Uraltsev, 2010,
2012),

F(1) = 0.86 =+ 0.03. (95)

The sum rule used by Gambino, Mannel, and Uraltsev (2010)
yields an upper bound F (1) < 0.92, which is only marginally
higher than the lattice value.

Finally, for the extrapolation to w = 1, one again uses a
parametrization of the form factor based on the conformal
variable z defined in Eq. (88). A frequently used parametri-
zation is the one introduced by Caprini, Lellouch, and Neubert
(1998),

F(w)=F(1)[1-8p%,z+(53p3, —15)2*=(231p%, —91)7’],
(96)

where py; is the slope parameter of the form factor A, .

2. Semileptonic B decays to excited charm mesons

Treating the charm quark as heavy, the excited states can be
classified using the heavy-quark spin symmetry. In the limit
m,. — o0, all charm hadrons fall into spin-symmetry doublets,
which are related by the rotation of the heavy-quark spin. The
heavy-quark spin decouples in this limit, which means that
the total angular momentum of the light degrees of freedom in
the heavy hadron jijg,, becomes a good quantum number.

The lowest-lying excited states are the states with one unit
of angular momentum, which can be coupled to the spin of the
light quark to either jjg, = 1/2 or 3/2. Thus one expects to
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see an almost degenerate pair of states with quantum numbers
JP = 0% and 17 and another almost degenerate pair with 1+
and 2". The decays into these states have been investigated in
some detail (Colangelo, Nardulli, and Paver, 1992; Leibovich
et al., 1998); the general expressions involve a significant
number of new form factors, however, they are reduced in the
heavy-quark limit for both b and ¢ quarks. Similar to the
ground states, there is only a single form factor for each spin-
symmetry doublet 7;/,(w) and 73/,(w) describing these
decays. Not much is known about these form factors;
heavy-quark symmetries do not supply their normalizations,
nor any information on their w dependence. Sum rule
estimates have been performed for these form factors and
have led to simulations for the decay rates, which are still quite
uncertain (Colangelo, Nardulli, and Paver, 1992).

B. Measurements

1. B - D¢v

The measurement of B — Dfv decays is challenging
because of the large background from B — D*#v decays, where
the slow pion from the D* — Dz decay has not been detected
(“down-feed background”). Combinatorial background from
wrongly reconstructed D candidates also contributes. For
this reason, the much cleaner tagged measurements are more
promising than untagged measurements for this decay mode.

The B — Dfv decay has been measured by ALEPH
(Buskulic et al., 1997a), CLEO (Bartelt et al., 1999), Belle
(Abe et al., 2002; Glattauer et al., 2016), and BABAR (Aubert
et al., 2009d, 2010c). The currently most precise results come
from the new hadronic-tag analysis by Belle (Glattauer e al.,
2016). The previously most precise results come from a
hadronic-tag measurement (Aubert et al., 2010c) and a global
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50 Bl B — D*Iv 3
- 1B — D*Nv =
a0 Bl BB + qg =
o [ fake lepton m
30 | —
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S |k
S 100~
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60 [
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- F o v
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FIG. 22. Distribution of M2 from the hadronic-tag B — D¢v

analysis by BABAR, for two w intervals. From Aubert et al., 2010c.
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analysis of B— D*)#v decays (Aubert ez al., 2009d) by BABAR.
The latter is discussed in Sec. VIL.B.2. In the hadronic-tag
measurements by BABAR and Belle, the decays of both neutral
and charged B mesons B"—D~¢*v and Bt =D v are
studied. The D meson is reconstructed in a large number of
decay modes (see, e.g., Table III). The signal yields are
determined in a fit to the M2, _ distribution. The fit is performed
in ten bins of w to measure the w dependence of the form
factor G(w).

The M2, distribution from BABAR is shown in Fig. 22 for
two different w intervals. Figure 23(a) presents the resulting w
spectrum after correcting for reconstruction efficiency. The
product 7w G(1)|V| in Eq. (82) and the form factor slope
parameter p? are determined with a fit of the parametrization
in Eq. (89) to this spectrum. Together with a prediction for
the form factor at w=1, the product n7gwG(1)|V.,| can be

@
o
.:.-D
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0 1 | 1 | 1
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FIG. 23. Dependence of the form factor on w for the

BABAR analysis of (a) B — DZv (Aubert et al., 2010c) and
(b) B — D*¢v (Aubert et al., 2008b) decays. The distributions
have been corrected for reconstruction efficiency. The results of a
fit to the w distributions are shown as lines. In (c), the differential
width of B — DZv for the Belle hadronic-tag analysis (Glattauer
et al., 2016) and the result of the combined fit of the BGL form
factor parametrization to the experimental and lattice QCD
(FNAL-MILC and HPQCD) data is shown.
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TABLE XII. Results of B - Dfvand B — D*#v measurements and the current HFAG averages (Amhis et al., 2014). The branching fractions
are quoted for B decays, also for the cases where B* decays were measured or both B™ and B® measurements were combined using isospin
relations. The uncertainties are statistical and systematic. If only one uncertainty is quoted, it corresponds to the total uncertainty.

B — Dtv

CLEO untagged (Bartelt e al., 1999)
Belle untagged (Abe et al., 2002)

BABAR hadronic tag (Aubert et al., 2010c)
BABAR global fit (Aubert et al., 2009d)

HFAG average (Amhis et al., 2014)
Belle hadronic tag (Glattauer et al., 2016)

B (%)
2.19 +£0.16 £0.35
2.08 +£0.12 £ 0.52
2.14 +0.11 £ 0.08
2.16 £0.03 £0.13

2.13 £0.03 £0.09
231 £0.03£0.11

newG(1)|V | (107%)
44.88 +5.96 + 3.25
40.96 +4.39 +£5.03
42.45 +1.88 +1.02
43.25 +0.80 £ 2.07

42.65 +£0.72 £ 1.35
4229 +1.37

P
1274022 +0.12
1124019+ 0.11
1.18 + 0.09 + 0.06

1.20 £ 0.04 £+ 0.06
1.19 £ 0.04 £ 0.04
1.09 £ 0.05

B — D*¢v

CLEO untagged (Briere ef al., 2002)

Belle untagged (Dungel et al., 2010)

BABAR untagged B — D*~¢*v (Aubert et al., 2008b)
BABAR untagged BT — D*0¢ v (Aubert et al., 2008d)
BABAR global fit (Aubert et al., 2009d)

B (%)
5.624+0.18 +0.26
456 +0.03 +0.26
4.54 +0.04 +0.25
4.97 +£0.07 +0.34
4.95 4 0.02 +0.20

4.93+0.01 £0.11

newF (1)|V | (1079)
39.94 +1.23 +1.63
34.60 +0.17 +=1.02
33.94 4+ 0.30 + 0.99
3522 4+0.59 +1.33
35.76 =0.20 &= 1.10

35.81 £0.11 £0.44

2

Pp*
1.37 £0.09 £ 0.09
1.21 £0.03 £0.01
1.19 £0.05 £ 0.03
1.13 +0.06 £ 0.06
1.19 £0.02 £ 0.06

1.21 £0.02 £ 0.02

HFAG average (Ambhis et al., 2014)

translated to a value for |V |. The statistical precision decreases
toward small values of w, as the B — DZ/v differential decay
rate is proportional to p3, and is thus suppressed at small w. This
makes the extrapolation to w = 1 more difficult and limits the
precision of the |V, | determination.

An overview of the B— D¢v branching fraction 7w G(1)|V |
and p?, results from various experiments is given in Table XIL.
The current HFAG average (Ambhis er al., 2014) yields

P2 = 1.19 +0.05,
newG(1)|Vey| = (42.65 + 1.53) x 1073, (97)

The y? probability of this combination is close to 100%,
indicating that the uncertainties on the measurements may be
overestimated.

The new hadronic-tag result from Belle has not yet been
included in the average. It yields a value of 7gwG(1)|V,p| =
(42.29 4+ 1.37) x 1073 that is consistent with the HFAG
average but more precise, and a value of p?, = 1.09 £ 0.05
from a fit of the parametrization by Caprini and Neubert
(1996) to the w spectrum. Recent lattice data at w > 1 also
allow for a combined fit to measured data and lattice results. In
the new Belle analysis such a fit is performed using the BGL
parametrization and the lattice results from FNAL and MILC
(Bailey et al., 2015b) and HPQCD (Na et al., 2015), yielding
consistent results [see Fig. 23(c)].

2. B - D*¢v

The decay B — D*¢v has a larger branching fraction than
B — D¢v due to the additional helicity degrees of freedom for

FIG. 24. The helicity angles 6,, 0y, and y in the decay
B - D*¢v, D* — Du.
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the vector D* meson as compared to the pseudoscalar D
meson. It was measured by BABAR (Aubert et al., 2008b,
2008d, 2009d), Belle (Dungel et al., 2010), CLEO (Briere
et al., 2002), ALEPH (Buskulic et al., 1997a), DELPHI
(Abreu et al., 2001; Abdallah er al., 2004), and OPAL
(Abbiendi et al., 2000). Compared to B — DZv decays, there
is significantly less down-feed background from higher-mass
charm states. In addition, the reconstruction of the D* meson
via its characteristic decay into a D meson and a slow pion
allows for an effective reduction of combinatorial background.

A precise determination of the w spectrum at small values is
important for the extrapolation to w = 1 needed to determine
|V .| However, the reconstruction efficiency of the slow pion
at small D* momenta is low in the B-factory experiments,
limiting the precision at low w.’

The measurements by CLEO and the LEP experiments as
well as the first B-factory analyses of B — D*/v decays
determined the product ngwF(1)|V.,| and the form factor
slope parameter p3. by measuring the differential decay rate
dl'/dw as a function of w. They relied on external measure-
ments of R{(1) and R,(1). The fully differential decay
distribution gives access to the complete set of form factor
parameters for B — D*/v decays. The first analysis that
measured R, (1), R,(1), and p?. was performed by CLEO
(Duboscq et al., 1996). The parameters R, (1), R,(1), p3,., and
newF (1)|V.,| were determined in a fit to one-dimensional
projections of the differential decay distribution in four
variables: w and the three helicity angles 6,, 6y, and y.
The helicity angles are defined as follows (see Fig. 24):

* 0, is the angle between the directions of the lepton
in the virtual W rest frame and the virtual W in the B
rest frame.

* 0y is the angle between the directions of the D in the D*
rest frame and the D* in the B rest frame.

* y is the angle between the W and D* decay planes.

Belle and BABAR have subsequently published measure-
ments of the branching fraction and form factor parameters of

"The measurements of the LEP experiments suffer from a poorer w
resolution due to the larger average B momentum, but have a
reconstruction efficiency that varies only moderately with w.
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FIG. 25.
analysis of B — D*~¢*v decays. From Dungel et al., 2010.

BY — D*~¢*v decays (Aubert et al., 2008b; Dungel et al.,
2010) using the same approach with one-dimensional pro-
jections, but yielding significant improvements in precision.
As the same events enter in all four projections, correlations
need to be properly taken into account. This is done by
combining separate covariance matrices for data, simulated
signal, and backgrounds. The BABAR analysis uses a data
sample of 79 fb~!, while the Belle analysis uses the full Belle
data set of 711 fb~!. Both measurements are untagged. An
electron or muon with momentum in the range 0.8-2.4 GeV
(Belle) or 1.2-2.4 GeV (BABAR) is combined with a D*~
candidate reconstructed from the decay chain D*~ — Dz,
D’ 5 Ktn~ (D° - Ktn~, K'nntn~, KTz z"). As the
neutrino momentum is not known, the variables w, 6,, 8y, and
y cannot be calculated directly. Assuming massless neutrinos,
the direction of the signal B momentum is constrained to a
cone centered around the direction of the Y = D*¢ system
(see Sec. III.C.2). The neutrino momentum can be approxi-
mated by averaging over the possible B momentum directions,
yielding an estimation of w, 6,, 6y, and y. The distributions
of these variables from the Belle analysis are shown in Fig. 25.
The background contribution is small and the distributions
show a very good agreement between data and simulation.

BABAR performed another analysis of B’ - D*~¢*v decays
(Aubert et al., 2006d), using a four-dimensional fit to the
fully differential decay distribution dI'/dwd cos 6,d cos Oy dy.
This analysis shows an increased sensitivity to R;(1) and
R,(1) and an improved precision of |V,,|. The results
of the two untagged B — D*~/*v analyses from BABAR
were combined, taking correlations into account. The com-
bined result was reported by Aubert et al. (2008b). The largest
uncertainties in these measurements are due to background
subtraction and the uncertainties of the reconstruction effi-
ciencies. For the latter, especially the reconstruction of the
slow pion is important.
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In addition to the studies of neutral B decays, BABAR also
published a measurement of the charged B-meson decay
Bt — D*0¢*y (Aubert et al., 2008d). The neutral D** meson
is reconstructed in the decay chain D*® — D%2% D° — K=z,
The reconstruction efficiency of the slow neutral pion from the
D*0 decay differs from the one for charged pions from D*~
decays. Furthermore, neutral pions can be reconstructed down
to lower momenta, allowing for a measurement at smaller
values of w. For these reasons, the Bt — D*0¢*v measure-
ment represents a useful cross-check of the results obtained
with B® = D*~#*v decays. As can be seen in Table XII, the
measured BT — D*0/*v branching fraction is consistent with
the results obtained for neutral B mesons, taking into account
isospin symmetry (see Sec. X.A).

BABAR also carried out a global analysis of B - DX¢v
decays (Aubert et al., 2009d). In this analysis, DY and D*¢
pairs are reconstructed and a global fit to their kinematic
properties is used to determine the branching fractions and form
factor parameters of both B — Dfv and B — D*/v decays.
Three kinematic variables are used in the fit: cos @y, p}, and
p}- An advantage of this approach is that it does not explicitly
depend on the reconstruction of the slow pion from D* decays
and its associated uncertainty. The analysis includes signal
decays for which the slow pion could not be reconstructed, thus
increasing the statistical precision of the measurement.

The current HFAG averages for B — D*#v decays (Ambhis
et al., 2014) are

P =121 +0.03,
Ri(1) = 1.41 +0.03,
Ry(1) = 0.85 +0.02,

NewF(1)|Vey| = (35.81 +0.45) x 1073 (98)

with a y? probability for the combination of 15%.

035008-35



Jochen Dingfelder and Thomas Mannel: Leptonic and semileptonic decays of B mesons

3. Determination of |V |

The measured values of 7pwG(1)|Vp| and 7ewF(1)|V ]
can be combined with theoretical predictions for G(1) and
F(1) to determine |V, |. Using the unquenched lattice QCD
predictions G(1) = 1.054 & 0.008 (Bailey et al., 2015b) for
B — D¢vand F(1) = 0.906 + 0.013 (Bailey ez al., 2014) for
B — D*fv gives

B — Dtv: |V,y| = (40.18 + 144, +0.324) x 1073,
B — D*tu: |V = (39.25 + 0.49,, + 0.564) x 1072,
(99)

Alternative form factor predictions are available from an
HQE calculation for B — DZv (Uraltsev, 2004) and a QCD
sum rules calculation for B — D*#v (Gambino, Mannel, and
Uraltsev, 2010). Using these predictions yields |V,| values
that are 1%-2% larger for B — Dfv and 5% larger
for B —» D*/v.

The |V,,| results from both decay modes are compatible
with each other. The experimental uncertainty for B — DZv is
larger than for B — D*Zv because of the smaller branching
fraction, the larger down-feed background, and the less
reliable extrapolation to w = 1. A combination of the |V,
results for both decay modes using the lattice form factors and
assuming uncorrelated experimental and theoretical uncer-
tainties gives

[V = (39.44 £0.66) x 1073, (100)

This result is smaller than the one obtained from inclusive
B — X Zv decays; the difference corresponds to about 2.8c.
Averaging the |V,,| results from exclusive and inclusive
measurements yields

|V, = (40.54 4+ 1.46) x 1073, (101)
The y? probability is 0.6%. Because of the marginal agree-
ment, the uncertainty has been scaled by a factor of

\Vy?/ndf = 2.8, following the approach used by the
Particle Data Group (Olive et al., 2014).

4. B - D*¢v

The charm-meson ground states D and D* have orbital
angular momentum L = 0. As mentioned in Sec. VIL.A.2,
there are orbitally excited states with L = 1 and masses higher
than the D* mass, which are collectively referred to as D**
states. An overview of the various charm-meson states is
given in Fig. 26. As discussed in Sec. VIL.A.2, the D** states
can be grouped into two doublets based on the total angular
momentum of the light degrees of freedom jjigp = L £ 1/2.
The states with jjiop = 1/2 have spin parity JP =07 (D}) or
17 (D?) and decay predominantly through an S-wave tran-
sition. These resonances are broad and have widths of a few
hundred MeV. The states with jjip = 3/2 have spin parity
JP =17 (D)) or 2* (D3) and decay predominantly via a
D-wave transition. These resonances are narrow and have
widths of a few tens of MeV. The 07 state decays into D, the
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FIG. 26. Excited charm-meson states with orbital angular

momentum L =0 and L = 1. The shaded boxes indicate the
widths of the resonances. The lines show the possible decays
involving the emission of one or two pions. The states collec-
tively referred to as D** are D{;(2400), D7(2430), D{(2420), and
D;(2460). From Bernlochner, Ligeti, and Turczyk, 2012.

1" states into D*z, and the 2" state can decay into both Dz
and D*x.

The experimental knowledge of B — D**¢v decays is still
rather poor, especially for the broad D** states. The narrow
states D and D} have been observed in semileptonic B decays
by Belle (Liventsev et al., 2008), BABAR (Aubert et al.,
2008c, 2009a), CLEO (Anastassov et al., 1998), ALEPH
(Buskulic et al., 1997b), OPAL (Abbiendi et al., 2003), and
DO (Abazov et al., 2005). The broad states Dy and D} have
been observed by DELPHI (Abdallah et al., 2006), BABAR
(Aubert et al., 2008c), and Belle (Liventsev et al., 2008).
Table XIII summarizes the averages of B — D**#v branching
fraction measurements. As the branching fractions of the D**
mesons themselves are not well known, the product of the
B — D**¢v and D** — D"z branching fractions is quoted.

Belle (Liventsev et al., 2008) and BABAR (Aubert et al.,
2008c) performed analyses of B — D"zfy decays to
select B —» D**/v candidates with D** mesons decaying to
D™z, As an example, Fig. 27 shows the results of the
BABAR hadronic-tag analysis. In this analysis, the individual

TABLE XIII. HFAG averages for the branching fractions of B —
D**¢v decays (Amhis et al., 2014). The quoted branching fractions
are the product of the branching fractions of the B — D**/v decay
and the subsequent D** decay (shown in parentheses). The uncer-
tainties are the total experimental uncertainties.

Decay mode B (%)

B~ = D\¢v(D, - D*"n7) 0.285 +0.018
B~ — D3¢v(Dy — D*"n7) 0.078 4+ 0.008
B~ — Di¢v(D} - D* ") 0.13 +£0.04
B~ — D{¢v(D§ — D xn™) 0.29 £+ 0.05
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FIG. 27. Distributions of the mass difference Am = mpw), —
mp for the BABAR analysis of B — D**¢v decays in four
different final states: (a) B~ — D* 7= ¢~0,(b) B~ - D n ¢ 1,
(¢) B - Dzt¢~p, and (d) B® - D°zt¢~ 0. From Aubert
et al., 2008c.

B — D**?v yields are extracted in a simultaneous fit of the
simulated signal to the distribution of Am = mpe, — mpe
for the four possible D)z combinations: D**z~, Dtz
D*z*, and D°z*. While the narrow states are clearly visible
in the data, the contribution from the broad states is much
more difficult to constrain experimentally.

From the theoretical side, the orbitally excited states are
described in the heavy-mass limit for both the ¢ and the b
quarks by two form factors 7;,,(w) and 73,(w) (see
Sec. VILLA.2). These form factors are constrained by sum
rules (Uraltsev, 2001), which may be used for an estimate
together with quark-model as well as lattice calculations to get
some idea about the relative contributions of the various states
(Bigi et al., 2007). This yields a dominance of the jjjgn = 3/2
states:

T1/2(1)
732(1)

~0.5. (102)

Inserting this into the decay rates predicts a significantly
smaller rate for the decays to the jjo, = 1/2 states compared
with the ones to the jjgn = 3/2 states, which is not reflected
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by the present data. This constitutes one of the puzzles in the
field of semileptonic decays discussed by Bernlochner, Ligeti,
and Turczyk (2012). However, these conclusions are drawn on
the basis of the heavy-mass limit. The corrections in this case
are of the order Agcp/m,, which may significantly alter this
conclusion. In particular, these corrections will lead to a
mixing among the two spin-symmetry doublets, which may
also alter the rates observed for the orbitally excited states.

5. Putting it all together

The branching fractions of semileptonic B decays to
charm mesons are summarized in Table XIV for neutral
and charged B mesons separately. A comparison of the
sum of the exclusive branching fractions with the inclusive
B — X Zv branching fraction makes it clear that the observed
exclusive decays do not saturate the inclusive semileptonic
decay rate. For both B and B* decays, there is a missing
component that amounts to about 15% of the inclusive decay
rate. This missing component seems to be too large to be
accounted for by nonresonant decays, which have not yet been
observed. The contributions from higher-mass resonant states,
such as orbitally excited charm states with L = 2 or radially
excited states (e.g., the 2§ states labeled D’ and D’* in Fig. 26)
that decay into D®)z are still unknown and need to be
determined in the future. BABAR recently presented results
of a measurement of B — D*)z=¢v and B - DWzta¢tv
decays (Lees er al., 2016). The resulting B — DWzantv
branching fraction accounts for almost half of the gap between
the inclusive and the sum of exclusive branching fractions.

VIII. EXCLUSIVE CHARMLESS SEMILEPTONIC
B DECAYS

The determination of |V ;| from exclusive charmless semi-
leptonic B decays has experimental and theoretical uncertain-
ties that are independent of those for inclusive B — X, /v
decays. The most promising decay mode for determining
|V .|, both experimentally and theoretically, is B — z£v. The
corresponding measurements and form factor calculations
are discussed in this section. We also briefly summarize the

TABLE XIV. Comparison of inclusive and exclusive B — X .Zv
branching fractions, based on the current HFAG averages (Amhis
et al., 2014).

Decay mode B (B%) (%) B (BY) (%)
B - Dtv 2.19 £0.12 2.274+0.11
B —» D*¢tv 493 +0.11 5.69 +£0.19
B — Dn~tv 0.42 +0.06 0.42 +£0.05
B - D*n v 0.48 +0.08 0.60 £ 0.06
B — D¢V 0.21 £0.03 0.21 £0.03
B - D*z'¢* 0.24 £0.04 0.30 £0.03
Sum of exclusive decays 8.47+£0.20 9.49 £0.24
Inclusive B —» X v 1025 £0.15 11.05+£0.17
Missing component (incl. — excl.)  1.78 £0.25 1.56 +0.29

*B — D®x%y decays with a neutral pion have not been
measured. The branching fractions are assumed to be half of
those measured for B — D)z~ £v.
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investigations of semileptonic B decays to other charmless
mesons (7°, 1, 17/, p, and ).

A. Theory

Exclusive charmless semileptonic B decays are much less
constrained by heavy-quark symmetries than those with charm
final states. For this reason, the information on the relevant
form factors comes either from lattice QCD calculations or
from QCD sum rules.

1. B - ntv

The most precise information on the decay form factors is
available for B — #£v. In the limit of massless leptons, the
differential rate for this decay depends only on a single form
factor:

dF(BO - ﬂ_z’ﬁer) _ G%|Vub|2

— 2, 103
dq? 2473 (103)

1P’ |f 52 (4%)

where p, is the momentum of the pion in the rest frame of the
B meson, and f_is the form factor of the vector current
[see Eq. (19)].

QCD light-cone sum rules and lattice calculations yield
complementary information on the form factor. While lattice
calculations are restricted to the region close to maximum
momentum transfer to the leptons g> ~ g2, = (mg — m,)?,
QCD sum rules work best close to g ~ 0.

QCD sum rules have been used to calculate the value of the
form factor at g> = 0. A calculation including perturbative
QCD corrections to order a, (Khodjamirian et al., 2011)
yields

f4.(0) = 0.281 +0.033, (104)

where the uncertainty is due to the parameters entering the
QCD light-cone sum rule (Borel parameter, threshold param-
eter, and the parameters of the pion light-cone distribution).
Further estimates of f7.(0) are available from Bharucha
(2012) and Sentitemsu Imsong et al. (2015).

At the other end of the phase space, precise lattice
simulations are available. Figure 28 shows the data of the
lattice simulations from the HPQCD (Gulez et al., 2006) and
the Fermilab and MILC (Bailey et al., 2009) Collaborations.
The Fermilab and MILC Collaboration recently published a
new calculation of the B — z£v form factor (Bailey et al.,
2015a) with a significantly reduced uncertainty. New lattice
results are also available from the RBC and UKQCD
Collaboration (Flynn er al., 2015).

Given that the form factor is quite well known at the edges
of the phase space, the remaining issue is the interpolation
between these two regimes. The interpolation is performed
using a specific parametrization motivated by bounds which
can be obtained from analyticity and unitarity in a quantum
field theory. To this end, we introduce a variable (Bourrely,
Caprini, and Lellouch, 2009)
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FIG.28. The form factor f7_as a function of ¢>. Data points are
from lattice QCD simulations; squares: HPQCD (Gulez et al.,
2006) and triangles: Fermilab and MILC (Bailey et al., 2009).
The value at g> = 0 is taken from a QCD sum rules calculation
(Khodjamirian et al., 2011). The interpolation uses the BCL
parametrization (Bourrely, Caprini, and Lellouch, 2009).

V(mg +my)? —q* = /(mp +m,)* — 1
\/(mB + mﬂ)z - C]2 + \/(mB + mﬂ’)z )

g 1) =

’

(105)

where #( is an auxiliary parameter to be chosen later. This
definition is analogous to the one given in Eq. (88) for heavy-
to-heavy transitions.

The form factor interpolation is performed by employing
the BCL parametrization suggested by Bourrely, Caprini, and
Lellouch (2009), which is essentially a polynomial ansatz in z,

Finl ) = 1= B*Zbk[ = (1 K k],

(106)
where Bourrely et al. showed that the optimal choice for 7 is

(P = (mp -+ m) (g — )2 (107)

The known values of the form factor at ¢g*> = 0 and near
g% can be used to fit the coefficients b, in the BCL
parametrization in Eq. (106).

The lines in Fig. 28 show the interpolation obtained
from the BCL parametrization. In fact, any other reasonable
parametrization such as the BK parametrization (Becirevic
and Kaidalov, 2000) yields a similarly good fit. Overall this
means that we have sufficient control over the form factor

4. to perform a precise extraction of |V,,| from B — nfv
decays.
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2. Other charmless semileptonic modes

The form factors for other exclusive charmless semileptonic
modes are much more uncertain. This is mainly due to the fact
that neither QCD sum rules nor lattice QCD calculations can
deal with states like the p or @ mesons, which are much
heavier than the pion and are unstable. Although some data are
available on these decays, a competitive extraction of |V ;|
from these decays is currently not possible.

A further problem with these decays is related to the fact
that the final states are unstable particles with a significant
width. For this reason, the theoretical description should rather
provide the full phase space distribution for B — zz£v (Faller
et al., 2014). First attempts to have a QCD-based phenom-
enological description are available (Kang et al, 2014;
Meifiner and Wang, 2014).

B. Measurements

1. B - ntv

The main goal of B — z£v analyses is a precise measure-
ment of the branching fraction and ¢ distribution. The latter
allows for a comparison of the ¢> dependence of the B — «
form factor f3 (¢*) with theoretical predictions. The main
experimental challenge is the reduction of the background
from the much more abundant B — X_.£v decays, but also the
down-feed from other B — X, £v decays with higher-mass X,
final states.

In spite of the large background, untagged analyses have so
far provided the most precise B — z£v results due to their
statistical precision. The first untagged B — n£v measure-
ment was performed by CLEO (Alexander et al., 1996) using
a data sample of 2.7 fb~!, and was later updated with larger
data samples of 10.1 fb~! (Athar et al., 2003) and 16.0 fb~!
(Adam et al., 2007). Since untagged analyses need additional
constraints to reduce the background, the CLEO analysis
uses a neutrino-reconstruction technique in which the four-
momentum of the undetected neutrino in the signal decay is
inferred from the missing energy and momentum in the whole
event [see Eq. (41)]. The reconstructed neutrino is then
combined with a charged lepton (£ = e, u) and a pion (z~
or ) to form a B® = 2~ ¢*tv or B — 2% *v candidate.
BABAR and Belle carried out a series of untagged analyses
(Ha et al., 2011; del Amo Sanchez et al., 2011; Lees et al.,
2012b) using the same neutrino-reconstruction technique with
varying requirements on the quality of the reconstructed neu-
trino, yielding somewhat different signal-to-background ratios.

The background composition in B — z£v analyses varies
strongly with ¢*:

* The dominant background at low ¢ is due to e*e™ —
qq (¢ = u, d, s, and c¢) continuum events, where the
charged lepton originates from a semileptonic decay
of a hadron (mostly produced in ete™ — cc) or the
misidentification of a charged hadron as an electron
or muon. Continuum events are rejected by applying
selection criteria on event-shape variables such as
cos Afr (see Sec. III.C.1).

* B — X_./v decays are the largest background component
overall and are most relevant at intermediate values of ¢>.
They can be suppressed by selection criteria on
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kinematic variables, especially those related to neutrino

reconstruction: M2, and the polar angle of the missing
momentum vector 6. Only loose criteria are applied
on the lepton and hadron momenta, as too strict criteria
would bias the measurement of the g> spectrum.

* At high ¢, the down-feed from nonsignal B — X, /v
decays becomes important. B — X,fv decays have
similar decay kinematics as the B — #Zv signal and
are thus difficult to reduce. They are mostly located at
high ¢ since the X,, state has a higher decay multiplicity
than the single pion hadronic final state. If one of the X,
decay particles is wrongly taken as the pion from the
B — nfv candidate, it tends to have smaller momentum
than expected for a signal pion and hence results in a
large value of ¢?. The uncertainty on this background is
sizable and limits the measurement in the region
q*> > 20 GeV.

In the Belle and BABAR untagged analyses, the suppression of
all backgrounds is optimized as a function of g to allow for a
precise measurement of the g2 spectrum over the whole range.
The B — n¢v signal yield is extracted in a fit to the two-
dimensional my.—AFE distribution. The fit is performed in bins
of g* to measure the shape of the g spectrum. Belle uses 13 g>
bins (Haeral.,2011), BABAR uses 12 bins (Lees et al., 2012b)
or 6 bins (del Amo Sanchez ef al., 2011), and CLEO uses 4
bins (Adam et al., 2007). Figure 29 shows the my, and AE
distributions in two ¢ regions for the 12-bin BABAR analysis.

In the CLEO and the 6-bin BABAR analyses, a simultaneous
fit to several B — X, £v decay modes is performed (BABAR:
X, =%, 2% p*, and p°; CLEO: X, = z*, 7% n, ', p*, p°,
and w). The simultaneous fit reduces the uncertainties due to
B — X,Zv cross feed between signal modes.

The signal distributions in my, and AE for the untagged
analyses exhibit long tails, as can be seen in Fig. 29. Therefore
the signal-to-background ratio in the whole fit region is low
(0.1-0.2). In a narrower region around my,, = mg and AE =0
(“signal region”), it increases to about 0.5-1. The signal
efficiencies are (7-12)% for the fit region and (2-3)% for the
signal region, depending on the analysis.

Recently, a hadronic-tag analysis of B — z£v decays
(together with several other charmless decay modes) was
published by Belle (Sibidanov et al., 2013), using the full
Y (4S) data sample of 711 fb~!. BABAR previously published
a tagged analysis (Aubert et al., 2006b) on a smaller data
sample of 211 fb~!. The use of hadronic B tagging allows
for a simpler and more precise reconstruction of the neutrino,
but the lower statistical precision is a limitation, in particular,
for measuring the ¢> spectrum. Because of the precise
reconstruction of the neutrino kinematics, the aniss distribu-
tion is ideally suited for signal extraction. In the Belle
analysis, the signal yields are determined in a fit to the
M2, . distribution in 13 bins of ¢*. Figure 30(a) shows the
M2, distribution for the whole ¢? range. The signal purity in
this measurement is very high and the systematic uncertainties
are smaller than for the untagged measurements.

Belle and BABAR also performed B — n£v measurements
with semileptonic B tags (Hokuue er al., 2007; Aubert
et al., 2008e). The signal-to-background ratios for the
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FIG.29. Observed distributions of m;,. and AE for the untagged B — z£v analysis from BABAR (Lees et al., 2012b) in two ¢? regions.
The observed distributions (points) are compared with a fit of simulated signal (topmost histogram) and background (other histograms)

to data.

semileptonic- and hadronic-tag B — 7~#*v analyses are
roughly in the range 2-3 and 5-10, respectively, for a signal
efficiency of ~0.2% for both types of analyses. Since the
analyses using different tagging methods are largely uncorre-
lated, they serve as complementary cross-checks of one
another and can be combined.

Table XV summarizes the signal yields of the various
B — nfv analyses, separately for neutral and charged B
mesons (B - 77#*v and BT — 7°/*v). The branching
fraction results for B® — z7#*v are summarized in
Table XVI. The total branching fraction as well as the partial
branching fractions for ¢> < 12 and ¢*> > 16 GeV? (the
validity regions of the light-cone sum rules and lattice
QCD form factor calculations) are shown. The individual
measurements are generally in good agreement with each
other. For ¢*> > 16 GeV?, however, the difference between the
6-bin BABAR and the Belle analyses amounts to ~2c¢.

A combination of all untagged B — 7~/ *v measurements
results in an average total branching fraction of
B(B = = ¢+v) = (1.4540.024, & 0.04y) % 107+ (108)
with a total uncertainty of ~3% (Ambhis et al., 2014). The main
systematic uncertainties in untagged B — z£v analyses are
associated with the reconstruction of both charged and neutral
particles (which affect the neutrino reconstruction) and with
backgrounds from continuum events at low ¢> and B — X, £v
decays at high ¢*. Because of the down-feed from B — pfv
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decays into the B — #£v channels (p* — 752, p° - zt77),
the uncertainties on the B — p£v branching fraction and form
factors are also relevant. In the hadronic-tag measurement, the
systematic uncertainty is dominated by the uncertainty on the
B-tagging efficiency.

2. B — & form factor shape

The ¢* dependence of the B — 7 form factor is determined
by fitting the BCL parametrization [Eq. (106)] to the measured
q* spectrum AB/Ag’ after correcting the spectrum for
detector effects and photon radiation. The BCL parametriza-
tion with three parameters (b, b, and b,) is fitted to the q2
spectra obtained from all untagged BABAR and Belle mea-
surements and the Belle hadronic-tag measurement. The
results of the fit in terms of the shape parameters b; and
b,, relative to the normalization parameter b, are

by = —0.99 +0.20, by =—-1.28 £ 0.61.
by 0

(109)

The y? probability of the fit is 3%. This relatively low
probability is mainly due to the discrepancy between mea-
surements at high ¢ discussed previously, and the rather large
fluctuations in the hadronic-tag measurement.

Figure 31(b) shows a comparison of the fitted BCL para-
metrization with the shapes predicted by various form
factor calculations. The measured shape is compatible with
the light-cone sum rules and lattice QCD calculations in their

035008-40



Jochen Dingfelder and Thomas Mannel: Leptonic and semileptonic decays of B mesons

(a) 250

200

150

100

50

Entries/(0.10 GeV?/c4)

-2 -1 0 1 2
M2 (GeV?c?)

miss

50

c -
,)\ [ | # Data
<

< 150 [EB i
% L |l B-Xv
©  F [Mes

~ 100~ _

s [ U=

e I

[} -

2 [

k= r

[11) -

(e)
£ 50 ] D-ata
&~ . B —o(3n)lv
>
8 40 . BoX v
© 30 E:;
e K
» 20
0
T 10
w
-2 -1 0 1 2

M2, (GeV?/c)

FIG.30. Distributions of M?>

miss

40

20

©)
— 100F ¥ Data
< .
N\u r .B'—)nolv
% 80 :— Ws-xv
) - _
o b [es
S F O
= r
I
9 C
€ r
w r

0
-2 1 0 1 2
2 2
M2 . (GeV?/c?)
(d) E
o 300 | % Data
Q E B —p°lv
< 250 O
8 o .E*)XJV
200
o 200 [des
S 150F ks
3 E
@ 100
& S0F
0 . .
-2 1 0 1 2
2 2
M2, (GeV?/c)
6 sfF
= E | ® Data
(\i 25 | B—o(m)v
5 = .E—)Xulv
(0] = |:|
o E BB
N A5 _ +
s FE |Ua
8 1f +
5 sE
0 :I = ! 4
-2 -1 0 1 2

M2, (GeV?/c)

for the hadronic-tag analysis of exclusive charmless semileptonic B decays from Belle (Sibidanov et al.,

2013): (a) B® = 7~ ¢*v, (b) Bt = 2%¢Fv with 7° = yy, (¢) B® = p~¢*v with p~ = 772°, (d) Bt —= p'¢*v with p° = 77z,
(e) BY - wftvwithw — 777", and (f) Bt — w¢*v with @ — 7% . The data (points) are compared with a fit of the simulated signal
(topmost histogram) and background (other histograms) distributions to data.

regions of validity. The relativistic quark model ISGW2 (Isgur
et al., 1989; Scora and Isgur, 1995) deviates significantly from
the observed shape and can be ruled out.

The fitted BCL parametrization evaluated at g> = 0 deter-
mines the product f5_(0)|V,,]| [see Eq. (103)]:

For a given |V,,|, this value can be compared with the
light-cone sum rules prediction of f} (0). Using the |V, |
value obtained with the sum rules calculation for the
B — nfv average in Table XVII (see Sec. VIIIL.B.3), we
obtain 5 (0) = (0.27 £0.03), in good agreement with
the LCSR result £} _(0) = 0.28 & 0.03 (Khodjamirian et al.,

EH(O)\VMH = (0.922 £0.024) x 1073, (110) 2011).
TABLE XV. Overview of B — nfv signal yields.”
Measurement [ L£dt (fb71) Ngg (B = 7 ¢w) Ngg (BT — 2¢*v)
BABAR untagged 6 bins (del Amo Sanchez et al., 2011) 349 7181 3446
BABAR untagged 12 bins (Lees et al., 2012b) 416 9297 3204
Belle untagged (Ha et al., 2011) 605 21486 e
BABAR semileptonic tag (Aubert et al., 2008e) 348 150 134
Belle semileptonic tag (Hokuue et al., 2007) 253 156 69
BABAR hadronic tag (Aubert et al., 2006b) 211 31 26
Belle hadronic tag (Sibidanov et al., 2013) 711 463 232

*The CLEO analysis is omitted in the table as the exact numbers of signal events are not given in Adam et al. (2007).
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uncertainties are statistical and systematic.

Total and partial branching fraction results for B — 7~#*v decays and their HFAG average (Amhis et al., 2014). The

Measurement

B (10

AB(g? < 12 GeV?) (10~4)

AB(g? > 16 GeV?) (107%)

CLEO untagged®

BABAR untagged 6 bins®
BABAR untagged 12 bins

Belle untagged
Belle hadronic tag

HFAG average

1.38 £0.15£0.11
1.41 £0.05 £ 0.08
1.44 £0.04 £0.06
1.48 £ 0.04 £ 0.07
1.49 £ 0.09 £ 0.07

1.45 £0.02 £ 0.04

0.69 £0.12 £ 0.07
0.88 £0.04 £ 0.05
0.83 £0.03 £ 0.04
0.82 £0.03 £ 0.04
0.81 £0.06 £+ 0.04

0.81 £0.02 £0.02

0.41 £ 0.08 £ 0.04
0.32 +£0.02 £ 0.03
0.37 £0.02 £ 0.02
0.40 £ 0.02 £ 0.02
0.45 £ 0.05 £ 0.02

0.38 +£0.01 £0.01

“Based on a simultaneous measurement of B® — 7~#%v and BT — 7°/*v decays using isospin symmetry.

3. Determination of |V,;| from B — €y

The magnitude of the CKM parameter V,;, is determined
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FIG. 31. Fit of the BCL parametrization to the B — nfvq®
spectrum: (a) Combined BCL fit to data and FNAL-MILC and
LCSR predictions. The shaded band shows the fit uncertainty.
The theoretical predictions are scaled according to the |V, | value
derived from the fit. (b) Shape comparison of the BCL fit with
various form factor predictions, shown as solid lines in their
regions of validity (¢> < 12 GeV? for LCSR, ¢*> > 16 GeV? for
lattice QCD, all g* for ISGW2), where they have been normalized
to the BCL fit. Extrapolations to the full ¢ range are shown as
dashed lines and have large uncertainties (the corresponding
uncertainty bands are not shown for a better visibility).
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from a comparison of the measured B® — z~#*v branching

fraction with the predicted decay rate from theory.
Traditionally, |V ;| is calculated from
| Vub| = \/AB(qlzmn’ qrznax)/TB0 ACth(qzminv qzmax)’ (l 1 l)

where 7z is the mean B lifetime, AB(q%nin ¢*max) the
measured partial branching fraction in the interval
[qzminv qzmax]’ and ACth(qzminvqrznax) = Arm(é]ﬁ.ﬂn, Qrznax)/|vub|2
denotes the normalized partial decay rate predicted by theory.
The lattice calculations are used in the range ¢> > 16 GeV?>
and the light-cone sum rules calculation in the range
g* < 12 GeV?2. Table XVII shows the |V,,;| results obtained
from the HFAG average of the B® — 7~ #*v partial branching
fractions combined with different form factor calculations. The
uncertainty on |V ;| is dominated by the theoretical form factor
uncertainty.

More recently, an alternative approach of determining |V, |
was used, which employs a combined fit of the BCL para-
metrization to the g2 spectra from both experiment and theory.
This method makes use of the full shape information from
data over the whole ¢ range and both normalization and
shape information from theory, resulting in a reduced uncer-
tainty on |V,,|. A combined fit to the FNAL, MILC, and
LCSR calculations and the data from the BABAR and Belle
measurements yields

V| = (3.59 £0.12) x 1073 (112)

and has a y? probability of 10%. The fit result is shown in
Fig. 31(a). The total uncertainty on |V,;| is 3.5%. The fit
results for the BCL parameters are

D 100007, 2= 1281019,
bo bo

(113)

They are very close to those obtained for the fit to data only
[Eq. (109)] but have smaller uncertainties. From an extrapo-
lation to g% = 0, we obtain

F5(0)|Va| = (0.920 +£0.019) x 1073, (114)
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TABLE XVII. Results for |V,,;,| derived from the B — z£v partial branching fraction averages for different form factor calculations: LCSR
(Khodjamirian et al., 2011), HPQCD (Dalgic et al., 2006), RBC and UKQCD (Flynn ez al., 2015), and FNAL and MILC (Bailey ez al., 2015a).
The quoted uncertainties on |V, | are experimental and theoretical (A{,). The last column shows the |V, | result of the combined fit to data and

FNAL-MILC and LCSR predictions; the quoted uncertainty is the total (experimental and theoretical) uncertainty from the fit.

LCSR HPQCD RBC and UKQCD FNAL and MILC Combined fit (data + theory)
¢* range (GeV?) 0-12 16-26.4 16-26.4 16-26.4 0-26.4
Aly (ps7h 459799 2.02+0.55 1.77 £ 0.34 1.72 +£0.14 -
[V.p] (1073) 341400603 3.5240.0870% 3.76 £+ 0.097 042 3.81 +0.091-7 3.59+0.12

Using the HPQCD or RBC and UKQCD calculations instead
of FNAL and MILC gives similar fit results, but with larger
uncertainties.

BABAR has also extracted a value of |V,,| from B —» z£v
using information from their measurement of D — zfv
decays (Lees et al., 2015). The differential B — z£v branch-
ing fraction can be expressed as

dB dB Tgppg
— (B =——(D
dWB ( - T[fl/) dWD ( - ﬂl’ﬂl/) Tpmp
2 + 2
x ('Vub> ffn(wﬂ) ) (115)
|Vcd‘ fD;[(WD)

where wg = vv, and wy, = vpv,. The |V, | results obtained
with this approach and using lattice QCD form factor
predictions are consistent with the results in Table XVII,

TABLE XVIIIL.

but are still less precise. While they are based on predictions
for the individual form factors, it is expected that lattice
QCD will eventually provide a precise determination of the

ratio £,/ f -

4. Other charmless semileptonic B decays

Semileptonic B decays to other charmless final states have
been measured for the pseudoscalar mesons 7 and #' and the
vector mesons p*, po, and w. An overview of the most recent
analyses of these decays is given in Table XVIII.

For Bt - wf*v, BT - n¢tv, and BT — /v decays,
the agreement between the different measurements is good.
The B — pfu results, however, show sizable differences. The
branching fraction results of the BABAR untagged analysis
(del Amo Sanchez et al., 2011) are lower than the ones of the
Belle hadronic-tag analysis (Sibidanov et al., 2013) by ~2¢

Exclusive B — X,Zv measurements for X, = p*, p°, @, 5, and . For each measurement, the integrated luminosity, the

number of selected signal events N;,, and the measured total branching fraction are given. The uncertainties on the branching fractions are

statistical and systematic.

J Ldr (b~
Measurement BY = p=¢tu Ngge B (1074
CLEO untagged (Adam et al., 2007)* 16 e 2.93+£0.37£0.37
BABAR untagged (del Amo Sanchez et al., 2011) 349 1577 1.98 £0.21 £0.38
Belle semileptonic tag (Hokuue et al., 2007) 253 93 224 +£0.54 +£0.31
Belle hadronic tag (Sibidanov er al., 2013) 711 343 3.22+0.27+£0.24

Bt = prty

BABAR untagged (del Amo Sanchez et al., 2011)
Belle semileptonic tag (Hokuue et al., 2007)
Belle hadronic tag (Sibidanov et al., 2013)

349 1970 1.00 £0.10 £0.17
253 135 1.33 £0.23 £0.18
711 622 1.83 £0.10 £0.10

BT - wfty

BABAR untagged (Aubert et al., 2009b) 347 802 1.14 £0.16 £ 0.08
BABAR untagged (Lees et al., 2012b) 416 1861 1.19+£0.16 £ 0.09
BABAR untagged (Lees et al., 2013a) 426 1125 1.21 £0.14 £ 0.08
BABAR semileptonic tag (Lees et al., 2013d) 426 103 1.35+0.21 £0.11
Belle hadronic tag (Sibidanov et al., 2013) 711 106 1.07 £0.16 + 0.07
Bt -ty
CLEO untagged (Adam et al., 2007) 16 e 0.44+0.23 £0.11
BABAR untagged (Aubert er al., 2009b) 347 554 0.31 £0.06 £ 0.08
BABAR untagged (Lees et al., 2012b) 416 867 0.38 £0.05 £ 0.05
BABAR semileptonic tag (Aubert et al., 2008e) 348 55 0.64 +£0.20 £ 0.03
Bt - 'tty
CLEO untagged (Adam et al., 2007) 16 e 2.66 +£0.80 £ 0.56
BABAR untagged (Lees et al., 2012b) 416 141 0.24 £0.08 £0.03
BABAR semileptonic tag (Aubert et al., 2008e) 348 1 < 0.47 (90% C.L.)

*The branching fraction was determined in a simultaneous fit to both isospin states; the result in Adam et al. (2007) is quoted only in

terms of the B branching fraction.
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for B® — p~¢*v decays and ~3.56 for BY — p°/Tv. As the p
resonance is broad (', ~ 149 MeV), the backgrounds in
B — pfv analyses are sizable, especially for untagged analy-
ses, and it is difficult to control the background under the p
mass peak. In particular, a potential contribution from non-
resonant zz states could not yet be experimentally con-
strained. Therefore, this decay mode benefits most from the
clean environment in a hadronic-tag analysis. As seen in
Table X VIII, the Belle hadronic-tag analysis (Sibidanov et al.,
2013) delivers the most precise B — p£v results. The M2,
distributions from this analysis for various B — X, Zv decays
(X, = p*, p°, and w) are shown in Figs. 30(c)-30(f).

Recently, Belle also reported the first indication of the
decay BT — f,/"v in the z" 7~ invariant mass distribution
around 1.3 GeV (Sibidanov et al., 2013), but further studies
are needed to consolidate this finding. In contrast to B —
X.Zv decays, the observed exclusive decays make up only a
small fraction, about 25%, of the total B — X, Zv branching
fraction. Future measurements of semileptonic B decays to
higher-mass charmless states would be important to improve
our understanding of the composition of the charmless
semileptonic decay rate.

The determination of |V ;| from non-z final states has not
yet reached the level of precision as for B — z£v decays.
Unquenched lattice QCD calculations are not available for
these decays, since an unstable particle like the p meson is
difficult to include in a lattice simulation as well as in a QCD
sum rules estimate. Conversely, light-cone sum rule calcu-
lations exist for all of these decay modes (Ball and Braun,
1998; Ball and Jones, 2007; Ball and Zwicky, 2005a, 2005b),
assuming stable final states, but even then the application
of a light-cone sum rule remains questionable due to the large
p mass. If we combine the light-cone sum rule predictions
with the most recent B — p£v and BT — wf v measure-
ments (Sibidanov et al., 2013), |V,;| values in the range
(3.0 — 3.6) x 1073 are obtained. However, these results have
large uncertainties, mainly from the theoretical side.
Nevertheless, they are compatible with the results from
B — nfv decays.

5. Ay - puv

The LHCb experiment recently reported the first observa-
tion of A, — puv decays using a sample of 2.6 x 10'" bb
pairs (Aaij et al, 2015a). The decay A, — puv can be
considered the baryonic correspondent of B — zuv. Even
though A, baryons are produced only about half as often as B
mesons at the LHC, the study of A, — puv decays at LHCb is
more promising than B — zuv, because protons are a rarer
signature than pions. The key signature is a displaced vertex
from the proton and the muon. Using kinematic constraints, g>
can be reconstructed up to a twofold ambiguity. Only events
with ¢> > 15 GeV? for both solutions are selected. The signal
is extracted in a fit to the “corrected mass” mq,, computed
from the invariant pu mass m,,,, and the momentum of the pu
system perpendicular to the A, flight direction p, ,,:

The m.,,, distribution exhibits a peak close to the A, mass for
signal events. The ratio of the partial branching fractions
at high ¢ for A, — puv and A, —» A.(— pKr)uv decays is
measured to reduce systematic uncertainties, for instance
due to the production rate of A, baryons. This ratio is
proportional to (|V,,|/|V|)? and thus allows for a deter-
mination of |V, |, provided that |V | is known. Using lattice
QCD predictions (Detmold, Lehner, and Meinel, 2015) of
the form factors to calculate the ratio and the world average
of |V,| from exclusive decays (Olive er al., 2014), LHCb
obtains

Vas| = (327 £ 0.15, =+ 0.17, £ 0.06),,, ) x 107
(117)

with a total uncertainty of 7%.

6. Status of |V,;| from exclusive decays

The |V,;| result from LHCb is in agreement with the
B — n£v result from the B factories obtained with the BCL
fit. We combine these two results and derive an average for
|V.»| from exclusive decays:

|Vl = (3.59 £0.12) x 1073, (118)
As the |V,,| value derived by LHCb depends on |V,
this average must still be taken with a grain of salt due to
the difference in |V,,| between inclusive and exclusive
measurements.

Improvements for |V ;| from exclusive decays will rely on
further progress in form factor calculations based on lattice
QCD or light-cone sum rules and on more precise exper-
imental determinations of the ¢* spectrum. In particular, an
improved precision in the high ¢* region, where lattice QCD
predictions exist, would be important. This requires a better
understanding of the composition and dynamics of B — X, £v
decays, which form the most problematic background at high
g?, and significantly larger data samples to perform precision
studies with tagged events.

The value of |V,,| from exclusive decays is significantly
lower than that obtained from inclusive decays. The difference
corresponds to 3.8c. Nevertheless, we compute the weighted
average of the exclusive and inclusive |V,,;,| determinations,
assuming uncorrelated experimental and theoretical uncer-
tainties, and obtain

V.| = (3.70 £ 0.38) x 1073, (119)

The y? probability is only 0.01%. The uncertainty on the

average has been scaled up by a factor of \/y?/ndf = 3.8 to
account for the poor agreement.

7. New physics in b — ufv

Although charged-current semileptonic decays are tree-level
processes and thus are believed to be insensitive to physics
beyond the SM, the tension between exclusive and inclusive

e — [ o4 (116) |V.»| determinations has triggered speculations on possible
corr = \/ P Lpy pu T Plpu: right-handed admixtures to the » — u hadronic current.
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In fact, such an admixture can in principle lead to a
difference in exclusive and inclusive decays. Replacing the
hadronic b — u current of the SM as follows:

BL}’;ML - CL(BL}/yuL) + CR(I;R}/;H/‘R)? (120)
the inclusive B — X,/v rate depends on the combination
|CL|* + |Cg|?, while the exclusive decay B — z£v depends
on the combination |C; + Cg|*. A recent analysis showed that

one cannot get a consistent picture once the LHCb result from
A, — puv decays is also included (Aaij et al., 2015a).

IX. SEMILEPTONIC B DECAYS WITH A 7 LEPTON

Similar to B — v decays, semileptonic B decays with a 7
lepton provide sensitivity to new charged particles that can be
exchanged in place of the W boson in the diagram shown in
Fig. 32. As there is a third-generation particle in both the
initial and final state (b and 7), these decays are particularly
sensitive to new particles that preferentially couple to heavy
SM particles, such as charged Higgs bosons. As the semi-
leptonic decay B — Xtv is a three-body decay, it gives access
to several observables that may provide constraints on
extensions of the SM beyond what is possible with
B — 7v, for instance through a study of 7z polarization.

The SM prediction for the total B — X .tv branching
fraction is (2.30 £0.25)% (Falk et al., 1994), which is
~25% of that for the decays with electrons and muons,
because of the larger = mass. The first measurements of
semileptonic b-hadron decays to 7 leptons were performed at
LEP (Acciarri et al., 1994; Abreu et al., 2000; Abbiendi et al.,
2001; Barate et al., 2001). The b hadrons were produced in
the fragmentation of b quarks from Z — bb decays and
their semileptonic decays were studied inclusively and
semi-inclusively. Belle was the first experiment to observe
an exclusive semileptonic B decay with a 7 lepton BT —
D*t*y (Matyja et al., 2007). In this section, we review the
history of B — D)7y measurements and discuss the most
recent results in more detail, also in view of potential new
physics interpretations.

A. Theory

For the light leptons e and u from B decays, one may
neglect the mass of the lepton, since both mZ/m3 and m2/m3
are small. The situation for the 7 lepton is different, as the =

-
/

wm < i

’ U,

/
/

b L c

7 u

FIG. 32. A B — D™y decay. In models with an extended
Higgs sector, the exchange of a charged Higgs boson instead of a
W boson is also possible.
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mass is too large to be neglected. Including the lepton mass
forces us to include form factors (or form factor combinations)
to which the massless case is insensitive. Since the leptonic
V — A current is conserved in the massless limit, all form
factors related to the four-momentum transfer to the leptons g,
do not appear in the expression for differential rates. Thus, in
addition to the phase space effects in combination with the
form factors known from the massless case, new hadronic
quantities appear.

Without going into detail of the form factors, the structure
of the decay rate for both B - Dzv and B — D*tv decays is
given by

E_M<l_m_3>2

dg* 9673 m% q*

.
8P 1P o) (14275
3m?2

+ 27

|Hs|2} (121)

where H. are the transverse helicity amplitudes, H, is the
longitudinal helicity amplitude, and H is the scalar amplitude
related to the form factors proportional to g,. From the
massless case H,. and H, can be obtained, while the addi-
tional nonperturbative input goes into H,.

Assuming that the ¢ quark is heavy, the helicity amplitude
H, can be expressed in terms of the Isgur-Wise function,
which means that heavy-quark symmetries relate the new form
factors to the ones known from the massless case. Even if this
may not yield a precise prediction for H, it still yields a good
prediction of the decay rate, since the contribution of H| to the
rate is additionally suppressed by a factor of m?/m% ~ 0.11.
Given this, the SM prediction for £ = e, u (Fajfer, Kamenik,
and Nisandzic, 2012) is

I'(B — D1b)
R(D) = —/——==0.297£0.017 122
(D) ['(B —» D¢0) 029720017, (122)
.~ T'(B- D)
R(D") = f3 S Drgy) = 025240003, (123)

Becirevic, Kosnik, and Tayduganov (2012) found a slightly
higher value for R(D), which is still compatible with the result
in Eq. (122), but has less tension with the measurements
presented below. Recent lattice calculations by Bailey et al.
(2015b) and Na et al. (2015) are consistent with Eq. (122) and
have an improved precision.

Because of the mass of the 7 lepton, B — D*)zv decays
could be more sensitive to new physics effects than the decays
into light leptons. In fact, all models involving an extended
Higgs sector can significantly change the rates for B — D)z
decays, while the semileptonic decays into e and u remain
practically unchanged, since Higgs couplings are proportional
to the mass. Both BABAR and Belle have analyzed the data in
terms of a type-II two-Higgs doublet model; the results are
discussed in Sec. IX.C.
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B. Measurements

The reconstruction of semileptonic decays with a 7 lepton is
complicated by the presence of several neutrinos in the final
state: one primary neutrino from the semileptonic decay and
one or two secondary neutrinos from the 7 decay (z* — X',
¢*uvyv,). The undetected neutrinos make a complete
reconstruction of the signal B meson impossible and call
for additional kinematic constraints to reduce backgrounds.
To reach a tolerable background level, the analysis of these
decays has to rely on the reconstruction of the second B meson
in the event.

In 2007 Belle reported the observation of the decay B® —
D*t"v with a significance of 5.2¢ in a data sample of
493 fb~! (Matyja et al., 2007). The analysis used an “inclusive”
tagging method, which is based on reconstructing the By,, from

all particles other than the D*) and lepton candidates from the
signal decay, irrespective of any specific By, decay mode.
The signal was extracted in a fit to the beam-constrained mass
of the By,, candidate. Subsequently, Belle published an analysis
of the decay modes B* — D%z*v and B — D*'z"v using the
same inclusive tagging method with a data sample of 605 fb~!
(Bozek et al., 2010). The fit was extended to two dimensions by
adding the momentum of the D° meson as a second variable,
which helps to distinguish between the D° and D** signal
modes. The signal significances were 8.1¢ for B* — D*07y
and 3.5¢ for Bt — D%y,

In 2009 both BABAR and Belle presented their first hadronic-
tag measurements of the four decay modes B* — D7ty
Bt -5 D*¢ty, B D 7"y, and B - D* r"v (Adachi et al.,
2009; Aubert et al., 2009c) with data samples of 209 and
605 fb~!, respectively. The results of both experiments have by
now been superseded by updates based on the full Y'(4S) data
samples. The BABAR update was published in 2013 (Lees e al.,
2013c), and the new Belle result in 2015 (Huschle ez al., 2015).
In addition to the statistical gain from the larger data samples,
the new hadronic-tag analyses have a significantly improved
signal efficiency due to improvements in the event selection
and the By, reconstruction. Belle recently also published
results for B — D*~t* v using semileptonic B tags (Sato et al.,
2016). First results on semileptonic B decays with 7z leptons
have also become available from the LHC. The LHCb experi-
ment recently presented an analysis of B — D*rv decays (Aaij
et al., 2015b), the first of this kind from a hadron collider.

In all these analyses, the ratios R(D) and R(D*) [see
Egs. (122) and (123)] were measured. The results are
summarized in Table XIX. We first describe the BABAR
analysis in more detail and then compare with the results from
Belle and LHCb.

A major challenge in B — D*)zy analyses is the separation
of the B — D™)zy signal from B — DW¢v (£ = e, p). As the
main quantities to be measured are the ratios R(D) and R(D*),
the decays B — D*)£u serve to normalize the corresponding
signal branching fractions. We thus refer to them as
“normalization decays” in the following. In the BABAR
analysis signal D° candidates are reconstructed in five decays
modes, D~ in six, and D* candidates in four decay modes
(see Table III). The 7 lepton is reconstructed only in its
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TABLE XIX. Measurements of R(D®)). The uncertainties are
statistical and systematic. For BABAR and Belle the B® and B
results have been combined using isospin relations.

Decay mode N R(DW)
BABAR hadronic tag (426 fb™!)

B — Dw 489 0.440 £ 0.058 £ 0.042
B - D*tv 888 0.332 £ 0.024 £ 0.018
Belle hadronic tag (711 fb™')

B - Dw 320 0.375 £ 0.064 + 0.026
B - D*tv 503 0.293 £ 0.038 £ 0.015
Belle semileptonic tag (711 fb1)

B - D*tv 231 0.302 £ 0.030 £ 0.011
LHCb (3.0 fo!)

B - D*tv e 0.336 = 0.027 4+ 0.030

leptonic decays 7" — e*v,0,, u*v,0,. With this choice, the
B — D™ty signal and the B — D*)£v normalization decays
have the same final state D*)# and differ only in kinematics.
Consequently, many of the experimental uncertainties, such as
lepton and hadron identification or track uncertainties, cancel
in the ratio R(D™)). Four signal channels corresponding to the
final states D¢, D*¢, D=¢, and D*~¢ are analyzed. After
reconstructing the Biag, D™ and lepton candidates, no addi-

tional tracks are allowed in the event. In case of multiple D*) ¢
candidates, the one with the lowest remaining energy in the
calorimeter EESGL is chosen.

The signal is extracted in a fit to the joint distribution of p}
and M2, . These two variables serve to distinguish B — D*)zv
signal from normalization decays and other backgrounds.
Semileptonic decays with a leptonic 7 decay involve three
neutrinos and thus have large M2 . As the signal electron or
muon is a secondary lepton from the 7z decay, its p} distribution
is softer than for the primary lepton from normalization decays.
The fit is performed simultaneously on the four D*)# samples
and four additional D™)z%¢ control samples. The D®*)z%¢
samples have an enhanced D** contribution and allow the
B - D*¢v and B — D**rv backgrounds to be constrained
with data. This leads to a significantly reduced dependence on
simulation for these rather poorly known decays.

Figure 33(a) shows the it projections in M2, and p} for the
four signal samples. The resulting R(D*)) values and branch-
ing fractions are listed in Table XIX. In addition to the results
for the individual signal modes, BABAR provides results of a fit
using isospin relations to link B® and B+ decays. The signal
significances obtained in the isospin-constrained fit are 13.2¢
for B - D*rv and 6.8¢ for B — Dzv. For B — Drv decays,
this result represents the first observation with a significance
higher than 56. The B — D")zu branching fractions are
calculated from the R(D")) results and the known B —
D™ ¢y branching fractions (Aubert et al., 2008b, 2009d,
2010c). For the isopin-constrained fit they are

B(B* — D°ttv)

= (1.02 £ 0.13 =+ 0.10p(p) £ 0.0455ps,) )%, (124)

B(B* — D*tv)
= (176 £ 013, + 010z ) & 0.065(5 1)) %, (125)
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miss
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where the first uncertainty is statistical and the second and third
are systematic uncertainties from the R(D*) measurement and
the branching fractions of the normalization decays. The
measured values of R(D™)),

R(D) = 0.440 + 0.072,

R(D*) = 0.332 £+ 0.030, (126)
can be compared with the SM predictions given in
Egs. (122) and (123). Deviations of 2¢ and 2.7¢ from
the SM are observed for R(D) and R(D*), respectively. The
probability that the R(D) and R(D*) results both agree
with the SM expectation is calculated to be 6.9 x 10~ (Lees
et al., 2013c), taking the correlation between the two results
into account. The B — Dtv and B — D*rv results thus
agree only at the 3.40 level.

The new hadronic-tag analysis from Belle (Huschle et al.,
2015) uses a modified fitting approach. A fit to M2, is used
only in the low-M2, region, where the background from
normalization decays dominates, which can be well separated
from the signal. In the high-M2,  region, where backgrounds
with multiple unreconstructed particles (e.g., from D**
decays) become more relevant that are harder to discriminate
from the signal, a neural network is trained for each of the four
signal channels to achieve a more effective background
suppression. The inputs to the neural network include
M2, s, q*, EEGL, and several other discriminating varia-
bles. The sample is split at M2, = 0.85 GeV? and both
subsamples are fitted simultaneously, using M2, _ in the low-
M2, . and the neural-network output in the high-M2 . region.
The M2, distribution is shown in Fig. 33(b). The results for
R(D) and R(D*) are given in Table XIX. Because of the
different fitting approach the statistical uncertainty is larger
than for the BABAR analysis in spite of the larger analyzed
data sample, but the systematic uncertainty is smaller. The
total uncertainties are comparable for the two experiments.

In the Belle semileptonic-tag analysis (Sato et al., 2016),
both B mesons are reconstructed in semileptonic decays
with a D* meson. The signal is extracted in a two-
dimensional fit to EEGL and the output of a neural network
trained to separate signal and normalization events. The
R(D*) result (see Table XIX) is in good agreement with
previous measurements.

In the LHCDb analysis of B — D*rv decays (Aaij et al.,
2015b) only the decay 7" — u"v,7, has been considered. The
yields of the signal and normalization decays are determined
in a three-dimensional fit to the distributions of M2, p,, and
¢*. Backgrounds from B — D**uv and B — D*DX decays as
well as combinatorial background are constrained from data
using dedicated control samples. The R(D*) result lies 2.16
above the SM prediction (see Table XIX) and is in good
agreement with the BABAR measurement of B — D*zv.

All measurements of R(D) and R(D*) have consistently
yielded values larger than the SM prediction, as illustrated in
Fig. 34. However, as the new B — Dtv and B — D*zv results
from Belle are consistent with both the SM prediction and
the BABAR result, the situation remains unclear. Combining
the latest hadronic-tag results from BABAR and Belle and the
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0.59+0.14£0.08

Belle incl. tag (2010)
0.3440.10£0.06

BaBar had. tag (2013)
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Belle had. tag (2015)
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-0.2 0 0.2 0.4 0.6 0.8

Belle incl. tag (2007)
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BaBar had. tag (2009)
0.30£0.06%0.02

Belle had. tag (2009)
0.47+0.0820.06

Belle incl. tag (2010)
0.43£0.06£0.06

BaBar had. tag (2013)
0.33240.024+0.018

Belle had. tag (2015)
0.293+0.038+0.015
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0.30240.03010.011
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SM prediction °
0.252+0.003

0.2 0 0.2 0.4 0.6 0.8
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FIG. 34. History of (a) R(D) and (b) R(D*) measurements. The
gray bands indicate the SM predictions.

LHCb result (for B - D*zv only) gives the following aver-
ages computed by HFAG (Amhis et al., 2016):

R(D) = 0.397 £+ 0.049,

R(D*) =0.316 £ 0.019. (127)

R(D) and R(D*) exceed the SM predictions (Fajfer, Kamenik,
and Nisandzic, 2012) by 1.9¢ and 3.3, respectively. The
probability of the combination is 5.2 x 107>, considering the
correlation between R(D) and R(D*), and the total deviation
from the SM prediction corresponds to 4.06. More data from
Belle II are needed to conclude if the observed deviation from
the SM is a sign of new physics or not.

C. Charged Higgs and new physics interpretation

One possible interpretation of the observed excess of
B — Dwv and B — D*rv decays could be a contribution from
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and (b) p; distributions in B — Dtv decays for four values of tan #/my-. (c) The R(D) and

R(D*) results for the BABAR measurement reweighted to different tan /my- values (light-shaded, blue band) is compared with the
type-II 2HDM prediction (dark-shaded, red band). The bands indicate the 1o uncertainty. From Lees et al., 2013c.

charged Higgs bosons in 2HDMs. Two versions of these
models are considered in the following. In the type-II 2HDM,
one Higgs doublet couples only to down-type quarks, and
the other only to up-type quarks. For instance, the minimal
supersymmetric standard model (MSSM) is a type-1I 2HDM.
At tree level, the type-II 2HDM is fully determined by two
parameters, which can be chosen to be the ratio of the vacuum
expectation values of the two Higgs doublets tan 8 and the
mass of the charged Higgs boson m - (see Sec. IV.A). A more
general model is the type-IIl 2HDM, where both Higgs
doublets couple to up- and down-type quarks.

BABAR and Belle reweighted their signal distributions to
include the effect of charged Higgs exchange in the type-1I
2HDM for various values of the ratio tan /my+ and studied
the dependence of the fit result on this ratio. As the decay
kinematics are modified by the charged Higgs contribution,
the signal efficiencies and hence the R(D™*) results also
change. Figures 35(a) and 35(b) illustrate how the M2, and
p; distributions change for different values of tanf/mpy-.
Figure 35(c) shows a comparison of the R(D")) results
obtained for the reweighted signal distributions with the
prediction of the type-II 2HDM in dependence of tan #/m-.
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The BABAR measurements and the type-Il 2HDM
predictions agree best for tanf/my- = 0.44 4+ 0.02 GeV~!
(B— D) and tanf/my: =0.75+£0.04GeV™' (B — D*1w).
It is interesting to see that these tan/f/my- values differ
significantly for the two decay modes. As a consequence, the
combination of R(D) and R(D*) measurements disfavors the
type-II 2HDM with at least 99.8% confidence level for all
values of tan #/my:.* The B — D™y results from BABAR
thus also disfavor the MSSM and provide interesting infor-
mation for the search for supersymmetry at the high-energy
frontier with the LHC. The Belle results are, however, not in
conflict with a type-II 2HDM interpretation.

BABAR also interpreted their results in the context of the
more general type-III 2HDM. Even though the type-IIIl 2HDM
cannot be ruled out, the measurement of R(D*)) combined
with a study of the ¢? distributions measured in B — D¢y
decays excludes a significant part of the parameter space of this
model. In general, the study of the ¢ spectra showed that

The region tan8/my- < 15 GeV~! has already been excluded
by B — X,y decays.
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interpretations of the results based on new physics models with
a spin-1 particle are favored over models with a spin-0 particle.

Overall, the B — D'x)zv results seem to be hard to
accommodate in a well-motivated model of new physics.
Many attempts have been made, for instance, in the context of
R-parity violating supersymmetry, left-right-symmetric mod-
els and models with leptoquarks or sterile neutrinos, but they
all seem to be more or less contrived.

X. ISOSPIN AND FLAVOR SYMMETRY

In this section, we briefly look at the results of the
previously discussed semileptonic B-decay analyses in view
of isospin symmetry. Weak annihilation is discussed as a
special case of an isospin-symmetry-breaking effect that
shows up at large momentum transfers. We also compare
the inclusive semileptonic B decay rate with a measurement
for B, decays as a test of flavor symmetry.

A. Isospin symmetry

Isospin relations have been used to link B and B* decays
and to derive a combined result for the two isospin-conjugate
decay modes in many of the analyses of semileptonic decays
presented in the previous sections. It is important to exper-
imentally confirm that the assumed isospin relations
indeed hold.

If isospin-symmetry-breaking effects are neglected, the
following relation between B® and BT decays is expected
for inclusive semileptonic decays:

B(B® = X~¢*v) = %B(m - XO¢ty).  (128)

For exclusive semileptonic decays one obtains
B(B® » DW-¢+y) = %B(B* = DWOFHY), (129)
B(B® - = ¢*v) = Z%B(B+ - 2%¢*),  (130)
B(B® = p=t+v) = 2%8(3+ - P07ty (131)

Isospin breaking is due to the mass difference m, — my
and electromagnetic interactions. However, for heavy-hadron
processes involving energy scales of the order of the heavy-
quark masses, such effects are expected to be small.

Table XX shows the isospin ratio R,/ [defined as the
ratio of the left and right sides of Eqgs. (128)—(131)], for some
of the more recent inclusive and exclusive B —» X, /v and
B — X fv analyses, for which results on both B® and B*
decays are quoted in the publications. The Ry, values for all
decay modes are consistent with unity and demonstrate that
within the current experimental precision all measurements
are in good agreement with isospin symmetry.

B. Weak annihilation

The process of weak annihilation leads to a difference
between the B+ and B’ semileptonic decay rates at high four-
momentum transfers.
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TABLE XX. Isospin ratios Ry, = [B(B°)/B(B")] x (tp+/tp)x
(1/n), where n =2 for B - z£v and B — pfv decays and n =1
otherwise. The uncertainties are statistical and systematic.

Measurement Ry

Inclusive B — X, v hadronic tag (BABAR) 1.034+0.15+0.18
Inclusive B — X_.Zv (Belle) 1.01 £0.04 +0.03

B — D¢v hadronic tag (BABAR) 1.04 +0.06 £ 0.06
B — D*¢v untagged (BABAR) 0.91 +£0.02 +£0.09

B — zfv hadronic tag (Belle) 1.00 £0.12 +0.07
B — nfv untagged (BABAR, 12 bins) 1.03 £ 0.06 £ 0.06
B — nfv untagged (BABAR, 6 bins) 1.03 £ 0.09 £ 0.06

B — pZv hadronic tag (Belle) 0.95+0.10 £0.09
B — pfv untagged (BABAR) 1.06 £ 0.16 £ 0.08

Weak annihilation refers to the annihilation of the two
quarks inside a charged B meson into a virtual W boson
(ub - WX — ¢*u,X), producing final states with a lepton-
neutrino pair from the W boson and a hadronic system created
by the emission of low-energy gluons. This process enhances
the charmless B+ semileptonic decay rate at high ¢> as the
lepton-neutrino pair carries most of the energy (¢* ~ m3). The
enhancement in semileptonic B decays has been estimated
from leptonic and semileptonic D and D, decays to be at most
2%-3% (Bigi and Uraltsev, 1994; Voloshin, 2001; Gambino
and Kamenik, 2010; Ligeti, Luke, and Manohar, 2010).
Experimental investigations of weak annihilation based on
studies of the ¢2 spectra and comparisons of B* and B partial
decay rates at high ¢> in B — X,/v decays have so far
provided only weaker limits. CLEO constrains the contribu-
tion from weak annihilation (WA) to 'y, /T'(B* = X7 v) <
7.4% at the 90% confidence level (Rosner et al., 2006). From
the inclusive hadronic-tag B — X,Zv analysis by BABAR
(Lees et al., 2012¢), the limit —13% < Ty, /T(B* = X%/ v) <
9% at the 90% confidence level is obtained.

C. Semileptonic B, decays and flavor symmetry

The decays of B, (= B¥) and B, (= B”) mesons have been
studied precisely at the B factories, but our knowledge of B
mesons, which contain a b and an s quark, is still fairly
limited. Semileptonic decays of B and B, mesons differ from
one another only by the flavor of the spectator quark (d or s).
A study of semileptonic B decays allows for a test of SU(3)
flavor symmetry, which predicts for the total semileptonic B,
branching fraction:

B(B, » X~ ¢tv) = ‘3,

B(B; - X~ ¢*v)
TBd

= (10.28 £ 0.28)%, (132)

where the B, and B; mean lifetimes 7z = 1.512 £ 0.007 and
75, = 1.519 £ 0.005 ps (Olive er al., 2014) and the branching
fraction B(B; - X ¢*v) = (10.33 £ 0.28)% (Olive et al.,
2014) have been used. Theoretical calculations predict that the
relation in Eq. (132) holds at the percent level (Bigi, Mannel,
and Uraltsev, 2011; Gronau and Rosner, 2011), but this must
be confirmed experimentally. Semileptonic B decays are also
interesting for the determination of |V ;| and |V |, as lattice
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QCD calculations for heavier quarks (here s instead of u, d)
have smaller theoretical uncertainties.

Exclusive semileptonic B, decays can be studied well with
the large B, samples collected in hadron collisions at the
Tevatron and more recently at the LHC. The DO and LHCb
experiments observed semileptonic B, decays to orbitally
excited (P-wave) D;* mesons. B decays to higher-mass D
states contain valuable information for tests of HQET, as they
provide access to the regime of low hadronic recoil and may
help to understand the jjgn = 1/2 Vs jjigne = 3/2 puzzle in
B — D**¢v decays. In contrast to the broad D** states that
appear in B decays, the D* states are all relatively narrow and
can thus be more effectively separated from the background
and more precisely measured. The DO experiment observed
the decay B, — D;u"vX with the subsequent decay chain
Dy, - DK% D*~ - D%, D’ > K™z, K} - n"n~ and
determined its branching fraction (Abazov et al., 2009).
LHCb measured the branching fractions of By — DguvX
and By — D,uvX decays (Aaij et al, 2011); the latter
represents the first observation of the D7, state in B decays.

Inclusive semileptonic B, decays can be studied only at the
B factories. BABAR recorded a data sample of 4.25 fb~!
during an energy scan above the T'(4S) resonance with center-
of-mass energies between 10.45 and 11.20 GeV, including the
region near the B, B, threshold. Belle recorded a significantly
larger data sample of 121 fb~! at the Y(55) resonance with a
center-of-mass energy of about 10.87 GeV. As the ete™ —
T(5S) cross section amounts to ~30% of the ete™ — YT (4S5)
cross section and the Y(5S) decays into B, pairs only about
20% of the time, the B, samples available at the B factories are
significantly smaller than the samples of B mesons, limiting
the statistical precision of the B; measurements.

BABAR performed the first measurement of the inclusive

B, —» X ¢*v branching fraction, B(B;, —» X ¢tv)=
(9:573 0stat 1 9syst) % (Lees et al., 2012a). Belle subsequently

published a measurement of this branching fraction (Oswald
et al.,2013) with a significantly improved precision due to the
larger B, sample. In this analysis, the fraction of BB, events
is enhanced from ~20% to ~70% by reconstructing a tag D
candidate from the decay B, — D,X, which has a large
branching fraction of (93 £ 25)%. The D candidates are
reconstructed in the decay mode D} — ¢rnt, ¢ - KTK~.
The signal lepton and the tag D candidates are required to
have same-sign charges to ensure that they come from
different B; mesons. A sketch of the selection strategy is
shown in Fig. 36(a). Two samples are selected, one with D}
and the other with Df#" candidates, representing a sub-
sample of the former. The yield of correctly reconstructed Dy
candidates is determined from fits to the invariant K™K~z
mass. The D #" sample contains not only primary leptons,
but also secondary leptons from B,y decays and misidentified
lepton candidates, which have softer momentum spectra. The
yield of events with primary leptons is obtained from a fit of
the simulated signal and background shapes to the lepton
momentum spectrum; see Fig. 36(b). The B, - X ¢Tv
branching fraction is calculated from the efficiency-corrected
D and D{¢" yields. As these yields include contributions
from B® and Bt decays (B — D,X and B — X7v), the
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FIG. 36. (a) The selection strategy and (b) the lepton

momentum spectrum in the Belle analysis of B, —» X ¢Tv
decays. In (a), the dashed lines indicate BB, oscillations.
The spectrum in (b) is obtained from K*K~z" mass fits in
bins of lepton momentum. The signal is the topmost, white
histogram. From Oswald er al., 2013.

fraction of B,B, events in the two samples is estimated using
parameters from external measurements [e.g., the probability
of BB, production in Y(5S) decays f, or the BB, mixing
probability]. The resulting inclusive semileptonic B branch-
ing fraction is

B(B; = X~¢"v) = (9.6 £ 0.4, £ 0.74y) %. (133)
It agrees with the theoretical prediction based on SU(3) flavor

symmetry. A review of Belle results with Y(5S) data can be
found in Oswald and Pedlar (2013).

XI. CONCLUSIONS AND OUTLOOK

The field of charged-current leptonic and semileptonic B
decays has greatly developed over the last 15 years. On the
one hand, there have been large-scale experimental efforts,
resulting in a large number of measurements of semileptonic
decays and in first measurements of purely leptonic decays.
On the other hand, the heavy-quark expansion in combination
with improved lattice QCD calculations and QCD sum
rule estimates brought a breakthrough in the theoretical
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description, providing QCD-based predictions with control-
lable uncertainties. In the framework of the SM, experimental
data combined with theoretical predictions yield relative
uncertainties of about 2% on |V,| and 4%-5% on |V ,]|.
Figure 37 summarizes the current status of |V,| and |V ;|
determinations.

The values of |V ;| extracted from exclusive and inclusive
decays are consistent only at the level of 2.8¢. The inclusive
determination of |V | is based on the HQE derived from the
local OPE and hence is believed to be theoretically very clean.

(@)
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(42.4240.86) x 10

B — Dlv 5
(40.18+1.4440.32) x 10

B — Dzklv s
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FIG. 37. Comparison of the determinations of (a) |V,| and
(b) |V, | based on exclusive and inclusive decays. Because of the
marginal compatibility of the exclusive and inclusive results, the
uncertainty on the average has been scaled by a factor of

V. /ndf = 2.8 for |V,,| and 3.8 for |V,,|. The error bars on
the average correspond to the unscaled uncertainties, while the
bands represent the scaled uncertainties.
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The value obtained from B — D*/v decays relies on the
lattice QCD calculations performed by one group. It is
interesting to note that a QCD sum rules estimate, although
much less precise, yields a central value that is compatible
with the inclusive determination. This may indicate that
further scrutiny might solve this tension within the SM.

The difference between the inclusive and exclusive deter-
minations of |V,,| seems to be more serious. The level of
agreement is 3.8¢. The determination of |V ;| from inclusive
decays has a precision of ~5%, with about equal contributions
from statistical, experimental systematic, and theoretical
uncertainties. The results obtained in different phase space
regions and for different QCD calculations of partial rates show
a high level of consistency. However, the HQE is much more
uncertain than in the b — ¢ case. The |V ;| extraction from
exclusive decays relies mainly on B — #£v decays, where
good theoretical methods as well as precise measurements are
available. A simultaneous fit of a form factor parametrization to
the measured ¢> spectrum and predictions from lattice QCD
and QCD sum rules yields a precision of about 4%. In this
approach, the form factor shape is determined from data,
allowing for an extraction of |V, | over the entire ¢> range.

To resolve the puzzle of the difference between |V ;| (and
possibly also |V,,|) from inclusive and exclusive decays,
major experimental and theoretical efforts are necessary. On
the experimental side, significantly larger data samples that
allow for precise hadronic-tag measurements and a more
detailed understanding of backgrounds and the composition of
the semileptonic decay rate are needed. In particular, both
B — X,fv and B — X _.Zv analyses will benefit from a more
precise measurement of B — D**¢v decays and decays to
higher charm resonances, which may also be the key to
understanding the missing part of the inclusive semileptonic
decay rate. On the theory side, further progress in the
description of exclusive decays will result in a better under-
standing of the form factors, which might come from further
advancements in lattice QCD calculations. An improvement
of the inclusive predictions would require a better control over
leading and subleading shape functions to improve the HQE
for b — u transitions.

Eventually, the purely leptonic decays will also contribute
significantly to the |V ;| determination. With much larger data
samples, a precise determination of |V ;| will be possible with
B — v decays, assuming SM interactions only. These decays
are theoretically simpler, since the main hadronic input is the
B-meson decay constant fp for which precise predictions
from lattice QCD already exist. The extraction of |V, | from
this decay is statistically limited, but the |V,,;| result obtained
from the combination of all B — 7o measurements combined
with the most precise fp prediction is already approaching a
precision of ~10%.

Among the purely leptonic charged-current B decays, only
B — v has been observed so far. The decay B — puv is still
beyond the experimental reach with the available data sam-
ples. Even though for several years all B — rv measurements
yielded branching fractions that were consistently—but not
very significantly—above the SM expectation, the latest
measurement by Belle resulted in a lower branching fraction,
so the world average is now in agreement with the SM
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expectation. Larger data samples will be needed for an
improved understanding of leptonic B decays.

One of the most interesting results in B physics comes from
the measurement of B — D*)zv decays. The current data
suggest that the decays B — Dtv and B — D*rv have a larger
rate than predicted by the SM. If this finding persists, it could
be interpreted as a hint of physics beyond the SM. While the
deviation from the SM is significant for the BABAR meas-
urement, the Belle results are not in disagreement with the SM
prediction, so the situation remains unclear. Further insight
into possible new physics interpretations can be obtained by
precision measurements of the kinematic spectra and angular
distributions of these decays. With larger data samples it will
also be interesting to study the rarer decay B — zzv; a first
search for this decay by Belle yielded a signal significance of
only 2.4c (Hamer et al., 2015).

It is generally believed that charged-current interactions are
less sensitive to physics beyond the SM, since the dominating
contribution is at tree level. An exception is extensions of the
Higgs sector with additional charged scalars that can mediate
charged-current interactions, such as the type-II two-Higgs-
doublet model. One may speculate if the tension in |V ;| (and
maybe also |V,|) as well as the findings in B — Dtv and
B — D*zv can be interpreted in terms of new physics.
However, the simplest version of the type-II two-Higgs-
doublet model is disfavored by the BABAR data, which seem
to require more sophisticated models of new physics.

Since 2009, the LHC experiments have recorded large
samples of b hadrons in proton-proton collisions. Over the last
few years, in particular, the dedicated b-hadron experiment
LHCDb has produced an impressive number of results. Because
of the neutrino in B — ¢£v and B — X/v decays, measure-
ments of these decays in hadron collisions are challenging.
Likewise, measurements of inclusive decays are not feasible
at a hadron collider. LHCb has used semileptonic b-hadron
decays to measure the bb production cross section, h-hadron
production fractions, and CP violation in B-meson mixing.
Dedicated measurements of exclusive semileptonic decay
modes have also started to appear and a first, precise
determination of |V,,| has recently been performed. It will
be interesting to see further measurements of semileptonic
b-hadron decays from LHCD in the future.

The next-generation high-luminosity B  factory,
SuperKEKB in Japan, is scheduled to start operation in
2018 and is supposed to deliver about 50 times more data
than its predecessor KEKB. The Belle detector is currently
being upgraded to the Belle II detector, which will be able to
cope with the higher interaction rate and radiation levels. With
the data sample expected at Belle II, precision measurements
of leptonic B decays will become feasible, in particular,
through the use of hadronic-tag measurements. The leptonic
decay B — uv is expected to be observed with the first
~5 ab~! of data, probably already within the first 2 years
after the start of data taking. The study of semileptonic B
decays will benefit from the larger data samples in terms of an
improved precision for form factor shape measurements and
the possibility to precisely study angular distributions in
decays to vector mesons. In combination with progress in
form factor calculations, this should lead to a significant
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improvement in our knowledge of the CKM matrix elements,
in particular, |V,,|.

With the new data delivered by the LHC and the next-
generation B factory on the horizon, interesting times for
research in flavor physics lie ahead of us.
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