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The authors review the experimental measurements and theoretical descriptions of leptonic and semileptonic
decays of particles containing a single heavy quark, either charm or bottom. Measurements of bottom
semileptonic decays are used to determine the magnitudes of two fundamental parameters of the standard
model, the Cabibbo-Kobayashi-Maskawa matrix elementsVcb andVub . These parameters are connected with
the physics of quark flavor and mass, and they have important implications for the breakdown ofCP
symmetry. To extract precise values ofuVcbu and uVubu from measurements, however, requires a good
understanding of the decay dynamics. Measurements of both charm and bottom decay distributions provide
information on the interactions governing these processes. The underlying weak transition in each case is
relatively simple, but the strong interactions that bind the quarks into hadrons introduce complications. The
authors also discuss new theoretical approaches, especially heavy-quark effective theory and lattice QCD,
which are providing insights and predictions now being tested by experiment. An international effort at many
laboratories will rapidly advance knowledge of this area of physics during the next decade.
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I. INTRODUCTION AND OVERVIEW

In the extraordinarily diverse phenomenology of weak in-
teractions, semileptonic and leptonic decays of hadrons have
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a special standing. In both types of decays, the final-state
particles include a single charged lepton, the clearest experi-
mental signature for a weak process mediated by theW bo-
son. Because these decays are relatively simple from a theo-
retical perspective, they provide a means both to measure
fundamental standard-model parameters and to perform de-
tailed studies of decay dynamics.
Historically, the semileptonic process of nuclearb decay

opened the era of weak-interaction physics and presented
physicists with the mystery of the electron’s undetected part-
ner, the neutrino~Pais, 1986!. The process underlyingb de-
cay is theW-boson-mediated weak transitiond→uW2,
W2→e2n̄e , where the decay of ad quark into au quark
transforms a neutron (udd) into a proton (uud). b decay
was the only known weak process from the turn of the cen-
tury until the late 1930s and 1940s, when muons, pions, and
kaons were discovered in cosmic rays.
With the rapid improvement of accelerators, weak decays

could be studied in detail. The processK→pe2n̄e , for ex-
ample, showed that kaons could decay in a manner similar to
the b decay of nucleons: the strange quark (s) in the kaon
undergoes the decays→uW2, W2→e2n̄e . Leptonic
decays—in which no hadrons appear in the final state—have
also played a key role in understanding weak interactions.
The striking 1024 suppression of the leptonic decay
p2→e2n̄e relative top2→m2n̄m was explained by weak-
interaction theory, and precision measurements have con-
firmed that the underlying weak couplings of the electron
and the muon are the same~Czapeket al., 1993; Rolandi,
1993, Brittonet al., 1994!.
In the 1970s, the discovery of two heavy quarks, charm

(c) ~Aubert et al., 1974; Augustinet al., 1974! and bottom
(b) ~Herb et al., 1977!, and a heavy lepton,t ~Perl et al.,
1975!, posed a profound mystery: the generation puzzle. The
existence and properties of the new heavy quarks, together
with indirect evidence for the top quark (t) from B0B̄0 mix-
ing ~Albrechtet al., 1987!, showed that there are two heavier
versions of the basic pair of quarks (u,d) found in ordinary
stable matter. Recently, thet quark has been directly ob-
served in pp̄ collisions ~Abachi et al., 1995; Abe et al.,
1995!. Thus there are three quark generations,

S udD , S csD , S tbD , ~1!

where the upper member of each quark doublet has charge
12/3 ~measured in units ofueu, where2ueu is the electron
charge!, and the lower member has charge21/3. The cou-
pling of the quarks toW1 andW2 bosons results in weak-
interaction transitions between any upper and any lower
member of these doublets, when allowed by kinematic con-
straints such as energy conservation.
Because quarks are found only in bound states, the defini-

tion of quark masses is problematic~Gasser and Leutwyler,
1982!. Roughly speaking, however,mu;0.004 GeV/c2,
md;0.007 GeV/c2, ms;0.3 GeV/c2, mc;1.3 GeV/c2,
mb;4.8 GeV/c2, andmt;180 GeV/c2. Thus, on a scale
set by the proton mass (mp50.94 GeV/c2), theu, d, ands

quarks are light; thec and b quarks are heavy; and thet
quark is enormously heavy, with a mass about twice that of
theW boson (mW580 GeV/c2). At present, this progression
of masses is not understood.
The discovery of thet lepton showed that the quark dou-

blets are paralleled by three generations of leptons:

S ne

e2D , S nm

m2D , S nt

t2D . ~2!

The masses of charged leptons also increase with generation
(me50.0005 GeV/c2, mm50.106 GeV/c2, mt51.777
GeV/c2), but at present there are only upper limits for the
neutrino masses. In particular, it is known thatmne

must be

quite small, less than 5 to 7 eV/c2 ~Particle Data Group,
1994!. If neutrino oscillations—transitions from one type of
neutrino to another—are proven experimentally, then non-
zero neutrino masses will have been established.
The existence of three generations of quarks and leptons is

a striking phenomenon that is not understood. One of the
goals of heavy-quark physics is to elucidate the relationships
among the particles of different generations. Theb quark is
especially interesting in this respect. Because it is lighter
than the t quark, theb can decay only into quarks of a
different generation, and it hasW-mediated decays to both
first-generation (u) and second-generation (c) quarks.
~Similarly, thes quark can decay only into a first-generation
quark,u.! Even when large samples oft-quark decays are
obtained, the modet→bW1 is expected to be dominant, and
generation-changing decays of thet quark should be very
rare.
Particles containing heavy quarks can decay semileptoni-

cally in a manner analogous to nuclearb decay. Figure 1~a!
shows the underlying quark-level transition for the semilep-
tonic decay of a meson containing a heavy quark, which we
denote generically in this review by the symbolQ. The pro-
cess isQ→q8W* , W*→l 2n̄ @Fig. 1~a!#, whereas for lep-
tonic decays the transition isQq̄→W*→l 2n̄ @Fig. 1~b!#.

FIG. 1. Feynman diagrams for theW-mediated weak decay of a
meson containing quarksQq̄: ~a! semileptonic decay,~b! leptonic
decay,~c! hadronic decay, and~d! hadronic decay. We have not
shown the exchanges of gluons between the quarks, which signifi-
cantly modify these processes.
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The symbolW* indicates that theW boson is generally vir-
tual, except in the case of decays of thet quark, whose mass
is greater than that of theW. ~Although we have labeled the
lepton charge as negative, this is true only for decays of the
b or c̄; for b̄ or c decays, the lepton charge is positive.!
Examples of hadronic decays, in which the decay products of
theW* are also quarks, are shown in Fig. 1~c! and Fig. 1~d!.
The weak interactions underlying these processes are
straightforward to describe theoretically, but complications
arise because the quarks are bound inside hadrons by the
strong force. These interactions, which are described by the
theory of quantum chromodynamics~QCD! ~Gross and Wil-
czek, 1973; Politzer, 1973!, are very difficult to predict using
perturbative methods because the strong coupling is large at
the typical energies in these decays.
A key feature of leptonic and semileptonic decays is their

relative simplicity, a consequence of the fact that here the
effects of the strong interactions can be isolated. The decay
amplitude for either type of decay can be written as the prod-
uct of a well-understood leptonic current for thel 2n̄ system
and a more complicated hadronic current for the quark tran-
sition. In leptonic decays, the hadronic current describes the
annihilation of the quark and antiquark in the initial-state
meson, whereas in semileptonic decays it describes the evo-
lution from the initial- to final-state hadrons. Because strong
interactions affect only one of the two currents, leptonic and
semileptonic decays are much more tractable theoretically
than hadronic decays, in which the decay products of the
W* are also hadrons. A further complication of hadronic
decays is that the hadrons in the final state can interact
strongly with each other. Leptonic and semileptonic decays
therefore provide a means for studying the strong interac-
tions in a relatively simple environment. Perhaps more im-
portant, the effects of strong interactions in these processes
can be understood sufficiently well that the underlying weak
couplings of quarks to theW boson can be determined, a
point that we discuss in the following section.
In heavy-quark decays, semileptonic modes are generally

much more accessible experimentally than leptonic modes,
simply because semileptonic branching fractions are larger.
~The reasons are explained in Sec. IV.A.! The very large
charm data samples now available are just beginning to re-
veal leptonic decay signals for theDs meson (cs̄), whereas
no such decays have yet been seen for bottom hadrons. Thus
there is much more information on semileptonic than lep-
tonic decays, and the proportion of our review devoted to the
two types of processes reflects this difference.

A. Semileptonic decays and the Cabibbo-Kobayashi-
Maskawa matrix

Because semileptonic decays are both relatively simple
and experimentally accessible, they are the primary tool for
addressing one of the fundamental questions of the genera-
tion puzzle: what are the couplings of the quarks to theW
boson? These couplings appear to be deeply connected to the
origin and values of quark masses. For comparison, the lep-
ton transitionsl 2→W* n l ~or W*→l 2n̄) are observed to
have a single, universal weak-coupling strengthg, which is
the same for all three generations. Furthermore, transitions

from a charged lepton of one generation to a neutrino of
another have not been observed. In contrast, quark transi-
tionsq→W* q8 have strengths that depend on which quarks
are involved. Although quark transitions within the same
generation are highly favored, there are also transitions
across generations. For the decay of a charge21/3 quarkq
to a charge12/3 quarkq8, the coupling at theW vertex is
proportional togVq8q , whereVq8q is, in general, a complex
number. Thus the amplitudes for the processesb→cl 2n̄
andb→ul 2n̄ are proportional toVcb andVub , respectively,
and the amplitudes forc→sl 1n andc→dl 1n are propor-
tional toVcs* andVcd* .
The 333 matrix of these constants, known as the

Cabibbo-Kobayashi-Maskawa~CKM! matrix ~Kobayashi
and Maskawa, 1973!,

V5S Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb
D , ~3!

is a generalization of the Cabibbo rotation known since the
1960s ~Cabibbo, 1963!. This rotation, characterized by
sinuC'0.22, was introduced to describe the semileptonic de-
cays of strange hadrons, whose rates are suppressed by a
factor of about tan2uC'0.05 relative to that expected from
the decays of nonstrange particles. In addition, the slight
suppression ofn→pe2n̄e relative to the rate expected from
m2→e2nmn̄e was explained by the factor cos

2uC . Although
the quark couplings to theW boson are nonuniversal, the
departure from universality is constrained in the standard
model by the unitarity of the CKM matrix. For example,
uVudu50.974460.0010 implies that eitheruVusu or uVubu ~or
both! must be nonzero, withuVudu21uVusu21uVubu251.
The structure of the CKM matrix has major implications.

With three generations of quarks, the matrix contains a phase
that, if nonzero, leads to violation ofCP symmetry. That is,
there are amplitudes that are not invariant under the com-
bined operation of particle-antiparticle conjugation (C) and
parity reversal of the coordinate system (P). Besides its im-
portance in understanding the structure of particle interac-
tions,CP violation is necessary to explain the predominance
of matter over antimatter in the universe. However, sources
of CP violation beyond the standard model appear to be
required to produce a large enough effect. The extremely
interesting phenomenology ofCP violation has been dis-
cussed by many authors; here we reference only some recent
reviews~Jarlskog, 1989; Nelson, 1992; Nir, 1992; Winstein
and Wolfenstein, 1993!.
Experimentally,CP violation is so far seen only as a tiny

effect—about a part in a thousand—in kaon decays. While
these observations are consistent with predictions based on
the standard model, there is no proof that the CKM matrix is
the true source ofCP violation in these decays, and alterna-
tive theories~beyond the standard model! could equally well
explain the existing data. As we shall discuss in Sec. II.B., it
is significant thatuVubu, though small, is measured to be
nonzero (uVubu'0.003)—otherwise the standard model
would predict noCP violation. SizableCP-violating asym-
metries are predicted by the standard model inB decays
which, nevertheless, are rather difficult to observe. Currently,
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major projects at nearly all of the world’s high-energy phys-
ics laboratories, including SLAC~BaBar Collaboration,
1994!, KEK ~Belle Collaboration, 1994!, CERN ~CERN Re-
ports, 1992, 1993!, DESY ~Lohse et al., 1994!, Cornell
~CLEO Collaboration, 1994!, and Fermilab~CDF Collabora-
tion, 1994!, have been initiated to search forCP violation in
B decays. The intriguing problem ofCP violation and the
question of whether its origin lies truly within the CKM
framework are central questions of particle physics.
Most of the known CKM elements have been measured

using semileptonic decays~Particle Data Group, 1994!. The
value of uVudu (50.974460.0010) is determined from
nuclearb decay, in particular from special transitions for
which the uncertainties due to hadronic effects can be mini-
mized. The value ofuVusu (50.220560.0018) is obtained
from kaon semileptonic decays and, with somewhat larger
theoretical errors, from hyperon semileptonic decays. Al-
though uncertainties arising from the hadronic current might
be expected to severely limit the precision of CKM determi-
nations, one can exploit special strong-interaction symme-
tries that constrain the hadronic current and therefore permit
high-precision measurements ofuVudu and uVusu. We shall
see that symmetries of the strong interactions also play an
important role in allowing a precise determination ofuVcbu.
The CKM elements associated with charm decays,Vcs and

Vcd , can be determined independently of charm decay mea-
surements. To do this, one assumes three-generation unitarity
of the CKM matrix and uses the fact that the CKM elements
for B decay are extremely small~see Sec. II.B.!. ~Alterna-
tively, uVcdu can be determined from the production of charm
particles in neutrino or antineutrino scattering from nuclei.!
An important consequence is that measurements of charm
semileptonic decays can be used to test the absolute scale of
theoretical predictions for decay amplitudes. The study of
charm semileptonic decays is therefore focused more on un-
derstanding the dynamics of the hadronic current than on
measuring CKM elements. This procedure cannot be used in
B decay, however. The magnitudes of the CKM elements
Vub andVcb must be determined fromB semileptonic de-
cays, and the scale of theoretical predictions for the decay
rate cannot be tested but must be assumed in order to extract
uVubu and uVcbu.

B. Decay dynamics and heavy-quark effective theory

The studies described in this review have two primary
goals: first, to measure the magnitudes of the CKM elements
Vcb and Vub , and second, to understand the dynamics of
leptonic and semileptonic decays, in particular the effect of
strong interactions on the underlying weak process. These
goals are related, because the determination of CKM ele-
ments relies on a good understanding of the decay process.
Our focus on particles containing heavy quarks is natural

not only because they are being intensively studied by cur-
rent experiments, but also because their decay dynamics are
significantly different from those of particles containing only
light quarks. In the last few years, a new theoretical approach
known as heavy-quark effective theory~HQET! has emerged
for analyzing so-called heavy-light mesons~mesons contain-
ing one heavy and one light quark!, as well as baryons con-

taining a heavy quark and two light quarks. Many authors
have contributed to the development of HQET, whose his-
tory is traced in the extensive review by Neubert~1994c!. A
number of the separate ideas underlying HQET emerged
over a long period and can be found in the papers of, among
others, Shuryak~1980!, Nussinov and Wetzel~1987!, and
Voloshin and Shifman~1987, 1988!. Two papers by Isgur
and Wise~1989, 1990a! played a major role in synthesizing
and extending this development, and they are among the
most frequently cited papers in particle physics over the last
few years. Their work led to a rapid expansion in the study
of HQET; among the key papers are those of Eichten and
Hill ~1990a, 1990b!, Falk et al. ~1990!, Georgi ~1990!, and
Grinstein~1990!. Several conference reviews are also avail-
able, such as those by Wise~1993, 1994! and Mannel~1993!.
The ideas of HQET are discussed and used in many places in
this review, including Secs. II.C, V.B, VI.A.3, VI.E., and
VI.E5. We present some of the basic ideas of HQET in the
rest of this section.
A simple argument~Voloshin, 1994! indicates that within a

hadron containing a heavy quark, the heavy quark moves
nonrelativistically. The momentum of the heavy quark,pQ,
must balance that of the light constituents of the hadron,
plight :

upQu5uplightu;LQCD, ~4!

whereLQCD'0.2 GeV is the scale governing the running of
the strong-coupling constantas with momentum transfer.
For momentum transfers aroundLQCD or below, the strong
coupling is large; as the momentum transfer increases, the
strong coupling decreases. In heavy-light hadrons, the typical
momentum transfer to the light constituents is of order
LQCD and the size of the hadron is 1/LQCD. Thus

uvQu5
upQu
mQ

;
LQCD

mQ
, ~5!

so that in the limitmQ@LQCD, the heavy quark behaves
essentially as a stationary source of a color field. Further-
more, the heavy quark’s spin, which interacts with the sys-
tem through a color magnetic moment proportional to
1/mQ, also decouples from the dynamics in this limit. Thus
the actual value of the mass of the heavy quark becomes
irrelevant. Imagine a hadron containing a heavy quarkQ
with velocity v and spins. In the heavy-quark limit, the
configuration of the light constituents in the hadron will not
be affected by the replacement ofQ(v,s) with another heavy
quarkQ8(v,s8) of different mass and spin, as long as the
velocities ofQ and Q8 are the same. Thus four-velocity
rather than momentum is used to describe the dynamics of
systems containing heavy quarks. These conclusions have
important implications for both the spectroscopy and decays
of heavy hadrons.
The heavy-quark symmetry limit provides a good descrip-

tion of a real physical system if the light constituents have
sufficiently small momenta that they cannot probe distance
scales of the order 1/mQ . In practice, the heavy-quark sym-
metry limit is the starting point for an expansion in the gen-
eral framework of HQET. In HQET, the properties and de-
cays of hadrons containing a heavy quark are analyzed in
terms of a systematic expansion in the variableE/mQ, where
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E can be due to a number of QCD effects such as the kinetic
energy of the heavy quark or the chromomagnetic interaction
energy. In the exact heavy-quark symmetry limit, both the
masses of the initial- and final-state heavy quarks in a decay
are taken to be infinite. In practice, for the symmetry to be
useful, the higher-order terms in the HQET expansion must
be small, at least in the regions of phase space of interest.
The decays best suited to treatment using HQET involve
b→cl 2n̄ transitions, since both the initial- and final-state
hadrons contain a heavy quark. Examples of such decays are
B→Dl 2n̄, B→D* l 2n̄, and Lb→Lcl

2n̄. Note that,
compared withLQCD, the strange quark cannot be regarded
as heavy, sincems.0.3 GeV/c2. Thus HQET is not as suc-
cessful in treating charm semileptonic decaysc→sl 1n or
c→dl 1n.
In contrast to calculations based on hadron models, the

HQET expansion is derived directly from the fundamental
theory of QCD. Although the terms in the expansion can be
difficult to evaluate, the systematic and rigorous nature of
HQET means that uncertainties are easier to identify and
estimate than those for calculations based on hadron models.
Predictions for the dynamics of semileptonic decays are

expressed in terms of form factors, which we shall discuss
extensively. The amplitude for a semileptonic decay can be
constructed from the available four-vectors in the decay, such
as momenta and spin polarizations, and one or more form
factors, which are Lorentz-invariant functions ofq2, the
square of the mass of the virtualW. These functions describe
how strong interactions modify the underlying weak decay,
and nonperturbative techniques are needed to calculate them.
~In leptonic decay,q2 is fixed, so the only quantity that re-
quires nonperturbative calculation is the ‘‘decay constant.’’!
However, heavy-quark symmetry can significantly simplify
the description of the decay by reducing the number of inde-
pendent form factors. The form factors are related by heavy-
quark symmetry to a minimal number of ‘‘universal’’ form
factors, sometimes called Isgur-Wise functions. The program
of testing heavy-quark symmetry and its corrections, which
can be predicted using the HQET expansion, is a central goal
in the study of heavy-quark semileptonic decays. It is impor-
tant to recognize that heavy-quark symmetry does not predict
the q2 dependence itself of the universal form factors. This
dependence must be determined separately using nonpertur-
bative techniques, such as lattice QCD calculations or QCD
sum rules. These techniques are beginning to provide impor-
tant quantitative information on theq2 dependence of the
form factors and therefore play a role complementary to
HQET.

C. Plan of the review

Our review is organized in the following way. In Sec. II
we introduce many of the theoretical topics, including decay
matrix elements, the CKM matrix, and semileptonic decay
dynamics from a simple, qualitative point of view. Detailed
discussions of theoretical predictions are presented in the
later sections on leptonic, inclusive semileptonic, and exclu-
sive semileptonic decays. In Sec. III we briefly discuss the
general features of the experiments that have obtained these
measurements. Theoretical and experimental studies of lep-

tonic decays are discussed in Sec. IV, which is relatively
brief due to the small number of available measurements. We
review theoretical and experimental aspects of inclusive
semileptonic decays in Sec. V and exclusive semileptonic
decays in Sec. VI. In our conclusions, we discuss the impli-
cations of these measurements and indicate important areas
of research for the future.
Three broad themes underlie our discussion. The first is

that semileptonic decays offer a number of different ways to
determine the values ofuVcbu and uVubu, and that the
strengths and weaknesses of these methods derive not only
from experimental issues, but also from their sensitivity to
the detailed physics of the decay process. For example, in-
clusive and exclusive methods provide important alternative
approaches that have different advantages and disadvantages.
Second, the effort to understand the dynamics of semilep-
tonic and leptonic decays is advancing rapidly. The model
dependence of theoretical predictions is being reduced, and
the development of HQET and nonperturbative methods,
such as lattice QCD, is leading to significant gains in under-
standing. Finally, continued progress ultimately depends on
experimental studies using very large data samples. Fortu-
nately, the continued operation and upgrades of the Cornell
Electron Storage Ring and the construction ofB-meson fac-
tories at the Stanford Linear Accelerator Center and at the
KEK laboratory in Japan, as well asB physics programs at
CERN, DESY, and Fermilab, ensure that our knowledge of
this physics will continue to expand.
In preparing this review we have used many articles,

which we reference throughout the text. Several comprehen-
sive review articles were particularly useful, and we recom-
mend these for alternative treatments of many subjects~Grin-
stein, 1992; Stone, 1993; Ali, 1994; Morrison and Richman,
1994; Neubert, 1994c!. There are also many shorter review
articles that have appeared in conference proceedings, such
as those by Bortoletto~1992!, Artuso ~1993!, and Poling
~1993!. The literature on semileptonic decays is enormous,
and although we have attempted to provide extensive refer-
ences, we ask for the tolerance of our many colleagues
whose papers are not listed.

II. THEORY OF LEPTONIC AND SEMILEPTONIC DECAYS

In this section, we present an overview of the theory of
leptonic and semileptonic decays, emphasizing general re-
sults that are useful for both charm and bottom hadrons.
After a brief discussion of the form for the weak-decay ma-
trix elements, we briefly review the phenomenology of the
CKM matrix, focusing on the heavy-quark sector. In the final
section we discuss the dynamics of semileptonic decays from
a qualitative, physical point of view. Detailed discussions of
theoretical predictions are presented later, in sections on lep-
tonic decays~Sec. IV.A!, inclusive semileptonic decays~Sec.
V.B!, and exclusive semileptonic decays~Sec. VI.A!.

A. Matrix elements for leptonic and semileptonic decays

The standard model successfully accounts for flavor-
changing quark transitions in terms of aV2A charged weak-
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current operatorJm that couples to theW boson according
to the interaction Lagrangian~Renton, 1990!

L int52
g

A2
~JmWm

11Jm†Wm
2!, ~6!

where for quark transitions

Jm5(
i , j

Vi j Ji j
m5(

i , j
ūig

m
1

2
~12g5!Vi j dj . ~7!

The indicesi and j run over the three quark generations, so
that the field operatorsui ( i51,2,3) annihilateu, c, and t
~or create their antiparticles!, and thedj annihilated, s, and
b. Thus the amplitudes for the processesdj→W2ui and
ūi→W2d̄ j are proportional toVi j , whereas the amplitudes
for ui→W1dj and d̄ j→W1ūi are proportional toVi j* .
The coupling of leptons to theW is also governed by a

V-A charged current. The analog to the CKM matrix for
leptons, however, is the unit matrix, because neutrinos are
assumed to be exactly massless in the standard model. Lep-
tonic and semileptonic decays result from theW-mediated
interaction between a quark current and a leptonic current.
Generation-changing transitions between quarks are al-

lowed because the CKM matrixV is nondiagonal. The CKM
matrix can be regarded as a rotation from the quark mass
eigenstates,d, s, andb, to a set of new states,d8, s8, and
b8, with diagonal couplings tou, c, and t. The standard
notation is

S d8

s8

b8
D 5S Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb
D S d

s

b
D . ~8!

To obtain transition amplitudes, one must sandwich the
quark and lepton current operators between physical states.
For the leptons, this calculation yields directly an expression
in terms of Dirac spinors. The hadronic current, however,
cannot be so easily evaluated, since the quarks are embedded
in hadrons, and nonperturbative, strong-interaction effects
are important in describing the physical states.
For processes with energies much less than theW mass,

one can obtain a useful phenomenological form of the decay
amplitude by using an approximate form for theW propaga-
tor and the relationGF /A25g2/(8MW

2 ). The amplitude for
semileptonic decayMQq̄→Xq8q̄ l

2n̄ of a mesonM into a
mesonX then takes the form~Hagiwaraet al., 1989; Gilman
and Singleton, 1990!

M~MQq̄→Xq8q̄ l
2n̄ !52 i

GF

A2
Vq8QL

mHm , ~9!

where the leptonic current can be written in terms of Dirac
spinorsul andvn

Lm5ūl gm~12g5!vn . ~10!

The hadronic currentHm in Eq. ~9! is related to the matrix
element of the operatorJm given in Eq.~7!,

Hm5^Xuq̄8gm~12g5!QuM &, ~11!

but it cannot be calculated in a simple manner. In Sec.
VI.A.1 we shall writeHm in terms of form factors, which
enable us to isolate the effects of strong interactions on the
amplitude. To extractVq8Q from a measurement of the semi-
leptonic decay rate it is important to gain an understanding
of the hadronic current. Some of the theoretical methods
used for this purpose are discussed in Secs. VI.A.2 and
VI.A.3.
The matrix element for leptonic decay of a pseudoscalar

meson is extremely simple, since the only four-vector avail-
able to be contracted with the leptonic currentLm is ~up to a
constant factor! qm , the four-momentum of the meson
~Renton, 1990!:

M~MQq̄→l 2n̄ !5 i
GF

A2
VqQf ML

mqm . ~12!

Because the two initial-state quarks must annihilate, the ma-
trix element is sensitive to the so-called decay constant
f M , which measures the amplitude for the quarks to have
zero separation. Predictions for this process are therefore de-
pendent on knowledge of the initial hadronic bound state.
The calculation of meson decay constants, one of the goals
of lattice QCD, is discussed in Sec. IV.A.

B. The Cabibbo-Kobayashi-Maskawa matrix

We now review the properties and phenomenology of the
Cabibbo-Kobayashi-Maskawa~CKM! matrix ~Cabibbo,
1963; Kobayashi and Maskawa, 1973!, emphasizing the
heavy-quark sector. The literature contains many discussions
of the CKM matrix, including a summary of results by the
Particle Data Group~1994!, as well as numerous review ar-
ticles ~Rosner, 1992; Buraset al., 1994!. Our purpose here is
to present the basic phenomenology of the CKM matrix so
that the role of semileptonic decays in constraining its ele-
ments is apparent. Although we discuss the nature of these
constraints below, the numerical results will be presented in
the conclusions of this review.
Within the standard model, the values of CKM matrix el-

ements, like fermion masses, are fundamental input param-
eters and cannot be predicted. In a comprehensive theory of
quark flavor—beyond the standard model—these parameters
would be explained in terms of other physics or, at the very
least, related to a smaller set of constants~Dimopouloset al.,
1992; Andersonet al., 1994!. Nevertheless, the standard
model provides a key insight: the values of both fermion
masses and CKM elements originate in the unknown cou-
plings of the fermions to the Higgs field~Renton, 1990!. The
Yukawa terms in the Lagrangian that couple the Higgs field
to the quarks are not initially diagonal in quark flavor, since
this condition is not required for gauge invariance. To deter-
mine the quark masses, one must therefore diagonalize the
matrices of Yukawa couplings. The CKM matrix is a product
of unitary matrices that accomplish this task, and it is there-
fore unitary by construction.
By using the unitarity condition and removing unphysical

quark phases, one can show~Kobayashi and Maskawa, 1973;
Nachtmann, 1990; Rosner, 1992! that the three-generation
CKM matrix contains four independent, real parameters.
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These parameters can be selected in many ways, but with
three generations there must be exactly one phase factor
eid that cannot be absorbed into the definitions of the quark
fields. As a consequence, the CKM matrix must contain a

complex element. A standard parametrization for the CKM
matrix used by the Particle Data Group~1994! is the set of
anglesu12, u23, u13, andd13, specifying the rotation

V5S c12c13 s12c13 s13e
2 id13

2s12c232c12s23s13e
id13 c12c232s12s23s13e

id13 s23c13

s12s232c12c23s13e
id13 2c12s232s12c23s13e

id13 c23c13
D , ~13!

wherec125cosu12, s125sinu12, etc. The phased13 produces
CP violation and would not appear if there were only two
generations.@For the case ofn generations, there are
1/2n(n21) angles and 1/2 (n21)(n22) observable
phases~Jarlskog, 1989!.# This formidable-looking matrix
takes on a simpler form if we use the fact that
uVubu.0.003 is very small, so thatc13 is extremely close to
unity. We can then neglect terms proportional tos13 relative
to terms of order unity, which gives

V'S c12 s12 s13e
2 id13

2s12c23 c12c23 s23

s12s232c12c23s13e
id13 2c12s23 c23c13

D . ~14!

Empirically, there is a hierarchy in the magnitudes of
CKM elements, which we have already begun to exploit by
using the smallness ofuVubu. This hierarchy motivates a par-
ticular expansion of the CKM matrix, first given by Wolfen-
stein ~1983!, in the small parameterl5sinuC.0.22, where
uC is the Cabibbo angle:

V5S Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb
D

5S 12
1

2
l2 l Al3~r2 ih!

2l 12
1

2
l2 Al2

Al3~12r2 ih! 2Al2 1

D
1O ~l4!. ~15!

The known values of CKM elements can be used to motivate
this form, in which only four independent parameters re-
main: A, l, r, andh. The 232 upper left portion of the
CKM matrix—the matrix associated with Cabibbo rotations
of the d and s quarks—is nearly unitary, in accord with
experiment.~For example,AuVudu21uVusu250.999.) In the
expansion given above, the magnitudes of the off-diagonal
elementsVus andVcd are equal tol, and the diagonal ele-
ments, though nearly unity, have corrections that make the
232 sector approximately unitary. Even thoughb→c tran-
sitions involve only one generation change, the magnitude of
Vcb is measured to be quite small—about 0.04—and is there-

fore of orderl2. ~As a consequence, theB-meson lifetime is
long.! Thus it is natural to writeVcb5Al2, whereA is a
constant of order unity. Measurements also tell us that
uVub /Vcbu;0.08, or uVubu;0.003. This suggests that we
writeVub5Al3(r2 ih), where we choose to incorporate the
phase in this element@in accord with Eq.~14!#.
From the unitarity of the third column, the magnitude of

Vtb is equal to unity up to corrections ofO (l4). The or-
thogonality of the second and third columns then gives
Vts.2Vcb52Al2. Finally, orthogonality between the first
and third columns specifiesVtd5Al3(12r2 ih). This pa-
rametrization is very convenient for understanding how vari-
ous measurements constrain the CKM matrix and is com-
pletely adequate for our purposes. For discussions in which
higher accuracy is required, the expansion can be carried out
further, as discussed by Buraset al. ~1994!.
By applying the orthogonality condition to the first and

third columns, we can obtain a useful relation between the
two smallest elements of the CKM matrix,Vub andVtd :

VudVub* 1VcdVcb* 1VtdVtb* 50, ~16!

in which each term in the sum is of orderl3. In the param-
etrization given above,Vcb , Vcd , andVtb are real, and by
usingVud.Vtb.1 andVcd,0 we obtain

Vub*

uVcdVcbu
1

Vtd

uVcdVcbu
51. ~17!

This relation, which has been emphasized by Bjorken and
Chau and Keung~1984!, can be represented by a triangle in
the complex plane~Fig. 2!. In terms of the Wolfenstein pa-
rameters given in Eq.~15!, the coordinates of the vertices of
the triangle are~0,0!, ~1,0!, and (r,h). One can show that in
order forCP violation to be permitted in the standard model,
the area of this triangle must be nonzero. In particular,Vub
andVtd must be nonzero and complex relative toVcdVcb .
More quantitatively, allCP-violating amplitudes in the stan-
dard model are proportional to the quantity~Jarlskog, 1989!

JCP5uIm~Vi jVklVil*Vkj* !u, iÞk, jÞ l , ~18!

or, in the Wolfenstein parametrization,

JCP.A2hl6. ~19!

Three of the four CKM parameters—A, r, andh—can be
constrained by information obtained fromB decays. By us-
ing Eq.~15!, it is easy to see that measurements ofuVcbu and
uVubu from semileptonicB decay can be used to calculate
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uVcbu/uVusu25A and uVub* /VcdVcbu5Ar21h2. ~20!

SinceVus andVcd are well known, measurements of semi-
leptonic B decays allow us to determine bothA and the
length of the upper left side of the CKM triangle.
The parametere from CP violation in theK0K̄0 system

can also be expressed in terms ofA, r, andh ~Inami and
Lim, 1981; Gilman and Wise, 1983; Buraset al., 1984!,

ueu5
GF
2MW

2

6A2p2

f K
2
BK

DMK /MK
A2l6h@2hccF~yc!

1hctF~yc ,yt!1h ttA
2l4~12r!F~yt!#, ~21!

whereyi5mi
2/MW

2 ( i5c,t), f K is theK decay constant, and
BK is a phenomenological bag constant parametrizing non-
perturbative QCD effects. The factorshcc , hct , andh tt are
relatively well-known QCD corrections that depend on the
heavy-quark masses, and the functionsF(yi) andF(yi ,yj )
are defined by

F~yi !5
yi
4 F11

9

12yi
2

6

~12yi !
2 2

6yi
2 lnyi

~12yi !
3G ,

F~yi ,yj !5
yiyj
4 F ~yj

228yj14!lnyj
~yj21!2~yj2yi !

2
3

2~12yi !~12yj !

1~yi↔yj !G , ~22!

where the notation (yi↔yj ) means that each of the preced-
ing two terms is included withi and j interchanged. The
largest uncertainty in using these relations has been in the
value ofBK ; typically, one assumed a rangeBK50.5 to 1.
Recently, however, lattice QCD calculations~Gupta, 1995!
have obtained the much more precise value
BK50.7560.05. Although the error does not include all
possible uncertainties, such as that due to the quenched ap-
proximation, these are expected to be relatively small in this
case. This result indicates that lattice QCD calculations will
contribute substantially to our knowledge ofBK .
Measurements of theB0B̄0 mixing rate allow one to de-

termineuVtdu through the relation~Inami and Lim, 1981!

xd5
DmB0

GB

5tB
GF
2

6p2MB~ f B
2
BB!hQCDuVtd* Vtbu2mW

2 F~yt!, ~23!

wheretB is theB
0-meson lifetime,f B is theB-meson decay

constant,BB is theB-meson bag constant ('1), hQCD is a
QCD correction factor, and the functionF(yi) is defined in
Eq. ~22!. ~LEP experiments have also performed direct mea-
surements ofDmB0; when these are used there is no depen-
dence ontB .) We can write Eq.~23! in the more convenient
form

xd5~3.93103!F tB
1.5 psGF f BAB

200 MeVG
2FhQCD

0.55GA2l6@~12r!2

1h2#F~yt!. ~24!

Thus xd can be used to determineA(12r)21h2, which
corresponds to the length of the upper right-hand side of the
CKM triangle. Eventually, it should be possible to determine
f B from theB2→t2n̄t decay rate, but many more data are
required to observe a signal in this mode. For the present,
one can takef B from lattice QCD calculations, which give
typical values ranging from 120 MeV to 230 MeV. It is also
very desirable to measurexs ~the quantity inBs mixing
analogous toxd). The hadronic uncertainties in predicting
the ratioxd /xs }u Vtdu2/uVtsu2 are less than those forxd alone.
This measurement is difficult, however, sincexs is expected
to be much larger thanxd .
The combined constraints onA, r, and h arising from

these measurements are discussed in the conclusions.
Finally, we note that, becauseuVtsu.uVcbu, measurements

of Vcb are useful in predicting branching fractions for elec-
tromagnetic penguin decaysb→sg. Theb→s transition oc-
curs through a virtual intermediate stateb→QW*2, where
the largest contributions come fromQ5t or Q5c. The
W* is then absorbed byQ, producing ans quark, and the
CKM elementVts enters at this vertex whenQ5t. The pho-
ton can be radiated from any of the charged particles in the
process. The exclusive decayB→K* g and the inclusive de-
cay B→Xsg have both been observed by CLEO~Ammar
et al., 1993; Alamet al., 1994!. The branching fractions for
these decays are consistent with the standard-model predic-
tion usinguVtsu5uVcbu, although the statistical uncertainties
on the measurements are large. Details on the extraction of
uVtsu from B→K* g and B→Xsg measurements can be
found in Ali and Greub~1993!.
Although we shall describe individual CKM measure-

ments in detail later in this paper, it is useful to consider now
the major sources of uncertainty that affect them. Generally,
one extracts the magnitude of a CKM element in semilep-
tonicB decays from a measured branching fraction using the
formula

B~Bbq̄→Xq8q̄ l
2n̄ !5g thyuVq8bu

2tB , ~25!

whereg thy is a constant obtained from models or theory and
tB is the lifetime of the initialB meson, or an appropriate
average of lifetimes. Theoretical uncertainties are introduced
primarily throughg thy , but also in less obvious ways. The

FIG. 2. The triangle expressing the unitarity condition applied to
the first and third columns of the CKM matrix. The lengths of the
two upper sides are proportional to the magnitudes of the least well
known elements of the CKM matrix,Vub andVtd .
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branching fraction may have been obtained by fitting a mea-
sured distribution to theoretically motivated shapes. An ex-
ample is the inclusive single-lepton spectrum inB decay,
which is fit using theoretical models. Model uncertainties
also enter in the conversion from a measured to a produced
number of events: this calculation requires an efficiency fac-
tor that is usually obtained from Monte Carlo, which uses a
model of the decay to simulate the event kinematics. Uncer-
tainty in this model results in an uncertainty in detection
efficiency. There is also a significant effect due to the uncer-
tainty on theB lifetime. As the measured value of theB
lifetime has moved systematically upward, the calculated
value of uVcbu has decreased.

C. Dynamics of semileptonic decays

We now present a qualitative picture of the dynamics of
the semileptonic decayM→Xl 2n̄, whereM is a pseudo-
scalar meson~aD or B! containing a heavy quark. Much of
our discussion concerns the case in which the hadronic sys-
temX is a single meson, usually a pseudoscalar or a vector
particle.1 Although we later discuss measurements of semi-
leptonic decays of charm and bottom baryons, we shall not
specifically address the dynamics of such decays here. We
refer the reader to Sec. VI.G and references therein for theo-
retical discussions of these decays.
A powerful tool for describing the dynamics of semilep-

tonic decay is the Dalitz plot, which maps the probability for
different kinematic configurations over the allowed region of
phase space. Figure 3 is based on a Monte Carlo simulation
of a sample ofB→D* l 2n̄ decays, which we have gener-
ated using HQET-based parameters given by Neubert
~1994c!. ~These predicted values are similar to the measured
values from CLEO; see Sec. VI.E.5! In this plot, each point
represents a singleB→D* l 2n̄ decay. Because we have se-
lected Dalitz-plot variables~energies or squared masses!,
phase space is uniform over the plot, so that a constant ma-
trix element would give a uniformly distributed set of points.
In this section we analyze the physical significance of differ-
ent Dalitz-plot regions and qualitatively explain the pattern
shown in Fig. 3.
For Dalitz-plot variables, we have chosenEl , the energy

of the lepton measured in the rest frame of the initial meson
M ~whose mass is also labeledM !, and q2, the variable
mass-squared of theW* :

q25mW*
2

5~pl 1pn̄ !25~P2pX!25M21mX
222MEX ,

~26!

whereP is the four-momentum ofM andEX is the energy of
X in the M -meson rest frame. For a given lepton energy
El , the allowed range ofq2 is given by

~ml
2'0!<q2<2MEl 1

2mX
2El

2El 2M
, ~27!

which defines the boundary of the physical region.
Becauseq2 is such an important quantity, we digress

briefly to discuss how it is determined experimentally.
Broadly speaking, there are two possible approaches. In an
exclusive process~where X is a particular hadronic final
state!, one can measureq2 by identifying X or its decay
products, measuring the energy ofX, and transforming the
energy to the rest frame of the decaying particleM . Equation
~26! is then used to computeq2. The determination of theM
rest frame is not something to be taken for granted, because
there is an unobserved particle, the neutrino. In fixed-target
charm experiments,q2 is determined only up to a quadratic
ambiguity, because the charm-meson direction, but not its
energy, is determined by high-resolution tracking detectors.
ForB mesons produced in the processY(4S)→BB̄, theB is
produced nearly at rest in a symmetric-energy colliding-
beam machine so, to a good approximation, the rest frame of
theB coincides with that of the detector.
Much less common is a second approach to measuring

q2 that can sometimes be used for inclusive measurements.
In such measurements, the systemX ranges over all allowed
hadronic states but none are actually reconstructed. Thusq2

cannot be measured with the technique used for exclusive
studies. With hermetic detectors, however, one can measure a
missing-momentum vector for the event that can, to some
approximation, be associated with the neutrino. Thenq2 can
be calculated from the lepton and neutrino momenta. This
approach suffers from poorer resolution, both because par-

1Multibody, nonresonant final states have not been observed inD
semileptonic decays, and the known resonant exclusive modes
come close to saturating the inclusive semileptonic rate. InB de-
cays, the two modesB→Dl 2n̄ andB→D* l 2n̄ account for about
two-thirds of the semileptonic rate. Part of the remainder appears to
be due toD** production, but there is still room for nonresonant
final states, and we shall see that in certain kinematic regions~low
q2) they could play an important role.

FIG. 3. A Monte Carlo simulation of the Dalitz plot for the process
B→D* l 2n̄, using HQET-based form factors from Neubert
~1994c!. The form factors are largest at highq2, which increases the
density of points towards the top of the plot. At a fixed value of
q2, the range in lepton energies from left to right corresponds to the
variation of cosul , whereu l is the polar angle of the lepton in the
W* rest frame, from21 to11 ~see Fig. 5!. The increase in density
across the Dalitz plot from left to right can be traced to the cosul
distribution, which is asymmetric due to theV-A coupling. This
coupling enhances the amplitude for the negative-helicity state of
theW* relative to the positive-helicity state. Special cases occur at
qmax
2 , where theW* ~or the D* ) is unpolarized, and atq250,
where it is in a pure helicity-zero state.
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ticles other than the neutrino, such asKL’s, may not be ob-
served, and because in colliding-beam detectors the compo-
nent of the missing momentum along the beam direction is
not always well measured. Nevertheless, even a crudely mea-
sured inclusiveq2 distribution can be of interest, as in the
case ofb→ul 2n̄ decays.
Our goal here is to understand qualitatively how the

Dalitz-plot variablesq2 andEl are related to the underlying
physics of the decay. Distributions of these variables are de-
termined by two effects: the dynamics of the formation of the
hadronic systemX and the spin structure of the decay. We
now analyze these effects, starting with the variableq2.
Figure 4 compares the kinematics of decays at high and

low values ofq2. The initial meson, which contains ab
quark and a spectator quarkq̄, is shown in Fig. 4~a!. At high
q2 @Fig. 4~b!#, the masses of theW* and the daughter hadron
take up most of the available energy, so theW* is produced
nearly at rest. The lepton and the neutrino are then produced
nearly back-to-back, and the daughter quark receives little or
no momentum kick.2 The ‘‘zero-recoil’’ configuration, where

EX5mX andqmax
2 5(M2mX)

2, is typically the most favor-
able for the formation of a low-mass meson. The motion of
the daughter quark relative to the spectator quark and the
gluons—the so-called light degrees of freedom—is then very
similar to what it was before the decay. If both the initial and
final quarks are heavy compared withLQCD, as in a
b→cl 2n̄ decay, then the light degrees of freedom are al-
most completely undisturbed whenq2'qmax

2 : a heavy, static
source of color field at the center of the meson is replaced by
a color source of a different flavor, but the color field is not
changed. Relativistic effects, which depend on the mass of
the heavy quark, become negligible. For example, the color
magnetic moment of the heavy quark is proportional to
1/mQ . These observations are among the key ideas in HQET,
which we discuss further in Sec. VI.A.3.
The region of phase space around theqmax

2 configuration is
therefore quite special. The spectator quark and the daughter
quark are produced in a state that has a large overlap with the
wave function of an ordinary nonexcited meson. Thus the
rates for decays likeD→K̄* l 1n or B→D* l 2n̄ are largest
at qmax

2 and decrease asq2 decreases, or as the hadronic
recoil velocity increases. We can see this effect in Fig. 3: the
density of points is highest at the top of the allowed region
and becomes significantly smaller toward the bottom. We
note, however, that the probability distribution ofq2 does not
peak at qmax

2 but somewhat below, because atqmax
2 the

amount of phase space goes to zero.
At the minimum value ofq2, qmin

2 5ml
2 , the lepton and

neutrino momenta are parallel@Fig. 4~c!#. Except for the case
l 5t, qmin

2 50 is a very good approximation. In low-q2 con-
figurations, the daughter quarkq8 recoiling against theW*
receives a large kick and initially moves rapidly with respect
to the spectator quarkq̄. For these particles to form a bound
state, gluons must be exchanged in order to transfer momen-
tum to the light degrees of freedom of the meson. As a con-
sequence, theq250 configuration is typically the least fa-
vorable for the formation of a meson.~There are, however,
important spin-related effects that we shall discuss later in
this section.! Theoretical calculations are usually difficult at
low q2, because the hadronic system is highly disturbed, and
it is at q250 that one might expect significant production of
nonresonant final states to occur, in analogy to QCD jets.
For semileptonic decays in which both initial and final

quarks are heavy, the form factors can be related to those for
elastic scattering of a meson containing a heavy quark. Such
a form factor gives the amplitude that a meson will remain
intact if its heavy quark is suddenly given a kick with respect
to the light degrees of freedom. As in the case of decay,
gluons must be exchanged between the struck heavy quark
and the light degrees of freedom if the meson is to remain
intact. It is clear that the form factors describe nonperturba-
tive QCD effects, and it should not be surprising that they are
difficult to calculate.
The importance of the variation of the form factors with

q2 in a particular decay depends partly on the kinematic
range of q2. For example, theq2 range is larger in
b→ul 2n̄ decays than inb→cl 2n̄ decays, because theu
quark is much lighter than thec. This point is discussed in
Sec. VI.A.2 and Sec. VI.A.3.

2This situation contrasts with that in a scattering process, where
the minimum kick occurs atq250. In a scattering process this is,
however, still the highest value ofq2, which is either negative or
zero.

FIG. 4. Kinematic configurations for the semileptonic decay of aB
meson: ~a! B meson before decay;~b! decay configuration for
q25qmax

2 , where the form factors are largest for producing aD or
D* meson in the final state; and~c! configuration forq25qmin

2 ,
where the form factors are smallest. There may well be significant
production of nonresonant final states in the low-q2 region, espe-
cially in b→ul 2n̄ decays, where the recoil velocity is high.
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The observedq2 distribution can be strongly affected by
the spin of the particleX. Because theW* behaves like a
spin-1 particle,3 the decayD→KW* , for example, must be a
P-wave process, whereasD→K*W* can occur in anS, P,
or D wave. As a consequence, the decay rate whenX is a
pseudoscalar meson contains a factorupXu3. @The complete
result is given in Eq.~110! in Sec. VI.A.5!#. As can be seen
from Eq. ~26!, upXu50 atq25qmax

2 , so theupXu3 factor sup-
presses the rate at highq2, where the large form-factor val-
ues would ordinarily lead to a large decay rate.~Alterna-
tively, one can easily see that such a decay must be forbidden
at qmax

2 , because the back-to-back lepton-neutrino system
has one unit of angular momentum along its line of flight,
and this angular momentum cannot be canceled by the
daughter pseudoscalar meson.! If Fig. 3 were made for
B→Dl 2n̄ rather than forB→D* l 2n̄, the density of points
in the upper region would be significantly reduced. This ef-
fect also tends to reduce the overall rate for pseudoscalar
final states relative to vector final states, for which the decay
can proceed in anS wave orD wave as well. The dramatic
result of theP-wave suppression will be seen directly in Fig.
26 for D→K̄l 1n. Finally, we note that theq2 distribution
will be different if the final-state meson has orbital excita-
tion; under such circumstances the typical value ofq2 can be
pushed significantly lower.
Having discussed the physics that controls theq2 distribu-

tion, we turn now to the factors that influence the distribution
of El . We can see directly from Fig. 3 that if phase space
were populated uniformly, then the lepton-energy spectrum
would be peaked toward the high end. However, the lepton-
energy spectrum is strongly affected by three aspects of the
dynamics:~1! theV-A coupling,~2! the quantum numbers of
the particleX, and ~3! the distribution inq2. We now con-
sider each of these in turn.
A direct consequence of theV-A coupling is that the

charged lepton and the neutrino share the available energy
differently for charm and bottom decays. The processes
b→cl 2n̄ and b→ul 2n̄ producec and u quarks that are
predominantly helicity l521/2 in association with a
charged lepton that is almost purely helicityl521/2. The
decaysc→sl 1n andc→dl 1n also produce predominantly
l521/2 s andd quarks, but they are in association with a
charged lepton that is almost purelyl511/2. As a result,
the collinear configuration in which the charged lepton re-
coils against the daughter quark and the neutrino—the con-
figuration leading to the highest lepton energy—is allowed
for b-quark decays but forbidden by angular momentum con-
servation forc-quark decays. Thus, in the case ofb ~or b̄)
decay, the lepton-energy spectrum peaks at a higher energy
than the neutrino spectrum; the reverse is true forc decays.

The argument we have given ignores the quantum num-
bers of the mesonX, but these are quite important in deter-
mining the lepton-energy spectrum in an exclusive decay. In
particular, theV-A effect described above is important when
X is a spin-1 particle but is masked whenX has spin 0. These
effects are best understood by relating, via a Lorentz trans-
formation, the distribution ofEl ~in the rest frame of the
parent mesonM ! to the angular distribution of the charged
lepton in theW* rest frame. We define the angleu l ~Fig. 5!
as the polar angle of the lepton in theW* rest frame, with
respect to the direction of theW* momentum vector in the
M rest frame.~In theM rest frame,pW*52pX .) Ignoring
the charged-lepton mass, its energy in theW* rest frame is
simply El

@W#5 1/2Aq2. However, leptons going forward
~alongpW* ) in theW* rest frame are given a higher energy
in theM rest frame, due to the boost, than those going back-
ward. From the Lorentz transformation to theM rest frame,

El 5
1

2
@~El

max1El
min!1~El

max2El
min!cosu l #, ~28!

where

El
max,min5

1

2M F12 ~M21q22mX
2 !6M upXuG ~29!

and

upXu5A~M22q21mX
2 !2

4M2 2mX
2. ~30!

As q2 increases, the lepton energy tends to increase as well,
because

1

2
~El

max1El
min!5

~M21q22mX
2 !

4M
. ~31!

The range of lepton energies observed in theM rest frame,
however, decreases as q2 increases, because
(El

max2El
min)5upXu5upW* u decreases as the boost becomes

smaller. Atq25qmax
2 , theW* and theX system are each at

rest in theM rest frame and the lepton energy is the same for
all angles u l . Both of these features—the increase in
1/2 (El

max1El
min) with q2 and the diminishing range in lep-

ton energies—are simply phase-space effects and can be seen
directly from the shape of the Dalitz-plot boundary in Fig. 3.

3Even though theW* is virtual, anyJ50 component in its wave
function can be neglected when the charged lepton is sufficiently
light—either an electron or a muon. In that case, thel 2n̄ system
hasJz521 along thel 2n̄ axis in theW* rest frame, which ex-
cludesJ50. More formally, we shall see that certain form factors
cannot significantly affect the decay unless the charged lepton is
heavy, as forl 5t.

FIG. 5. The polar angleu l is defined in the rest frame of the
W* , in which the charged lepton and the neutrino are back-to-back.
The angle is measured with respect to the axisz8 pointed opposite
to the momentum vector ofX, the daughter meson. Due to the
Lorentz boost between theW* andM rest frames, leptons with
small values ofu l have higher energy in theM rest frame than
leptons with large values ofu l , at fixedq

2.
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It is clear that to predict the observed lepton-energy spec-
trum, one must understand the physics underlying the distri-
bution of cosul . This distribution is connected to both the
V-A couplings and to the quantum numbers ofX. In b- or
c-quark semileptonic decay, the daughter-quark helicity is
predominantlyl521/2. If this quark combines with the
spectator quark to form a pseudoscalar meson, as in
B→Dl 2n̄, B→pl 2n̄, orD→K̄l 1n, the helicity informa-
tion is lost, since the helicity of the meson must be zero.
Because the initial meson has spin zero, angular momentum
conservation forces theW* to have helicity zero as well, and
dN/d cosul } sin2ul , independent of the value ofq

2.
If, however, the daughter quark and the spectator form a

spin-1 meson, as inD→K̄* l 1n, B→D* l 2n̄, or
B→rl 2n̄, then the helicity information is not lost. It is
manifested as a higher probability for the vector meson to
have helicityl521 thanl511. Roughly speaking, a rap-
idly recoilingl521/2 daughter quark can combine with the
spectator quark to form al521 or l50 meson, as shown
in Fig. 6. ~This description is not appropriate when the
daughter quark is nonrelativistic, or when theW* is mass-
less, as discussed below.! The probabilities for different
vector-meson helicities also apply to theW* because, to con-
serve overall angular momentum, the helicities of theW*
and the vector meson must be the same.
The predominance oflW*521 over lW*511 affects

the lepton spectrum differently forb- andc-quark decays. In
b-quark decay, the processW*2→l 2n̄ produces a
l521/2 charged lepton; forlW*571 this lepton has a
(16cosul )

2 angular distribution in theW* rest frame. The
Lorentz boost then typically produces a hard lepton spectrum
for lW*521 and a soft lepton spectrum forlW*511.
Thus, forB decays to a spin-1 particle, the lepton spectrum is
harder than the neutrino spectrum. ForD decay, the process
W*1→l 1n produces al511/2 charged lepton, so decays
to a spin-1 meson lead to a softer energy spectrum for the
lepton than for the neutrino. Similar arguments show that the

shape of the spectrum is independent of whether the decay-
ing meson is a particle or an antiparticle.
Finally, the lepton-energy spectrum is affected by theq2

distribution. Ifq2 is forced to be high by the behavior of the
form factors,El will also tend to be large@see Eq.~31!#.
Conversely, in decays in whichX is a spin-0 particle, the
P-wave effect suppresses high-q2 decays, softening the
lepton-energy spectrum.
As a general rule, inB (D) decays the processP→Vl n

tends to have a harder~softer! lepton-energy spectrum than
P→P8l n, whereP andP8 represent pseudoscalars andV
represents a vector meson. InB decays, the difference be-
tween the spectra is a consequence of both theV-A enhance-
ment of high-energy leptons inP→Vl n and theP-wave
effect inP→P8l n, which tends to lower its averageq2 and
consequently the average lepton energy. An important conse-
quence of these arguments is that, inb→ul 2n̄ decays,
B→rl 2n̄ andB2→vl 2n̄ are expected to contribute more
to the end-point region of the lepton-energy spectrum than
B→pl 2n̄. Figures 7 and 8, from a theoretical calculation
by Scora~1993!, illustrate these features of the lepton-energy
spectra, which are essentially model independent.
The simplified arguments we have made do not hold at

q25qmax
2 or atq250. At qmax

2 , the daughter vector meson is
at rest. Its helicity is therefore undefined, and both the vector
meson and theW* are unpolarized. As a result, the cosul
distribution becomes uniform at highq2. At small values of
q2, the lepton and neutrino become parallel in theM rest
frame, and their combined spin projection along their direc-
tion of motion is zero. The helicity61 components are ab-

FIG. 6. InB semileptonic decay, theV-A coupling at theb→c ~or
b→u) vertex produces ac quark that is predominantly helicity
l521/2. In the simple model shown here, the helicity of the me-
sonX is then determined by whether thec quark combines with a
spectator quark that hasl511/2 or helicity l521/2. If X is a
spin-zero meson, onlyl51/2 spectator quarks can contribute. IfX
has spin 1, both helicities of the spectator quark contribute, leading
to X helicities ofl50 andl521, but notl511. It is easy to see
that thisV-A effect, combined with overall angular momentum con-
servation, results in a harder energy spectrum for the charged lepton
than for the neutrino, as observed in the rest frame ofM .

FIG. 7. The lepton-energy spectrum forb→ul 2n̄ decays as cal-
culated by Scora~1993!. For reasons discussed in the text, the spec-
tra for B→rl 2n̄ andB2→vl 2n̄ are peaked at higher energies
than that forB→pl 2n̄. The dark solid curve~total! gives the total
rate for all exclusive modes that are expected to be important in the
end-point region and includes radially excited andP-wave mesons
up to a mass of about 2 GeV/c. Also shown for comparison is the
lepton-energy spectrum from a simple free-quark decay calculation.
The shape of the spectrum in the end-point region from such a
calculation is not expected to be reliable.~More sophisticated cal-
culations of the inclusive lepton-energy spectrum are discussed in
Sec. V.B.! Used with permission of D. Scora.
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sent, and there is no lepton forward-backward asymmetry in
theW* frame. The helicity of the vector meson must also be
zero in this configuration.
We now summarize our understanding of the Dalitz plot

for B→D* l 2n̄ in Fig. 3. Near the top of the plot, where
q2 is large, theD* is moving very slowly and is nearly
unpolarized:l521, 0, and11 are present in approximately
equal amounts. The distribution of cosul is then uniform
because theW* is also unpolarized. The form factors are
largest in this region, accounting for the high density of
points. Asq2 decreases, thel521 component of theD*
begins to dominate thel511 component, which explains
the excess of points on the right side of the Dalitz plot com-
pared with the left side. At the lowest value ofq2, the
charged lepton and the neutrino are parallel in the lab frame,
leading to maximumD* recoil, and both theD* andW* are
forced into a purel50 state. There is no asymmetry in the
cosul distribution atq250: its distribution at this edge of
phase space isdN/d cosul } sin2ul . This effect can be seen
in Fig. 3 in the depletion of points at high and low lepton
energies for small values ofq2.
Although these simple arguments are useful for a qualita-

tive discussion, a detailed calculation of the form factors is
required to give theq2 dependence of each helicity ampli-
tude. Conversely, it is by measuring theq2 and angular dis-
tributions that one can obtain information on the form fac-
tors. We shall discuss the form factors and helicity
amplitudes in much more detail in Sec. VI.A~see, in particu-
lar, Fig. 25!.

III. GENERAL REMARKS ON EXPERIMENTAL
TECHNIQUES

Hadrons containing charm or bottom quarks can be pro-
duced in a large variety of experimental environments:
e1e2 annihilation; collisions of hadrons, photons, or neutri-
nos with nuclear targets; and collisions of hadrons with

beams of other hadrons. In practice, most studies of charm
semileptonic decays are performed ine1e2 colliding-beam
and fixed-target experiments. Data on bottom semileptonic
decays come almost entirely frome1e2 experiments operat-
ing at a resonance, eithere1e2→Y(4S)→BB̄ or
e1e2→Z→bb̄. In this section, we discuss some of the fea-
tures of experiments that have contributed to our knowledge
of charm and bottom semileptonic decays. We divide our
discussion into sections describing charm experiments, bot-
tom experiments, lepton identification, and the branching
fractions and lifetimes that are assumed throughout this pa-
per. More details are given in the sections describing mea-
surements of individual decay modes.

A. Charm-hadron experiments

Early studies of semileptonic charm decays came from
e1e2 colliding-beam experiments operating at or above the
c(3770) resonance at the SPEAR storage ring at SLAC. The
processesc(3770)→D0D̄0 andc(3770)→D1D2 occur so
close to threshold thatD mesons are the only hadrons pro-
duced, without any accompanying pions. Using this tech-
nique, the Mark III experiment at SPEAR recorded about
50 000DD̄ pairs. Many subsequent experiments have stud-
ied charm decays using the continuum processe1e2→cc̄.
The BES experiment in Beijing is analyzingDs mesons pro-
duced at a center-of-mass energy of 4.0 GeV. The CLEO
experiment at the CESR storage ring~Cornell! and ARGUS
at the DORIS ring~Hamburg! have performed many studies
of charm semileptonic decays by using continuum produc-
tion at or near theY(4S) resonance, where they are studying
B mesons. For example, the CLEO collaboration has a
sample of nearly four millione1e2→cc̄ events. Table I lists
the charm and bottom data samples fore1e2 colliding-beam
experiments. The term CLEO II refers to the CLEO detector
after the installation of a CsI calorimeter and other improve-
ments. Because this upgrade vastly improved the detector
and because the largest data samples have been obtained af-
ter the upgrade, there are very few CLEO I results that are
still competitive.
The major advantage offered bye1e2 annihilation is that

the fraction of hadronic events containing heavy quarks is
relatively large. In the CLEO experiment, thee1e2 collision
energy is usually set to theY(4S) mass, 10.58 GeV. The
Y(4S) cross section is about 1.07 nb and is exceeded
slightly by the continuum production of charm:
s(e1e2→cc̄)'1.2 nb. These are both reasonably large
compared with the total continuum hadronic cross section,
s(e1e2→qq̄)'3.3 nb, whereqq̄ represents the sum of
uū, dd̄, ss̄, and cc̄. The continuum events at this energy
have a very jetlike~collimated! topology, in contrast to the
much more spherical distribution of tracks inBB̄ events.
Charm production in fixed-target experiments presents a

situation that is complementary to that ine1e2 collisions:
the production cross sections are higher, but the fraction of
hadronic events containing charm is much smaller. For ex-
ample, charm production cross sections for protons incident
on a nuclear target are~Appel, 1992! 20 mb to 40 mb for
proton momenta in the range 400 GeV/c to 800 GeV/c, but
these events represent only about 1023 of the total cross

FIG. 8. The lepton-energy spectra forD→K̄l 1n and
D→K̄* l 1n decays as calculated by Scora~1993!. In contrast toB
decay, the mode with a vector meson has a softer lepton-energy
spectrum than that with a pseudoscalar meson. Used with permis-
sion of D. Scora.
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section. Photoproduction, in which a high-energy photon
beam interacts with a nuclear target, has a lower charm cross
section, but the ratio of charm-to-total cross sections is more
favorable. The pioneering Fermilab experiment E691 mea-
sured a charm photoproduction cross section of about 0.5mb,
or 0.5% of the 100mb total hadronic cross section. Table II
lists the data samples and the number of fully reconstructed
charm decays for fixed-target experiments at Fermilab and at
CERN.
The challenge for fixed-target experiments is therefore to

suppress a very large background from light-quark produc-
tion. To achieve this goal, experiments exploit the relatively
long charm-hadron lifetimes (10213 s to 10212 s), which,
together with the relativistic-boost factor, enable charm par-
ticles to travel measurable distances from the primary pro-
duction point before they decay, producing a distinct, sepa-
rated decay vertex. With precision particle-tracking detectors
~vertex detectors!, the presence of such secondary decay ver-
tices can be detected, allowing charm decay events to be
distinguished from the light-quark background. Studies of

D1 semileptonic decays are easier than those of theD0,
because theD1 lifetime is about 2.5 times longer.
Most vertex detectors are based on silicon microstrip de-

vices, which can be quickly read out and which have position
resolutions for charged particles in the range 5mm to 20mm,
about an order of magnitude better than conventional track-
ing devices based on wire chambers. The vertex detector is
placed a short distance downstream from the target and is
followed by a large spectrometer with components for mo-
mentum measurement and particle identification. The E691
experiment, shown in Fig. 9, was able to use a loose trigger
and reconstructed a few hundred events in a typical semilep-
tonic D-meson decay mode. Recently, the photoproduction
experiment E687 and hadroproduction experiment E791
~both at Fermilab! have accumulated large samples of charm
decays and have demonstrated charm signals in hadronic de-
cay modes corresponding to about 10 and 20 times the E691
sample, respectively, with comparable signal-to-background
ratios. In the WA75 experiment at CERN and E653 at Fer-
milab, fewer events were recorded, but a specialized muon

TABLE I. Summary of charm and bottom samples produced ine1e2 colliding-beam experiments. The
numbers given forZ bosons refer to hadronic decays only.

Experiment As *Ldt Produced charm

Mark III 3.77 GeV 9 pb21 28 000D0D̄0

20 000D1D2

4.14 GeV 6 pb21 3 000DsD̄s

BES 4.03 GeV 9 pb21 6 000DsD̄s

CLEO II '10.5 GeV 3.0 fb21 43106 cc̄
ARGUS '10.5 GeV 0.5 fb21 0.73106 cc̄
LEP 91 GeV 1.63106 Z’s 220 000 cc̄

per experiment per experiment
SLD 91 GeV 1003103 Z’s 14,000cc̄

Experiment As *Ldt Produced bottom

CLEO II 10.58 GeV 2.0 fb21 23106 BB̄
ARGUS 10.58 GeV 0.2 fb21 23105 BB̄
LEP 91 GeV 1.63106 Z’s 350 000bb̄

per experiment per experiment
SLD 91 GeV 1003103 Z’s 22 000bb̄

TABLE II. Fully reconstructed charm samples in fixed-target experiments.

Year Events Fully reconstructed
Experiment completed recorded/106 charm decays

Photoproduction:
E691 1985 100 10 000
E687 1992 500 100 000
Hadroproduction:
WA75 2 350
NA32 ~ACCMOR! 1986 17 1 300
WA82 1989 10 3 000
E653 1988 10 1 000
E769 1988 500 4 000
E791 1992 20 000 200 000
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trigger was used to enhance the number of leptonic and
semileptonic decays, and an emulsion target provided very
clean separation of charm decays from the light-quark back-
ground.
In semileptonic decays at fixed-target experiments, the

neutrino momentum can be determined up to a quadratic
ambiguity using the direction of flight of the hadron contain-
ing the heavy quark and the momenta of the other decay
products. Usually, the solution that results in the lowerD
momentum in the laboratory frame has the least bias and the
best resolution for the measurement of kinematic variables in
the decay.

B. Bottom-hadron experiments

Semileptonic decays of bottom hadrons have been studied
almost exclusively bye1e2 collider experiments operating
at the Y(4S) or Z resonances. The largestB-meson
sample—over two millionBB̄ events—has been collected by
the CLEO II detector~Kubotaet al., 1992! operating at the
Y(4S). Figure 10 shows the main features of the CLEO II
detector. The ARGUS experiment~Albrecht et al., 1989a!
accumulated about 200 000Y(4S)→BB̄ events before ter-
minating operation. The CLEO experiment is ongoing, and
the luminosity of the CESR ring should continue to increase
well beyond its 1994 peak value of about 2.531032

cm22 s21. Largeb-hadron samples have also been obtained
by the four LEP experiments~ALEPH, DELPHI, L3, and
OPAL! running at theZ resonance. Each of these experi-
ments has about 1.6 million hadronicZ decays, correspond-
ing to about 350 000Z→bb̄ events.
At the Tevatron, thepp̄ collider at Fermilab, the bottom-

quark production cross secton is high, 50–100mb, but it is
only about 0.1% of the total cross section~Spalding, 1993!.

Bottom semileptonic decays have been observed, but so far
they have been used only to measure the production cross
section~Abe et al., 1993!. By using a high-resolution vertex
detector, however, the CDF experiment has been able to
make important contributions in other areas ofB physics,
such as studies of individualB-hadron lifetimes and certain
hadronic modes, andpp̄ colliding-beam experiments may
eventually contribute to our understanding of semileptonic
decays as well. In fixed-target experiments, the bottom pro-
duction cross section is typically only 1023 of that for
charm, and these experiments have not yet made a significant
impact on bottom physics.
The Y(4S) resonance has been the most productive

source of information onB-meson semileptonic decays. The
resonant cross section,sY(4S)'1.07 nb, is reasonably large
compared to that for continuum processes (scont'3.3 nb).
The processY(4S)→BB̄ occurs very near threshold, and the
decay of twoB mesons, each nearly at rest, results in a
spherical event topology. The presence of tracks from two
overlappingB decays results in combinatoric backgrounds,
but the knownB-meson energy provides an important con-
straint, even in semileptonic decays. The spherical event to-
pology is often used to suppress background from continuum
events, which usually have a much more jetlike structure.
Even with this suppression, continuum processes are the
dominant background in many analyses. CLEO therefore
takes about two-thirds of its data on theY(4S) and one-third
at a center-of-mass energy 60 MeV below theY(4S) in or-

FIG. 9. The spectrometer used for the Fermilab charm photopro-
duction experiment E691 and the subsequent hadroproduction ex-
periments E769 and E791. The silicon microstrip detectors~SMDs!,
located just downstream of the target foils, are crucial for extracting
clean charm signals from the large light-quark background. In the
hadroproduction experiments, the incoming charged-pion beam was
tracked with silicon detectors upstream of the target foils as well.

FIG. 10. A cross section of the CLEO II detector. The beamline is
horizontal and contains the continuously circulating electron and
positron bunches, which are focused at a collision point at the cen-
ter of the detector. An important feature of CLEO II is the CsI-
crystal calorimeter, which provides excellent photon detection effi-
ciency and energy resolution~4% for 100 MeV photons!. A double-
sided silicon strip detector will be installed in 1995.
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der to obtain pure continuum samples for background stud-
ies. By performing the same analysis on the pure continuum
sample as on the sample obtained at theY(4S) and correct-
ing for the relative integrated luminosities and small energy
difference, one can predict both the absolute scale and the
shapes of continuum background distributions. Precise mea-
surement of the continuum background is especially impor-
tant for studies ofb→ul 2n̄ processes, because high-
momentum leptons are produced in the continuum.
Most CLEO and ARGUS results are based on the assump-

tion that B„Y(4S)→BB̄…5100%, with equal branching
fractions for charged and neutralB mesons. The absence of
non-BB̄ decays of theY(4S) is supported by studies of
dilepton events, which indicate~Gronberget al., 1994! that
B„Y(4S)→ non-BB̄…,5% ~95% C.L.!. The very large de-
cay width of theY(4S) compared with the lower-massY
resonances, which are belowBB̄ threshold, also supports this
assumption. The equality of theY(4S) decay rates to
charged and neutralB mesons is less clear; theB0 andB2

masses are equal to within about 0.4 MeV, but Coulomb
corrections may result in slightly different charged and neu-
tral branching fractions.
In Y(4S) decays the magnitude of theB-meson momen-

tum vector is known (upBu'330 MeV/c!, but its direction is
not. In semileptonic decays, this means that one does not
precisely know the correct Lorentz transformation to the
B-meson rest frame. Fortunately, theB mesons have a low
velocity (b'0.06), and for most purposes the lab frame is a
good approximation to theB rest frame.
An interesting difference between the CLEO and ARGUS

detectors is the strength of their magnetic fields: in CLEO II
the superconducting solenoid provides a field of 1.5 T; in
ARGUS the field is only 0.8 T. A higher field is an advantage
for studying decays with high-momentum tracks, such as
B→pp. It can be a disadvantage, however, at the low-
momentum end of the spectrum, where it results in a lower
~and varying! track-detection efficiency. This situation oc-
curs in the decayB→D* l 2n̄, D*→Dp, where the maxi-
mum pion momentum is only about 225 MeV/c.
The LEP experiments at CERN use the processZ0→bb̄.

The ratio ofbb̄ to other hadronic decays is comparable to
that at theY(4S): Rb5B(Z→bb̄)/B(Z→hadrons).22%.
The b hadrons are a mixture ofBu , Bd , Bs , andb-baryon
states, which are thought to be produced with roughly the
fractions 0.4, 0.4, 0.12, and 0.08. The high momentum im-
parted to theb quark and the hardb fragmentation result in
events with jetlike topology and separatedb-decay vertices.
Here theb-hadron energy is not constrained to the beam
energy, but the presence of displaced vertices and the ability
to isolateB decay products within a single jet provide pow-
erful tools for reducing combinatorial background.
At LEP, semileptonic decays have been extremely useful

for taggingb hadrons, particularly for the study ofb baryons
using L-lepton correlations,BB̄ mixing, and forward-
backward electroweak asymmetries. LEP experiments have
also observed the semileptonic decays of both theBs and the
Lb . Studies of semileptonic decays for their own sake have
concentrated primarily on theb-hadron semileptonic branch-

ing ratio and the measurement of the processB→Xt2n̄t ,
but recently they have expanded to exclusive decays.

C. Lepton identification

Lepton identification and the problem of hadrons faking
lepton signatures are important issues in studies of semilep-
tonic decays. Muons are identified by their ability to pass
through several nuclear-interaction-lengths of material. This
technique places a lower momentum cutoff on accepted
muon candidates of around 1 to 2 GeV for currente1e2

experiments and a somewhat higher value for fixed-target
experiments. In CLEO and ARGUS, this cutoff is around 1.4
GeV/c and has a direct impact on many measurements.
There are two major sources of hadrons misidentified as
muons. Charged pions and kaons can decay in flight, produc-
ing real muons, especially if the hadron has low momentum.
In fixed-target experiments, hadron decay in flight is a seri-
ous problem, due to the length of the spectrometers. There-
fore muon candidates are required to have a momentum
above a certain minimum, for example, 8 GeV/c in most
E653 analyses and 10 GeV/c in E687. The second major
source of background, punchthrough, is due to high-
momentum hadrons that penetrate the material in front of the
muon detectors, producing a fake muon candidate.
Electrons are identified primarily by the match between

the deposited energy in an electromagnetic calorimeter and
the momentum measured by a charged-particle tracking sys-
tem. In CLEO, electrons with momenta as low as 0.6
GeV/c have been used in analyses. Backgrounds arise from
p0 Dalitz decays andg→e1e2 conversions in material. The
second background is a particular problem in fixed-target
experiments, where the amount of material upstream of the
electromagnetic calorimeter can be in excess of 10% of a
radiation length. In many analyses, the most serious back-
grounds are not from fake leptons, but from leptons from
sources other than the decay of interest. We shall consider
many examples in the discussions of individual measure-
ments.
The probability as a function of momentum for a hadron

to fake a lepton signature is best determined using data.
~Monte Carlo simulations are often unreliable for this pur-
pose.! One method is to use tracks tagged as a particular
hadron species by using clearly identified decays ofKs’s,
D ’s, orL ’s and to determine the fraction of these tracks that
are misidentified as leptons. A second technique sometimes
used by CLEO and ARGUS is to count the number of tracks
identified as leptons inY(1S) events, where it is known that
very few leptons are produced, apart fromp0 Dalitz decays
and photon conversions. These studies show that, for typical
cuts, the probability of a hadron’s faking an electron in
CLEO is 0.05% to 0.2%; the probability of a hadron’s faking
a muon is about 1.4%. For some studies, the momentum
dependence of these fake rates must be taken into account. A
detailed discussion of lepton identification in the ALEPH
experiment is given in Buskulicet al. ~1994b!.
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D. Assumed branching fractions

To compare measurements from different experiments, we
have corrected some results using a consistent set ofD and
D* branching fractions and charm- and bottom-hadron life-
times. Such quantities are used, for example, in the normal-
ization of semileptonic branching fractions and in the con-
version of branching fractions to partial decay widths. The
values used throughout this review, except where indicated,
are those listed in the 1994 edition of theReview of Particle
Propertiesby the Particle Data Group~1994! and are sum-
marized in Table III. The measured values forB lifetimes
have increased significantly over the past few years and may
well continue to do so. For this reason, we shall indicate how
to correct the measurements for such changes.

IV. LEPTONIC DECAYS

A. Theory of leptonic decays

The simplest decays of charged mesons to describe theo-
retically are the purely leptonic processes shown in Fig. 1~b!.
The effects of the strong interaction can be parametrized in
terms of just one factor, called the decay constant. In contrast
to semileptonic decays, whereq2 ~and hence each form fac-
tor! varies from event to event, leptonic decays have a fixed
value of q2: q25M2, whereM is the mass of the initial
meson. The most general matrix element for the decay of a
charged pseudoscalar mesonMQq̄ to l

2n̄ was given in Eq.
~12!. The corresponding decay rate, ignoring radiative cor-
rections, is

G~MQq̄→l 2n̄ !5
GF
2

8p
uVqQu2f M

2 Mml
2 S 12

ml
2

M2D 2, ~32!

where f M is the decay constant,VqQ is the CKM matrix
element, andml andM are the masses of the lepton and

charged mesonMQq̄ , respectively. The decay constantf M is
a measure of the probability amplitude for the quarks to have
zero separation, which is necessary for them to annihilate. In
the heavy-quark limit,f M is given by the nonrelativistic
quark-model formulaf M

2 512uc(0)u2/M , wherec(0) is the
wave function of the light quarkq̄ and heavy quarkQ at zero
relative separation~Rosner, 1990!.
An asymptotic scaling law, which can be derived in HQET

~Neubert, 1994c!, predicts thatf M
2 M approaches a constant

asM becomes large. Since the total decay rate of a heavy
meson scales asM5, the leptonic branching fractions become
small asM becomes large. Hence the leptonic branching
fractions for theD and B meson are expected to be very
small.
The factorml

2 in Eq. ~32! is a consequence of helicity
suppression. For smallml , both vector and axial-vector cou-
plings at a vertex favor decays in which the resulting fermion
and antifermion~herel 2n̄) have opposite helicities. There-
fore the favored helicity configuration for the decay
MQq̄→l 2n̄ violates conservation of angular momentum
whenMQq̄ is a spin-zero particle. This effect leads to a sup-
pression of the decay rate whenml is small compared with
the mass of the parent meson.
Decay constants for pseudoscalar mesons containing a

heavy quark have been predicted with lattice QCD, QCD
sum rules, and quark potential models. Theoretical predic-
tions are summarized in Table IV. Rosner~1990!, Colangelo
et al. ~1991!, Dominguez ~1992!, and Shigemitsu~1994!
each summarize a subset of these predictions and give more
details on the assumptions and methods used. Theoretical
expectations forf D are in the range 170 to 240 MeV;f Ds

is
expected to be about 10% larger. The theoretical predictions
for f B range from 120 to 230 MeV. Some of the early pre-
dictions of f B from QCD sum rules were significantly lower
than the predictions of lattice QCD. Several new analyses
based on QCD sum rules in the heavy-quark effective theory
~Baganet al., 1992; Broadhurst and Grozin, 1992; Neubert,
1992! find that radiative corrections significantly increase the
value of f B .
Using a value of 200 MeV for theD1, Ds , andB decay

constants, the central values of the CKM matrix elements
from the Particle Data Group~1994! (uVcdu50.21,
uVcsu50.97, anduVubu50.003), and the measuredD1, Ds ,
and B lifetimes, we obtain the leptonic branching-fraction
predictions shown in Table V. The leptonic decay rates for
Ds are expected to be larger than those forD1 because
uVcsu2 is much larger thanuVcdu2. In addition, the decay
Ds→t1nt has less phase-space suppression than
D1→t1nt . LeptonicB decays are strongly suppressed by
the small value ofuVubu2. Therefore the leptonic heavy-
quark decays that are easiest to detect experimentally are
Ds→m1nm andDs→t1nt .
If we know VqQ , a measurement of the decay rate for a

purely leptonic mode allows us to determine the decay con-
stant f M . The CKM matrix elements relevant for leptonic
decays of theD1 and Ds are determined quite well from
unitarity constraints, so a measurement of the leptonic decay
rate for these particles provides a measurement off D and
f Ds

.

TABLE III. Measured values of lifetimes and absolute branching
fractions ~Particle Data Group, 1994! used in this review to ex-
tract other branching fractions and decay rates from measured
quantities. The uncertainties on theD* branching fractions are
not those from the Review of Particle Properties, which are incor-
rect, but from the CLEO II measurement~Butler et al., 1992!.
The quantityt(Xb) represents an averageb-hadron lifetime, ob-
tained from inclusive LEP and CDF results.

Quantity Value

B(D0→K2p1) (4.0160.14)%
B(D1→K2p1p1) (9.160.6)%

B(D* 0→D0p0) (63.664.0)%
B(D* 0→D0g) (36.464.0)%
B(D*1→D0p1) (68.161.6)%
B(D*1→D1p0) (30.860.9)%

t(D0) (0.41560.004)310212 s
t(D1) (1.05760.015)310212 s

t(B̄0) (1.5060.11)310212 s

t(B2) (1.5460.11)310212 s
t(Xb) (1.53760.021)310212 s
DmB0 (0.5160.06)31012 \ s21
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The decay constant also appears in numerous heavy-flavor
transitions, such as those in mixing andCP violation. Of
particular interest is theB decay constantf B , which cur-
rently limits our ability to extractuVtdu from measurements
of B0B̄0 mixing. @See Eq.~23! in Sec. II.# Given the current
size of B-meson data samples and the expected branching

fractions forB leptonic decays, it is unlikely that theB decay
constant will be determined experimentally in the near fu-
ture. Although there are large uncertainties in the theoretical
predictions forf B , an experimental determination of theD
decay constant could be used as input to the models to re-
duce the theoretical uncertainty on theB decay constant. For
example, HQET predicts thatf B / f D'0.69 when terms of
order 1/mQ are neglected~Neubert, 1994c!. However, the
1/mQ corrections for heavy-meson decay constants are ex-
pected to be substantial and much more significant than those
for weak decay form factors.~See Sec. 5.4 in Neubert,
1994c.!

B. Experimental results on leptonic decays

1. D1 and Ds leptonic decays

Until recently, only limits existed for leptonicD1 and
Ds decays. ForD1 decays, the Mark III Collaboration
~Adler et al., 1988b! set an upper limit of
B(D1→m1nm),7.231024 ~90% C.L.!, corresponding to

TABLE IV. Predictions for theD1, Ds , andB decay constants.

Reference f D ~MeV! f Ds
~MeV! f B ~MeV!

Lattice calculations

Abadaet al., 1992 210615 227615 205640
Alexandrouet al., 1994 170630 185633 180650
Allton et al., 1994a 290647
Allton et al., 1994b 21869 24069
Baxteret al., 1994 18528

142 21228
146 160220

153

Bernardet al., 1994 208638 230636 187638
Bhattacharya and Gupta, 1994c 241619 266615
Bitar et al., 1994 215653 288664
Duncanet al., 1994 188231

141

Hashimoto, 1994 171250
129

QCD sum rules

Aliev and Eletskii, 1983 176625 135615
Dominguez and Paver, 1987 224621 277617 178625
Narison, 1987 173616 217620 187624
Shifman, 1987 165615 200615 115615
Reinders, 1988 170620
Baganet al., 1992 195–245
Dominguez and Paver, 1992 12567
Neubert, 1992 170630 190650
Schilcher and Wu, 1992 176613 193613 128628

Potential models

Krasemann, 1980 150 210 125
Suzuki, 1985 117 129 75
Sinha, 1986 287640 356650 229632
Cea, 1988 182 199 231
Capstick and Godfrey, 1990 240620 290620 155615
Colangeloet al., 1991 180627 200630 230635

TABLE V. PredictedD1, Ds , and B leptonic decay rates and
branching fractions assumingf D5 f Ds

5 f B5200 MeV, uVcdu
5 0.21, uVcsu50.97, anduVubu50.003.

Decay mode Rate~s21) Branching fraction

D1→e1ne 7.13103 7.531029

D1→m1nm 3.03108 3.231024

D1→t1nt 6.83108 7.231024

Ds→e1ne 1.63105 7.531028

Ds→m1nm 6.83109 3.231023

Ds→t1nt 6.131010 2.931022

B2→e2n̄e 4.13100 6.3310212

B2→m2n̄m 1.73105 2.731027

B2→t2n̄t 3.93107 6.031025
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an upper limit of 290 MeV onf D . ForDs decays, the EMC
Collaboration~Aubertet al., 1983! set an upper limit of 3%
on B(Ds→m1nm).
Several experiments have now observed the muonic decay

Ds→m1nm . The first indication ofDs→m1nm was pre-
sented in 1992 by the CERN WA75 Collaboration~Aoki
et al., 1993!. In this fixed-target experiment, ap2 beam is
incident on an emulsion target and a muon is required in the
online trigger. The distribution ofpt

m , the momentum of the
muon transverse to the line of flight of the decaying charmed
hadron, is shown in Fig. 11~a! for candidates consistent with
the decay of a charged particle to a single charged particle,
and in Fig. 11~b! for candidates consistent with a neutral
particle decaying to two charged particles. The line of flight
is determined directly by scanning the emulsion. The kine-
matic upper limit onpt

m is 0.98 GeV/c for Ds→m1nm and
0.93 GeV/c for D1→m1nm , whereas thept

m spectrum for
semileptonic decays cuts off at 0.88 GeV/c. Figure 11~a!
shows that, in the charged topology, six events~of 144 events
total! are observed withpt

m.0.9 GeV/c, but none is ob-
served above this threshold in the neutral topology@Fig.
11~b!#. ~Two-body leptonic decays can be observed in the
charged topology but not the neutral topology.! The esti-
mated contribution fromD1→m1nm is 0.660.2 events. Us-
ing their signal forD0→m1nmX for normalization, WA75
determines a branching fraction forDs→m1nm of
(3.921.4

11.8
20.6
10.861.4)31023 and a Ds decay constant of

f Ds
5(225645620641) MeV. In both results, the last error

is the systematic error on the normalization, which depends
on measurements of theD0 and Ds cross sections from
NA32, the branching fraction forDs→K1K2p1, and the
inclusiveD0 branching fraction.4

The CLEO Collaboration~Acostaet al., 1994! measures
theDs→m1nm decay rate relative to that forDs→fp1, so

the normalization is more straightforward than in the WA75
analysis. CLEO searches formg combinations from the de-
cay chainDs*→Dsg, Ds→m1nm . The neutrino momentum
is estimated from the missing energy and momentum in the
hemisphere of the muon and is used, along with the mea-
suredm andg momenta, to determine the candidateDs and
Ds* masses. The distribution for the mass difference
DM5m(mnmg)2m(mnm) is shown in Fig. 12. Signal
events should peak atm(Ds* )2m(Ds)'141 MeV.
Most of the entries in Fig. 12 are due to other sources of

m ’s andg ’s. Since the branching fraction forDs→e1ne is
expected to be much less than that forDs→m1nm , candi-
date events that satisfy the same selection criteria, but with
an identified electron rather than a muon, are assumed to be
dominated by backgrounds. Electron data~adjusted for dif-
ferences in electron and muon misidentification rates! are
represented by the dashed histogram in Fig. 12. The differ-
ence between the distributions for muons and electrons is fit
to a combination of a Gaussian peak at 141 MeV (38610
events! and a broad distribution due toDs→m1nm or
D1→m1nm decays combined with randomg ’s (52614
events!. The branching fraction is measured relative to the
fp1 decay mode:

B~Ds→m1nm!/B~Ds→fp1!50.24560.05260.074.
~33!

CLEO extracts a decay constant of

4We have updated the central value and the third error for current
measurements ofB(Ds→K1K2p1) andB(D0→Xl 1n).

FIG. 11. Distribution of muon momentum perpendicular to the di-
rection of flight of theD (s) for the WA75 experiment for candidates
consistent with~a! the decay of a charm particle to a single charged
particle and~b! the decay to two charged particles. The solid lines
represent the best fit to the data by means of a Monte Carlo simu-
lation. Redrawn from Aokiet al. ~1993!.

FIG. 12. Distribution of the mass differenceDM5m(mnmg)
2 m(mnm) for candidates for the decay sequenceDs*→Dsg,
Ds→m1nm in the CLEO II data. Points with error bars represent
muon data. The dashed histogram corresponds to the background
estimated with electrons, plus a small component represented by the
shaded histogram due to differences in the electron and muon misi-
dentification rates. The difference between the points and the
dashed histogram is ascribed toDs→m1nm candidates. The solid
histogram corresponds to the best fit of signal and background com-
ponents to the muon spectrum. Redrawn from Acostaet al. ~1994!.
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f Ds
5~344637652!AB~Ds→fp1!

0.037
MeV. ~34!

The current world average forB(Ds→fp1) is
0.03760.00560.004~see Sec. VI.B.5!.
Additional evidence for purely leptonicDs decays has

been provided by the E653 Collaboration~1993!. Like
WA75, Fermilab E653 is a fixed-target experiment with an
emulsion target and muon trigger. In a partial data sample
~one-third of the total!, 23 events are observed with high
pt

m . The E653 Collaboration exploits the power of emulsions
in the observation of three candidates~in a partial data set!
for Ds→t1nt decay in which t1→m1nmn̄t . In these
events, both theDs and thet

1 decay in the emulsion. Figure
13 shows two views in the emulsion of one of these candi-
dateDs→t1nt decays. E653 will normalize the yield to the
Ds→fmnm signal in the same data sample to extract branch-
ing fractions forDs→m1nm andDs→t1nt and to measure
f Ds

.
The BES Collaboration has fully reconstructed three

events in which one of theDs mesons decays leptonically
~Bai et al., 1995a!. By normalizing to the total number of
events in which at least oneDs is fully reconstructed, they
extract a value for the decay constant of

f Ds
5~4302130

1150640! MeV ~35!

where the first error is statistical and the second is the com-
bined systematic uncertainty from tagging efficiency, back-

ground estimation, and theDs lifetime. Unlike the measure-
ments of f Ds

described above, the BES measurement is not
normalized to otherDs decay modes and does not depend on
knowing theDs production rate.
Table VI lists the measurements ofD1 andDs decay con-

stants, along with thep1 andK1 decay constants for com-
parison. Both the CLEO and BES values forf Ds

are about
one standard deviation higher than the WA75 result. They are
at the upper limit of the range of theoretical predictions,
albeit with large uncertainties.
Although we now have the first observations of leptonic

Ds decays, the statistical and systematic uncertainties are
very large. As the statistical precision improves, the system-
atic uncertainty due to normalization will become significant
in measurements of the type performed by WA75, E653, and
CLEO. The technique used by BES does not depend on a
normalization mode such asDs→fp1. However, the statis-
tical errors will remain very large for this type of measure-
ment unless a charm factory is successfully built.
Less direct methods can also be used to extract theDs

decay constant, although a number of assumptions are re-
quired. Bortoletto and Stone~1990! have used published
CLEO measurements of the branching fractions for
B0→D*2Ds

1 , B1→D̄0Ds
1 , B0→D2Ds

1 , and
B̄0→D*1l 2n̄, and of the q2 distribution for
B̄0→D*1l 2n̄, to extractf Ds

. Their method assumes factor-
ization for the hadronic modes, which is expected to be a
reasonable approximation since these decays cannot occur
via so-called color-suppressed internalW emission diagrams.
Under the factorization hypothesis, the hadronic decay rate
for B0→D*2Ds

1 can be related to the semileptonic decay
rate B̄0→D*1l 2n̄ at q25mDs

2 :

G~B0→D*2Ds
1!5d~z,y!6p2f Ds

2 uVcsu2

3
dG~B̄0→D*1l 2n̄ !

dq2
U
q25m

Ds

2
, ~36!

wherez5mD
2 /mB

2 , y5q2/mB
2 , andd(z,y) is a function that

has been calculated by Rosner~1990!. For q25mDs

2 , d is

0.41. To increase the statistical precision of the result, HQET
predictions are also used to relate the decay rates for
B1→D̄0Ds

1 andB0→D2Ds
1 to that forB0→D*2Ds

1 . The
decay constant extracted from all three hadronic modes and
the semileptonic modeB̄0→D*1l 2n̄ is

f Ds
5~253641!A 0.037

B~Ds→fp1!
MeV. ~37!

The ARGUS Collaboration uses a similar method to extract a
value for f Ds

from their measurements of inclusive and ex-

clusiveDs
(* ) production~Albrechtet al., 1992b!. Their result

for the decay constant averaged overDs andDs* mesons is

f D
s
~* !5~228624!A 0.037

B~Ds→fp1!
MeV. ~38!

As more data are obtained, the validity of the assumptions of
factorization and HQET can be checked on many modes, and
the statistical uncertainty on the decay constant can be re-
duced.

FIG. 13. Two views of a candidateDs→t1nt , t1→m1nmn̄t event
in the E653 emulsion. Each point along the reconstructed tracks
corresponds to a measurement in the emulsion. Note that the verti-
cal and horizontal scales are not the same. Thez axis corresponds to
the beam direction. Redrawn with permission of E653 Collabora-
tion.
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2. B2 leptonic decays

The decayB2→t2n̄t is the most accessible of the lep-
tonicB2 decays because the larget mass reduces the helic-
ity suppression. However, all leptonicB2 decays are sup-
pressed by the factoruVubu2'(0.003)2, which puts the
expected branching ratio more than an order of magnitude
beyond the reach of current experiments. CLEO has searched
for events consistent with the decayB2→t2n̄t ,
t2→l 2n̄ l nt . If such a decay occurs, then, apart from the
lepton, all of the tracks and calorimeter energy in an
Y(4S)→BB̄ event must be produced in the decay chain of
the otherB meson. Furthermore, if this other decay chain is
purely hadronic, then the total observed energy~excluding
the lepton! should be consistent with the beam energy, and
the total momentum can be used to compute a beam-energy-
constrained mass that should be consistent with theB-meson
mass. CLEO has performed a joint fit to the distribution of
these two variables to obtain the preliminary upper limit
B(B2→t2n̄t),2.231023 ~90% C.L.! ~Alexander et al.,
1994a!. An analysis by ALEPH~Buskulicet al., 1995a! uses
a similar approach, but also requires the lepton from thet
decay to have a large impact parameter. ALEPH obtains the
limit B(B2→t2n̄t),1.831023. While far above the rate
expected in the standard model, these limits place restrictions
on certain models with charged Higgs bosons, which can
significantly enhance the leptonic decay rate.

V. INCLUSIVE SEMILEPTONIC DECAYS

A. Introduction

In the inclusive approach to semileptonic decays, one con-
siders the sum over all possible final-state hadrons, ignoring
the detailed breakdown among the individual decay modes
that contribute to the semileptonic rate. Experimentally, it is
necessary to observe only the lepton, eliminating the diffi-
culty of reconstructing what are often very complex decay
sequences of the daughter hadrons. Theoretical calculations
of inclusive properties have certain advantages of simplicity
as well, since calculations in which the heavy quark is as-
sumed to decay as a free particle~with the light quark acting
merely as a spectator! provide a good starting point for pre-
dictions. Recently, there has been great interest in refining
calculations forb-hadron semileptonic decays using heavy-

quark expansions. It has been shown that spectator-model
predictions correspond to the lowest-order term in such ex-
pansions.
Several inclusive quantities are of interest: semileptonic

branching fractions and decay rates; lepton-energy spectra;
and, in the case ofB-meson decays, the rate in the end-point
region of the spectrum, whereB→Xcl

2n̄ is suppressed
relative toB→Xul

2n̄. The semileptonic branching fraction
is defined by

BSL5
(XG~M→Xl 2n̄ !

G~M→all!
, ~39!

wherel is either an electron or a muon, but not both.~Be-
cause thet-lepton mass is large, the casel 5t is treated
separately.! Usually, the branching fraction measured by ex-
periments is an average over more than one species of heavy
hadron,M , because measurements of the lepton alone are
not sufficient to distinguish between different types of had-
rons carrying the same heavy quark. At theY(4S), for ex-
ample,BSL is measured as an average overB2 andB0 me-
sons, although their semileptonic branching fractions have
also been measured separately, but with poorer statistical
precision.
Precise measurements ofBSL are valuable partly because

they allow us to determine what fraction of the semileptonic
rate can be accounted for by known exclusive channels. The
semileptonic branching fraction is difficult to predict, how-
ever, because the dominant contribution to the denominator
in Eq. ~39! is from hadronic decays, and calculations of had-
ronic rates suffer from uncertainties related to both perturba-
tive and nonperturbative QCD effects. As we shall see, the
measured value ofBSL for the B meson is lower than that
predicted by most calculations. The numerator in Eq.~39!
may also be difficult to calculate using inclusive methods, if
the semileptonic rate is distributed over only a small number
of exclusive final states. In this case, the duality between
quark final states and the physical hadronic final states may
be only approximate.
Separate measurements ofBSL for Qū andQd̄ mesons

allow one to extract the ratio of the lifetimes of the charged
and neutral mesons. For example, inD-meson decays,

TABLE VI. Summary of measurements of the decay constants for theD1 andDs . For comparison, we also
list thep1 andK1 decay constants. The CLEO result is quoted forB(Ds→fp1)53.7%, the current world
average. The 9% uncertainty onAB(Ds→fp1) is not included in the error onf Ds

quoted in the table. E653
also has evidence forDs→m1nm but has not yet extractedf Ds

.

Decay constant Experiment Reference Value~MeV!

f p PDG 94 Particle Data Group, 1994 130.760.4
f K PDG 94 Particle Data Group, 1994 159.861.5
f Ds

WA75 Aoki et al., 1993 225645620641
f Ds

CLEO II Acostaet al., 1994 344637652
f Ds

BES Baiet al., 1995a 4302130
1150640

f D Mark III Adler et al., 1988b ,290 ~90% C.L.!
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t1

t0
5

G~D0→all!

G~D1→all!
5

G~D0→all!

G~D0→Xl 1n!

G~D1→Xl 1n!

G~D1→all!

5
BSL

1

B SL
0 , ~40!

where we have assumed that the charged and neutralD me-
sons have the same semileptonic partial widths. This as-
sumption is expected to be very good, since the lepton can-
not interact strongly with the final-state hadrons, and the two
mesons differ only in the isospin of the light quark.~Com-
parison ofBSL

1 /B SL
0 with t1 /t0 from direct lifetime mea-

surements provides a test of this assumption.5! In contrast,
the isospin of the light quark can, in principle, substantially
affect the hadronic rate. In the spectator model, the light
quark’s flavor is assumed to be irrelevant, so the model pre-
dicts t1 /t051. This prediction is consistent with measure-
ments ofB mesons, where the lifetimes are known to be the
same within about 10%. InD decays, however, the lifetime
ratio is about 2.5, showing that nonspectator effects are large.
Measurements of hadronic decays indicate that this effect is
primarily due to a suppression of theD1 hadronic rate as a
result of interference between amplitudes related by inter-
changing the spectatord̄ quark and thed̄ quark from the
W* decay.
An important application ofBSL is that it can be used to

compute the total semileptonic decay width:GSL
5 BSL /tM , wheretM is the measured lifetime of the hadron
M . In charm decays, one can test whether the semileptonic
decay widths of different mesons are the same, as discussed
above. InB decays, one can also compare the inclusive semi-
leptonic decay width to theoretical calculations to determine
uVcbu. The measurement ofuVcbu using this method has at-
tracted much interest, becauseBSL and tB have been mea-
sured with very good precision, and some theorists believe
that the theoretical uncertainties can also be made very
small.
Recently, heavy-quark expansions have been used to pre-

dict the shape of the spectrum forB→Xcl
2n̄, although re-

liable predictions for the end-point region remain a source of

difficulty. The end-point region, a tiny part of phase space in
which the lepton energies are very high, is of great impor-
tance in the determination ofuVubu.

B. Theoretical predictions for semileptonic decays

In the simplest possible estimate ofBSL , the heavy quark
is treated as a free particle, andBSL is given by the fraction
of decays in which the virtualW produces ane2n̄e pair. If
one ignores the masses of the final-state fermions and gives
equal weight to each final state~taking into account color!,
this fraction isBSL'1/5 forD mesons andBSL'1/9 for B
mesons. The measured values ofBSL , however, are very
different for theD1 andD0, showing that spectator-model
calculations are inadequate for charm mesons. The result for
B’s is very close to the measured value, but the agreement is
accidental: there are large phase-space corrections due to
particle masses, and accurate calculations of the semileptonic
and hadronic widths andBSL must take into account strong-
interaction effects as well. In this section, we review the
status of the inclusive calculations, focusing mainly on the
case of theB meson. Here, nonspectator effects are expected
to be small, a prediction borne out by the similar values of
the B0 and B2 lifetimes. With the development of heavy-
quark expansions, inclusive calculations are evolving rapidly,
and the reader should consult the literature for the latest re-
sults.
The partial width for the weak decay of a free quarkQ to

fermions of nonzero masses was obtained by Corteset al.
~1982!. The rate forQ→qW* , W*→ f 1 f̄ 2 , where f 1 and
f 2 are fermions andmQ!mW , is

G~Q→q f1 f̄ 2!5G0NCuVqQu2uVf2f1
u2I S mq

mQ
,
mf1

mQ
,
mf2

mQ
D ,

~41!

whereG05GF
2mQ

5 /192p3. The color factorNC is equal to 3
for hadronic decay and 1 for semileptonic decay;Vf2f1

is the

CKM element forW*→ f 1 f̄ 2 for decay to quarks but is equal
to 1 for semileptonic decay; andI (x,y,z) is given by

I ~x,y,z!512E
~x1y!2

~12z!2ds

s
~s2x22y2!~11z22s!$@s2~x2y!2#@s2~x1y!2#@~11z!22s#@~12z!22s#%1/2. ~42!

When all the final-state particles are massless,I5I (0,0,0)51; for any other values of the quark masses,I (x,y,z),1. The
result for the case in which only one final-state particle has nonzero mass is familiar from muon decay:

I ~x, 0, 0!5I~0, x, 0!5I ~0, 0,x!5128x218x62x8224x4 ln x. ~43!

Theb-hadron semileptonic branching fraction is given by

BSL.
G~b→ce2n̄ !

2G~b→ce2n̄ !1G~b→ct2n̄ !1G~b→cūd1cūs!1G~b→cc̄s1cc̄d!
.

1

21Rt1Rc1Rcc
, ~44!

5The Cabibbo-suppressed semileptonic rates of theD0 andD1 could differ very slightly, resulting in a small difference in their inclusive
rates. TheD0→p2l 1n rate, for example, might exceed the sum of the rates forD1 semileptonic decays top0, h, andh8, simply due to
phase space.
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where we have ignoredb→u decays, the contribution of rare
processes such as penguin decays, and the small phase-space
difference betweene andm semileptonic decays. The terms
in the denominator of the second expression are

Rt5
G~b→ct2n̄ !

G~b→ce2n̄ !
, Rc5

G~b→cūd1cūs!

G~b→ce2n̄ !
,

Rcc5
G~b→cc̄s1cc̄d!

G~b→ce2n̄ !
. ~45!

We can use Eqs.~41! and ~42! to estimate these ratios. For
example, with mb54.8 GeV/c2, mc51.5 GeV/c2,
ms50.3 GeV/c2, and mu5md50, we obtainRt'0.20,
Rc/3'1, andRcc/3'0.31, which lead toBSL516%. The
measured value is around 10% to 11%, so with these masses
the free-quark spectator model, ignoring QCD corrections,
substantially overestimates theB semileptonic branching
fraction.
Two key issues must be resolved beforeBSL can be reli-

ably computed: determining the appropriate values for the
quark masses and calculating the QCD corrections to the
hadronic rate. We summarize the main results on perturbative
QCD corrections, which were first obtained by Altarelliet al.
~1982! and Altarelli and Petrarca~1991!. @A useful synopsis
of this work has been presented by Bigi, Blok, Shifman, and
Vainshtein~1994!, who also extend it using a heavy-quark
expansion, as discussed below.# The exchange of hard gluons
between quarks in the decay modifies the color structure of
the process and enhances the nonleptonic rate by the factor
~Altarelli and Maiani, 1974; Gaillard and Lee, 1974; Altarelli
et al., 1981a, 1981b; Buras and Weisz, 1990!

h5
c2
2 12c1

2

3
, ~46!

where the Wilson coefficientsc1 andc2 are given by

c65F as~m!

as~MW!G
d6

, ~47!

with d1526/23 and d25 12/23 . The renormalization
scalem is a nonphysical artifact of the calculation, which
includes only the effect of virtual gluons in the momentum
rangem to MW . Softer gluons, with momentum below this
cutoff, are in principle dealt with by an additional factorJ,
so that the nonleptonic rate is proportional tohJ. For ex-
ample,

G~b→cūd!53G0I Smc

mb
,0,0DhJ, ~48!

where we have useduVudu2'1 and whereG0 is defined after
Eq. ~41!. For m5mb , the values areh'1.1 andJ'1.15,
giving a net enhancement factor forb→cūd of about 1.27.
In practice, due to the approximate nature of the calculation,
the factorhJ still has some dependence on the scalem.
Altarelli and Petrarca~1991! estimate uncertainties associ-

ated with the possible variation inm andas and present two
values ofBSL depending on whether light or heavy values of
the quark masses are used:

BSL5@12.260.45~scale!60.8~as!#% ~ light masses!
~49!

and

BSL5@14.460.45~scale!60.8~as!#% ~heavy masses!,
~50!

where the scale uncertainty is evaluated by allowingm to
vary betweenmb/2 andmb . The light ~heavy! masses, in
GeV/c2, aremb54.6 ~5.0!, mc51.2 ~1.7!, ms50.15 ~0.3!,
andmu5md50 (0.16).
Although the result for light quark masses is consistent

with the measured value ofBSL within errors, there is not
yet consensus as to whether the assumptions required to push
the theoretical prediction down to the measured value are
realistic, or whether the estimates of the uncertainties are
reasonable. In addition, there are uncertainties on the size of
possible additional corrections due to both perturbative and
nonperturbative QCD effects.
Recently, there has been great interest in applying heavy-

quark expansions to inclusive processes. The uncertainties in
such calculations are easier to isolate and to express quanti-
tatively than those in phenomenological models. Chay,
Georgi, and Grinstein~1990! first applied HQET and the
operator product expansion to the problem of semileptonicB
decay. Their analysis demonstrated that the lowest-order
term in a 1/mb expansion corresponds to the result from a
free-quark decay model, assuming thatmb is suitably de-
fined. Furthermore, they showed that there are no nonpertur-
bative QCD corrections of orderLQCD/mb . Thus one can
write

G~B→X!5G~b→x!1O ~1/mb
2!. ~51!

Bigi et al. ~Bigi and Uraltsev, 1992; Bigiet al., 1992; Bigi,
Blok, Shifman, and Vainshtein, 1994!; have argued that the
O (1/mb

2) corrections are likely to be small, with a natural
scale set by 1 GeV2/mb

2 , and that a significant enchance-
ment of the nonleptonic rate would therefore have to come
from perturbative corrections. Although these are not com-
pletely known, Bigiet al. estimate that the natural range of
predictions forBSL satisfies the bound

BSL>12.5%. ~52!

As discussed in the following section, the measured values
from CLEO and ARGUS are in the range 10% to 11%, while
those from LEP are slightly higher, around 11.5%.
An analysis of the perturbative QCD corrections has re-

cently been performed by Baganet al. ~1995!. The calcula-
tion is based on a study of the charm-quark mass dependence
of the radiative corrections, as discussed in an earlier paper
by the same authors~Baganet al., 1994!. The rate in the
b→cc̄s channel is increased, leading to

BSL5~11.860.860.560.260.221.3
10.9!%, ~53!

where the first error is from the uncertainty on
mb5(4.860.2) GeV/c2, the second from the uncertainty on
as(mZ)50.11760.007, the third from the uncertainty on
l15(20.560.1) GeV2, which parametrizes the kinetic en-
ergy of theb quark inside the hadron, the fourth from the
uncertainty onG(b→cc̄s), and the last from the variation in
the renormalization scale. The scale error is large, indicating
that higher-order perturbative QCD corrections are impor-
tant. An alternative renormalization scheme gives
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BSL511.0% with similar errors. This analysis shows that
the perturbative QCD corrections are quite important and
that they tend to push the valueBSL down towards the mea-
surements. Theb→cc̄s rate is increased by 35% in this cal-
culation by taking into account the effect of thec-quark mass
in the QCD radiative corrections.
There has been much speculation on the difference be-

tween the measured and calculated values ofBSL . Some
theorists have argued that the QCD calculations are simply
not precise enough to indicate a real problem; others have
suggested specific mechanisms to increase the hadronic rate.
Enhancement of theb→cc̄s channel, discussed above, has
also been suggested by Falk, Wise, and Dunietz~1994!.
CLEO has measured the average number of charm quarks
perB decay,nc5@B→cX12(B→cc̄X)#/@B→X#, obtaining
nc51.0760.08 ~Muheim, 1994!. In the Baganet al. calcu-
lation,nc51.2860.08. Thus the measurement does not give
one great confidence that the problem is solved, but neither
does it indicate a strong contradiction. The problem ofBSL
is perhaps best rephrased as the joint problem of understand-
ing BSL andnc .
It is also possible thatBSL is being reduced by unexpected

hadronic decays that have no final-state charm particles. For
example, large contributions fromb→s1gluon, arising
from physics at the TeV scale, have been suggested~Kagan,
1994! as a possible enhancement to the hadronic rate; the
mechanism invoked might also explain theDI51/2 rule in
kaon decays. The difficulty in explaining the observed value
of BSL remains an unresolved problem, but steady progress
is being made towards better calculations and measurements.
We turn now to predictions of the total semileptonic rate

and the shape of the lepton-energy spectrum. These quanti-
ties have less uncertainty thanBSL , since knowledge of the
hadronic rate is not required. The ACCMM model~Altarelli,
Cabibbo, Corbo`, Maiani, and Martinelli, 1982! was one of
the first to incorporate bound-state effects in the initial heavy
meson, which can significantly affect the spectrum. This phe-
nomenological model is used extensively by experimentalists
in fitting single-lepton momentum spectra, and it has become
a benchmark for theoretical calculations as well. In the
ACCMM model, the momentum of the heavy quark~or that
of the spectator quark! within the decaying meson is de-
scribed by a distributionf(p), which is assumed to be
Gaussian:

f~p!5
4

AppF
3
e2p2/pF

2
. ~54!

The Fermi-momentum parameterpF determines the width of
f(p), and the normalization is such that the integral of
f(p)p2 over all momenta is equal to 1. The spectator quark
is assumed to have a definite massmsp, but theb quark is a
virtual particle of variable massmb , constrained by energy
and momentum conservation to be

mb
25mB

21msp
2 22MBAmsp

2 1p2. ~55!

This somewhat peculiar result means that in this model the
free parameters arepF , msp, and the mass of the daughter

quark,mq5mc or mq5mu . To compute the lepton-energy
spectrum, the decay distribution in theb-quark rest frame is
boosted to theB frame. The lepton-energy spectrum for
b→ql 2n̄ in theb-quark rest frame is given by

dG~mb ,x!

dx
5
GF
2mb

5

96p3

x2~xm2x!2

~12x!3
@~12x!~322x!

1~12xm!~32x!#F12
2as

3p
G~x,e!G , ~56!

wherex52E/mb , xm512(mq /mb)
2, ande5mq /mb . The

functionG(x,e) is discussed by Altarelliet al. ~1982!, Jeza-
bek and Kuhn~1989!, and Czarnecki and Jezabek~1994! and
incorporates the effect of gluon radiation on the lepton-
energy spectrum. We shall refer to this model extensively in
the discussion of fits to the lepton-energy spectrum in
b-hadron decay. The ACCMM model also predicts the spec-
trum for charm semileptonic decay

dG~mc ,x!

dx
5
GF
2mc

5

16p3

x2~xm2x!2

~12x! F12
2as

3p
G~x,e!G , ~57!

which is used in the parametrization of the secondary lepton
spectrum in the same fits. A controversial issue is whether
the ACCMM model provides a reliable description of the
b→ul 2n̄ lepton-energy spectrum in the end-point region.
This question has significant impact on the determination of
uVubu ~see Sec. V.E!. Another early approach to inclusive
semileptonicB decays was that of Bareiss and Paschos
~1989!, who considered both the lepton-energy spectrum and
the decay rate in the parton model.
Recently, much attention has been devoted to applying the

heavy-quark expansion to the lepton-energy spectrum~Bigi
et al., 1993; Falket al., 1994; Manohar and Wise, 1994;
Neubert, 1994a!, in particular to the end-point region. Al-
though the spectrum can be calculated over much of the mo-
mentum range, the end-point region remains problematic.
Manohar and Wise~1994! conclude that the predictions of
the heavy-quark expansion near the end point are valid only
if they are smeared over a region of size 500 MeV, which is
larger than the difference in the end points forb→cl 2n̄ and
b→ul 2n̄.
The ACCMM model has now been analyzed in the context

of HQET ~Baillie, 1994; Csaki and Randall, 1994!. The
model is found to be inconsistent in certain respects with
HQET results, but for a suitably definedb-quark mass, the
differences between the predicted spectra are in general quite
small. The exception is the end-point region, where neither
approach is on solid footing.
Accurate prediction of the semileptonic rate is of great

importance for the determination ofuVcbu. Using heavy-
quark expansions, Shifman, Uraltsev, and Vainshtein~1995!,
Luke and Savage~1994!, and Ball, Beneke, and Braun
~1995! have obtained predictions for the rate and have ana-
lyzed the uncertainties in the calculations. Shifmanet al.ob-
tain the result
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G~B→Xcl
2n̄ !5

GF
2mb

5

192p3uVcbu2H Fz0~x!2
2as

3p S p22
25

4 D z0~1!~x!G S 12
mp
22mG

2

2mb
2 D 2z1~x!

mG
2

mb
2 1O ~as

2 ,as /mb
2,1/mb

3!J ,
~58!

wherex5mc /mb and

z0~x!5128x218x62x8224x4 ln x,

z1~x!5~12x2!4, ~59!

and z0
(1)(x) has been tabulated by Cabibbo and Maiani

~1978!. This function, which incorporates the one-gluon per-
turbative QCD corrections, has the valuesz0

(1)(0)51 and
z0
(1)(1)'0.41. These QCD effects are calculated analo-
gously to the QED radiative corrections to muon decay. Non-
perturbative QCD effects are contained in the parameters
mp andmG , which are matrix elements of the bottom-quark
kinetic energy and chromomagnetic-moment operators, re-
spectively. The value ofmG can be related to theB*2B
mass difference:

mG
2 5

3

4
~MB*

2
2MB

2 !'0.35 GeV2, ~60!

butmp is much more difficult to determine. Using QCD sum
rules, Shifmanet al.obtain 0.35<mp

2,0.8 GeV2 with a pre-
ferred value ofmp

250.54 GeV2. These authors consider this
range to be an overestimate of the uncertainty; even so, it
results in only about a 3% uncertainty inuVcbu. The factor
mb
5 that appears in the semileptonic decay rate~but not in the

branching fraction! has long been a source of difficulty.
These authors argue that one can takemb 5~4.860.1!
GeV/c2 from a QCD sum-rule analysis of theY system.
Moreover, the actual direct dependence onmb is notmb

5 : the
product ofmb

5z0(mc
2/mb

2) that appears in the decay-rate for-
mula results in less sensitivity tomb , assuming that
mb2mc is constrained. With HQET, this mass difference can
be related to bottom- and charm-meson masses andmp :

mb2mc5
MB13MB*

4
2
MD13MD*

4

1mp
2 S 1

2mc
2

1

2mb
D1O ~1/mc

3,1/mb
3!, ~61!

leading to mc5(1.360.1) GeV/c2 for mb5(4.8
6 0.1) GeV/c2. These values yield the following relation
betweenuVcbu and theB→Xcl

2n̄ branching fraction:

uVcbu50.0415S 1.49 ps

tB
D 1/2FB~B→Xcl

2n̄ !

0.106 G1/2. ~62!

The conclusion of Shifman, Uraltsev, and Vainshtein is that
the uncertainty inuVcbu obtained with this procedure is less
than 5%, and they regard this estimate as very conservative.
The analysis presented by Luke and Savage~1994! is

similar in approach, although their conclusions regarding the
uncertainty are quite different. The quoted uncertainty in
uVcbu is about620%, although this range is meant to corre-
spond to a larger range than61s. Another detailed HQET-
based analysis of the semileptonic rate has been performed

by Ball, Beneke, and Braun~1995!. They use a pole mass of
mb5(5.0560.06) GeV/c2 and a mass difference of
mb2mc5(3.4360.04) GeV/c2, giving

uVcbu5~0.04160.002!S 1.5 ps

tB
D 1/2FB~B→Xcl

2n̄ !

0.109 G1/2.
~63!

~The second error quoted in their paper correponds to the
experimental uncertainty onBSL and is removed here.! In
Sec. V.D.4 we present the decay-rate predictions of all these
calculations and the values ofuVcbu obtained using the mea-
sured value ofBSL ~see Table XI below!.
There is not yet a consensus on the size of the errors on

uVcbu that arise from theoretical uncertainty. Rapid progress
is being made, and it is likely that many of these issues will
be clarified in the relatively near future.

C. Inclusive charm semileptonic decays

Historically, measurements of the inclusive semileptonic
branching fractions forD mesons were of interest because of
the large difference in theD0 andD1 lifetimes. Early mea-
surements of the ratio ofD0 andD1 inclusive semileptonic
branching fractions by Mark II~Schindleret al., 1981! and
DELCO ~Bacino et al., 1980! at SPEAR indicated that the
D1 lifetime is significantly larger than theD0 lifetime. Di-
rect measurements of the lifetimes confirmed these results.
Most inclusive studies of semileptonic charm decays have

been carried out withe1e2 colliders rather than fixed-target
experiments. Ine1e2 experiments, single leptons from
charm decay can be isolated from background processes by
reconstructing the other charm hadron in the event or by
associating the lepton with a slow pion fromD* decay. In
the fixed-target environment, the efficiency for even partially
reconstructing both charm hadrons in an event is very low.
The background from noncharm events is generally so high
that the combination of a lepton and a slow pion is not a
sufficiently distinctive signature to isolate inclusive semilep-
tonic charm decays.
Until recently, the most precise values of the inclusive

semileptonic branching fractions were those measured by the
Mark III collaboration at SPEAR~Baltrusaitiset al., 1985!.
CLEO now has a measurement of the inclusive branching
fraction for the neutralD meson that is more precise~Kubota
et al., 1995!. In addition, E653 has measured the ratio of
rates G(D0→K2m1nm)/G(D

0→Xm1nm) ~Kodama et al.,
1994!, from which they extract the inclusive branching frac-
tion using the precisely known rate forD0→K2l 1n.
The Mark III measurement used about 50 000DD̄ events

produced just above threshold at thec(3770). Events were
selected in which one of theD decays was fully recon-
structed in a hadronic mode, yielding approximately 1700
D1D2 and 3400D0D̄0 events. The numbers of identified
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electrons observed recoiling against the reconstructedD0 or
D1 decays were used to extract the branching fractions,

B~D1→Xe1ne!5~17.061.960.7!%,

B~D0→Xe1ne!5~7.561.160.4!%, ~64!

and the ratio of branching fractions

B~D1→Xe1ne!

B~D0→Xe1ne!
52.320.4

10.560.1. ~65!

The Mark III measurements are consistent with the ratio of
measured lifetimes~Particle Data Group, 1994!

t~D1!

t~D0!
52.5560.05. ~66!

For the measurement ofB(D0→Xe1ne), CLEO usesD0

mesons fromD*1→D0p1 where theD*1 decay is identi-
fied through the slow pion. This method was pioneered by
HRS~Abachiet al., 1988! and was used in CLEO’s measure-
ment of the absolute branching fraction forD0→K2p1

~Akerib et al., 1993!. The method depends on two character-
istics ofD*1 production and decay. When aD* is created in
e1e2 annihilation abovecc̄ threshold, its momentum is
nearly parallel to the thrust axis of the event. Second, be-
cause theQ value of the decayD*1→D0p1 is small, the
angle between thep1 and theD*1 ~in the laboratory frame!
is also small. Therefore the number ofD*1→D0p1 decays
can be determined from the excess of slow pions with a
small lab anglea with respect to the thrust axis of the event.
The branching fraction forD0→Xe1ne is determined from
the fraction of events containing a slow pion with smalla
that also have an electron with the same charge as the pion,
in the vicinity of the pion.
In the CLEO analysis, only charged pions with momentum

greater than 225 MeV/c and less than 425 MeV/c are used.
The lower momentum cut eliminates events withD* ’s from
B decays, in which the thrust axis is not a good measure of
theD* direction. The distribution ofa is shown in Fig. 14 or
all charged tracks with momenta between 225 and 425
MeV/c ~top set of solid data points!, and for those with an
electron of the same charge as the pion, with momentum
above 0.7 GeV/c, within a 37° cone around the pion~bottom
set of solid data points!. Background estimates are also
shown in Fig. 14. For the normalizing events, charged par-
ticles with the same charge as the taggedp1, but in the
opposite hemisphere, are used to determine the background
shape~histogram in top part of Fig. 14!. For the background
under the leptonic signal, events in which the reconstructed
electron has charge opposite that of the slow pion are used
~open data points at bottom of Fig. 14!. There is clearly an
excess of slow pions at low sin2a. The peak near sin2a51
(a'90°) is due to particles that are fairly uniformly distrib-
uted in cosa. In the analysis, the signal sizes and efficiencies
are determined separately for eight 25 MeV/c-wide momen-
tum ranges for the slow pion. The result from this analysis is

B~D0→Xe1ne!5~6.6460.1860.29!% ~CLEO II!,
~67!

consistent with the Mark III measurement, but with a signifi-
cantly smaller statistical uncertainty.~This CLEO result has
been updated since the preprint version of this article.!

For the E653 measurement, the decay chain
D*1→D0p1 with the subsequent decay of theD0 to a
muon and at least one oppositely charged hadron was used to
identify 232 semimuonicD0 decay candidates. The ratio
G(D0→K2m1nm)/G(D

0→Xm1nm) was then extracted
from the joint distribution of these events in twoD decay
variables calculated from the measured momenta of the
charged particles and theD flight direction~as determined by
the positions of the primary and decay vertices!. The two
variables are the minimum mass of the parent particle that
allows momentum to be conserved for the candidateD de-
cay, and the momentum component of the charged hadron
transverse to theD flight direction. The measured ratio of

G~D0→K2m1nm!

G~D0→Xm1nm!
50.47260.05160.040 ~68!

has a total fractional error of about 14%. The fractional error
on B(D0→K2l 1n) is only about 5%. The world average
for B(D0→K2l 1n) from Eq. ~126! is used to extract an
inclusive branching-fraction measurement of

B~D0→Xl 1n!5~7.8661.15!% ~E653!. ~69!

In summary, the weighted world averages of all measure-
ments of inclusive branching fractions~Particle Data Group,
1994!, including the E653 and CLEO results, are

B~D1→Xl 1n!5~17.261.9!%

and

B~D0→Xl 1n!5~6.8560.31!%. ~70!

FIG. 14. CLEO measurement of theD0 inclusive semileptonic
branching fraction. The soft pion from the decayD*1→D0p1 is
used to tag aD0 sample; within this sample, one counts the number
of events with leptons. The upper set of data points and the associ-
ated background curve give the distribution of sin2a, wherea is the
angle between the thrust axis of the event and pions with momenta
in the range 225–425 MeV/c. The excess events with low values of
sin2a are due toD*1→D0p1 decays, since the soft pion is usually
produced with a small angle relative to theD*1 direction.~The left
axis applies to this set of data.! The two lower sets of data points
correspond to the subset of events in which an electron is found
within a 37° cone centered on the slow pion.~The right axis applies
to these data points.! The open circles give the background level
within the lepton sample. This background is determined with
wrong-sign candidates, as described in the text.
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Using the values of theD1 andD0 lifetimes listed in Table
III, we calculate the inclusive semileptonic decay rates to be

G~D1→Xl 1n!5~16.361.8!31010 s21

and

G~D0→Xl 1n!5~16.560.8!31010 s21 ~71!

with an average of

G~D→Xl 1n!5~16.560.7!31010 s21. ~72!

The fact that theD0 andD1 semileptonic widths are mea-
sured to be equal means that the source of the lifetime dif-
ference between theD0 andD1 mesons lies in the hadronic
width. The inclusive semileptonic branching fraction for the
D1 is close to the value of 1/5 one would expect from the
simple spectator model, while that for theD0 is significantly
smaller. However, it is believed that the difference in had-
ronic widths is caused by the suppression of theD1 hadronic
decay rate due to destructive interference between ampli-
tudes for internal and externalW emission. The branching
fraction of around 7% for theD0 is closer to what one would
predict from the expected enhancement in hadronic decays
due to hard-gluon exchange discussed in Sec. V.B. We com-
pare the sum of exclusive semileptonicD decay rates to the
inclusive rate in Sec. VI.D.
Although the preliminary CLEO measurement of the in-

clusive semileptonic branching fraction forD0 is the most
precise to date, it has not yielded a measurement of the in-
clusive electron momentum spectrum. The best published in-
clusive lepton momentum spectrum for semileptonic charm
decays was measured by DELCO in 1979, with an approxi-
mately equal combination ofD0 andD1 decays produced
just above threshold at thec(3770) resonance~Bacinoet al.,
1979!. This is an ideal environment for measuring the inclu-
sive spectrum because there is no smearing of the momen-
tum spectrum due to a Lorentz boost, as there is forcc̄
production significantly above threshold. A Cˇ erenkov
counter was used to identify electrons with high efficiency
down to momenta of a few hundred MeV/c, yielding about
600 candidate events. The efficiency-corrected, background-
subtracted spectrum is shown in Fig. 15. Knowledge of this
spectrum is important for several studies of semileptonicB

decays, since leptons from charm decays are often a signifi-
cant background. However, the form factors and relative
branching fractions for the dominant semileptonicD decay
modes,D→K̄l 1n andD→K̄* l 1n, have now been mea-
sured sufficiently well~see Sec. VI! that one can obtain the
expected lepton-energy spectrum by summing the spectra for
the individual exclusive modes.

D. Inclusive bottom semileptonic decays and uVcbu

The inclusive semileptonic branching fraction forb had-
rons has been measured both at theY(4S), where theb
hadrons are a mixture ofBu andBd mesons, and at theZ,
whereBs mesons andb baryons are produced as well. The
largest data samples are obtained by measuring only the lep-
ton, without using any tagging procedure to determine the
species of decayingb hadron. Thus, at theY(4S), the quan-
tity measured with the highest statistical precision is

BSL5 f 0B SL
0 1 f2B SL

2 , ~73!

where f 0 and f2 are the fractions of neutral and chargedB
mesons, and

B SL
0 [B~B̄0→X1l 2n̄ !

and

BSL
2 [B~B2→X0l 2n̄ !. ~74!

Herel 2 represents eithere2 or m2 but not their sum. At the
Y(4S), f 0' f2'1/2, but these fractions have not been pre-
cisely measured. Experiments at theZ measure

BSL[ f 0B SL
0 1 f2BSL

2 1 f sB SL
s 1 f bar̂ B SL

bar&, ~75!

wheref s and f bar give the fraction ofbs̄ andb-baryon states,
respectively;B SL

s is the semileptonic branching fraction of
theBs ; and ^B SL

bar& is the average~weighted by production
fractions! of the b-baryon semileptonic branching fractions.
The production fractions of differentb hadrons at theZ are
not well known; expected values aref 05 f250.4,
f s50.12, andf bar50.08.
Below we describe three types of measurements:
~i! Measurement of the inclusive single-lepton momentum

spectrum. This technique determinesBSL with the smallest
statistical error, but with significant model dependence from
the fitting procedure, which is used to separate the contribu-
tions from primary and secondary leptons. However, this
measurement gives the most precise determination of the
shape of theB→Xl 2n̄ momentum spectrum in the upper
part of the momentum range.

~ii ! Measurement ofBSL using charge and angular corre-
lations in dilepton events at theY(4S). This technique de-
terminesBSL with the least model dependence, because
models are needed only for a relatively small extrapolation
from the minimum momentum for identified leptons down to
zero momentum.

~iii ! Separate measurement ofB SL
0 andB SL

2 . By recon-
structing oneB meson in anY(4S) event, it is possible to
tag the charge of the other. Using this technique, CLEO has
separately measuredB SL

0 andBSL
2 , but the statistical errors

are much larger than those for the average.

FIG. 15. Background-subtracted, efficiency-corrected electron mo-
mentum spectrum for a mixture ofD0 andD1 decays reconstructed
by DELCO. Redrawn from Bacinoet al. ~1979!.
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We then discuss the determination ofuVcbu from measure-
ments of theB-meson semileptonic branching fraction.

1. Measurement of BSL using the inclusive lepton spectrum

The challenge for inclusive measurements is to determine
what part of the observed lepton-momentum spectrum is due
to leptons fromb-hadron decay~primary leptons! and what
part is due to leptons from charm decay~secondary leptons!
or other sources~misidentified hadrons, photon conversions,
J/c decays, etc.!. The standard technique is to fit the ob-
served lepton-momentum spectrum to a sum of the shapes
expected for primary and secondary decays, after subtracting
backgrounds from other sources. Thus a large part of the
effort ~and uncertainty! in the analysis is in the determination
of these shapes.
Experiments at theY(4S) ~ARGUS and CLEO! use theo-

retical models, either inclusive or exclusive, to describe the
primary-lepton spectrum. The ACCMM model~Altarelli
et al., 1982! discussed in Sec. V.B is the standard inclusive
model used for this purpose. It has free parameters~deter-
mined from the fit! corresponding to thec-quark mass, the
Fermi momentum of theb quark, and the spectator-quark
mass. Alternatively, one can use exclusive models to predict
the shape of the primary-lepton spectrum by summing the
predicted distributions for exclusive modes. Because the
ISGW model ~Isgur, Scora, Grinstein, and Wise, 1989!
makes predictions for nearly all modes expected to contrib-
ute significantly to the spectrum, this exclusive model is
most commonly used in the fits. In this model, the dominant
contributions to the primary spectrum are fromB→Dl 2n̄
and B→D* l 2n̄, with some fromB→D** l 2n̄. Here,
D** refers to a mixture ofp-wave and radially excited
charm mesons. The contribution from these higher-mass
states is important primarily in the lower part of the momen-
tum spectrum.
It is important to recognize that, when using a theoretical

model to extractBSL , one is sensitive only to the shapes
predicted by the model; however, the calculation ofuVcbu
from the value ofBSL involves not the shapes but the nor-
malization. This latter step can be performed with the same
or different models.
The shape used to describe the secondary-lepton spectrum

in these fits, although somewhat more complicated to obtain,
is based on data. The inclusive charm decay lepton spectrum,
measured by DELCO ~Bacino et al., 1979! using
c9(3770)→DD̄ decays at SPEAR~see Sec. V.C!, is fit to the
ACCMM model. The lepton spectrum in theD rest frame is
then boosted according to the momentum spectrum ofD
mesons measured at theY(4S). Future measurements
should be able to use a charm decay lepton spectrum ob-
tained by summing the spectra for the known exclusive
charm semileptonic modes, which account for most of the
inclusive rate.
Figure 16 shows the electron and muon data from CLEO

II ~Barteltet al., 1993b!, which has the largest event sample.
The muon spectrum cuts off below 1.3 GeV/c due to the
iron absorber in front of the muon detectors, but the electron
spectrum is measured down to 0.6 GeV/c. Backgrounds
from continuum processes,c→l 1l 2, photon conversions,
p0 Dalitz decays, andB→Xt2n̄t decays have been sub-

tracted. The electron spectrum has been radiatively corrected
according to the prescription of Atwood and Marciano
~1990!, so the electron and muon data can be directly com-
pared. The agreement between the electron and muon spectra
is extremely good.
The data shown in Fig. 16 are fit with the ACCMM model.

This model is able to describe the spectrum well, giving
x2/Ndf50.9. The primary (B→Xcl

2n̄) component of the
spectrum accounts for most of the large hump above
1.0 GeV/c; its contribution is determined essentially by the
falling edge of the distribution above 1.5 GeV/c. The con-
tribution of secondary leptons rises rapidly towards low mo-
menta and dominates below 0.8 GeV/c. A third component,
from B→Xul

2n̄ decays, is also included in the fit. It is
barely visible at the bottom of the plot, and it is clear that the
fit has very poor sensitivity toB→Xul

2n̄ decays. It is im-
portant to note thatuVubu is not determined from this fit.
Rather, a special analysis of the end-point region is required,
in which strong cuts must be used to suppress continuum
background~see Sec. V.E!. Otherwise, the fluctuations in the
large continuum subtraction performed for the analysis of the
full spectrum would overwhelm the tinyB→Xul

2n̄ signal.
The ISGW model describes theB→Xcl

2n̄ rate in terms
of contributions from B→Dl 2n̄ ~27%!, B→D* l 2n̄
~60%!, andB→D** l 2n̄ ~13%!, whereD** represents sev-
eralp-wave and radially excited charm mesons whose sepa-
rate rates are predicted by the model. Unlike the ACCMM
model, the ISGW model has no free parameters, and it does
not describe as well the shape of the CLEO II spectrum,
giving x2/Ndf51.5. The ISGW fit was also poor in the
CLEO I data~Hendersonet al., 1992!.

FIG. 16. The inclusive lepton spectrum from CLEO II, with a fit
based on the ACCMM inclusive model. The fit is used to extract the
component of the spectrum due toB→Xl 2n̄ decays~primary lep-
tons!, which is shown as a dashed curve. Secondary leptons from
b→c→yl 1n decays are shown as a dot-dashed curve; their spec-
trum is much softer. Finally, there is a very small contribution from
primary leptons fromB→Xul

2n̄ decays ~dotted curve!. This
method has very little sensitivity toB→Xul

2n̄ processes, which
are best studied in a specialized analysis of the end-point region.
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The difficulty in the ISGW fit can be traced to an excess of
observed low-momentum leptons relative to the number pre-
dicted. A modified version of the ISGW model, ISGW** ,
has therefore been created. In ISGW** , theD** fraction is
allowed to vary, but theD* -to-D ratio is fixed at the value
~2.3! predicted by ISGW. The fit to the CLEO data using
ISGW** givesx2/Ndf50.9, significantly better than that us-

ing ISGW. TheD** fraction of theB→Xcl
2n̄ rate has

risen from 11% in the ISGW model to (21.261.668.0)%.
The systematic error is obtained by varying theD* /D frac-
tion and the mixture ofD** states. However, we caution
against taking thisD** fraction too literally, since it is ob-
tained in the framework of a particular model that does not
include all possible contributions to the leptonic rate, such as
B→Dpl 2n̄, where theDp system is nonresonant. Figure
17 shows the fit to the CLEO II data with the ISGW**
model; the largeD** contribution is explicitly shown.
Similar analyses have been carried out by other experi-

ments operating at theY(4S), including ARGUS, CUSB,
and the Crystal Ball. The results are listed in Table VII. All
of the measurements lie below 12.5%, the minimum dis-
cussed by Bigiet al. The difference between the CLEO II
results obtained with the ACCMM and ISGW** models is
greater than the errors on the separate values, showing that
model dependence is a problem at the 5% level.~The sys-
tematic errors on the individual CLEO II measurements are
dominated by uncertainties on lepton identification and
tracking efficiencies.! While the dilepton measurement dis-
cussed in the following section is able to reduce model de-
pendence in the determination ofBSL , the shape of the lep-
ton spectrum in the upper part of the momentum range is
determined best in the single-lepton analysis.
LEP experiments~ALEPH, DELPHI, L3, and OPAL!

measureBSL by fitting the spectra ofp andpT ~the lepton
momentum transverse to the jet axis! in single-lepton and
dilepton events. At theZ, the number of single-lepton events
is used to determine the branching fraction forZ→bb̄,
whereas the ratio of dilepton to single-lepton events can be
used to determineBSL . The shape of the primary
B→Xl 2n̄ spectrum is usually taken from CLEO or

FIG. 17. The inclusive lepton spectrum from CLEO II, with a fit
based on the ISGW** model. In this modified version of the ISGW
model, theD* /D ratio is fixed at 2.3, but theD** fraction is
allowed to float. This degree of freedom improves the fit signifi-
cantly, and theD** fraction increases with respect to the value
predicted in the ISGW model.

TABLE VII. Single-lepton measurements of the inclusive semileptonic branching fraction~%!,
BSL5B(B→Xl 2n̄), averaged over theB mesons produced at theY(4S) (Bu andBd). Results are given
separately for each of the models used to extractBSL . In the ARGUS measurement, the first error com-
bines both statistical and systematic uncertainties; the second error in their ACCMM value is due to the
extra free parameters present in the ACCMM model. The fit of the CLEO data using the unmodified
ISGW model is poor, so the results from that fit are less reliable. The table also gives the CLEO inclusive
branching fraction to charm final states (Xc̄) only, which is extracted from the same fit. This value is ap-
propriate for computinguVcbu, although it is not very different fromBSL . Sources of error in these mea-
surements are discussed in the text.

Experiment ACCMM ISGW ISGW**

ARGUS 10.260.560.2 9.860.5
~Albrechtet al., 1990b!
CRYSTAL BALL 12.060.560.7 11.960.460.7
~Wachset al., 1989!
CUSB II 10.060.460.3 10.060.460.3
~Yanagisawaet al., 1991!
CLEO I 10.560.260.4 9.960.160.4 11.260.360.4
~Hendersonet al., 1992!
CLEO II ~prelim.! 10.6560.0560.33 10.4260.0560.33 10.9860.1060.33
~Barteltet al., 1993b!
Average 10.5160.21 10.2260.20 11.0560.28

CLEO II ~prelim.! B→Xcl
2n̄ 10.4860.0760.33 10.4160.0760.33 10.8760.1060.33

~Barteltet al., 1993b!
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ARGUS, so that model-related uncertainties in these experi-
ments are propagated into the LEP results.~This uncertainty
is part of the third error in the LEP results given in Table
VIII. ! The results from LEP experiments are consistent with
those at theY(4S), although they are systematically higher.

2. Measurement of BSL using charge and angular
correlations in dilepton events

The ARGUS Collaboration~Albrecht et al., 1993b! has
introduced a second method, using dilepton events, that al-
lows one to separate the contributions of primary and sec-
ondary leptons without relying on model-dependent shapes.
This technique, which has now been used by both ARGUS
and CLEO~Gronberget al., 1994; Barishet al., 1995b!, sub-
stantially reduces the need for models in the determination of
BSL .
The first step is to require that one lepton~the ‘‘tagging

lepton’’! have high momentum, so that it must nearly always
be primary. For example, withpl .1.4 GeV/c, only about
2.8% of these leptons are secondary. The lepton spectrum
extracted is that for the other lepton in the event, for which
no such cut is applied.
Assuming that the tagging lepton is always primary~a

small correction for secondary tags must be made!, there are
three possibilities for the other lepton. These possibilities and
the corresponding lepton charge correlations are, assuming
no B0B̄0 mixing,

~i! the other lepton is primary and from the decay of the
otherB meson, resulting in opposite-sign leptons (l 1l 2);

~ii ! the other lepton is secondary and from the decay chain
of the other B meson, resulting in same-sign leptons
(l 1l 1 or l 2l 2); or

~iii ! the other lepton is secondary and from the decay
chain of the sameB meson in the event, resulting in
opposite-sign leptons (l 1l 2).
Thus, if one can eliminate events corresponding to the

third scenario, then a lepton with charge opposite to that of
the tag must be primary, whereas a lepton with the same
charge as the tag must be secondary. This discussion ignores
mixing, but theB0B̄0 mixing rate is well measured, and it is
not difficult to correct for this effect.
If the two leptons are from the decay chain of the sameB

meson~the last case listed above!, there is a strong angular

correlation, resulting from momentum conservation, such
that they tend to be in opposite hemispheres. In contrast,
leptons from differentB mesons have uncorrelated angular
distributions.@The twoB mesons are produced nearly at rest
at theY(4S); see Sec. III.B.# By requiring both leptons to be
in the same hemisphere, one effectively removes events in
which the two leptons come from the decay chain of a single
B meson.~In the CLEO analysis, the lepton opening-angle
cut is momentum dependent.!
Because a lepton whose charge is opposite to that of the

tagging lepton must be primary, while one with the same
charge as the tagging lepton must be secondary~up to the
mixing correction!, one can measure the number of primary

TABLE VIII. Measurements from LEP experiments of the inclu-
sive b-hadron semileptonic branching fraction,B(Xb→Xl 2n̄),
whereXb is a hadron containing ab quark. At theZ, the popula-
tion of b hadrons includes not onlyBu andBd mesons, but also a
smaller fraction ofBs mesons andb baryons. The first error is
statistical, the second systematic, and the third also systematic from
the decay model.

Experiment Reference B(Xb→Xl 2n̄)%

ALEPH Buskulicet al., 1994a 11.3960.3360.3360.26
DELPHI DELPHI Collaboration,

1995
11.0660.3960.1260.19

L3 ~prelim.! Venus, 1993 11.7360.4860.2860.31
OPAL Akerset al., 1993 10.560.660.460.3

LEP average 11.260.4

FIG. 18. The primary-lepton spectrum from the CLEO II dilepton
analysis. In this analysis, a high-momentum lepton is used to tag a
second lepton as either primary or secondary.~In the single-lepton
analysis, this distinction is made using model-dependent fits.! The
curves correspond to fits using the ISGW** model ~solid curve!,
ISGW model~dashed curve!, the ACCMM model~dotted curve!.
As in the single-lepton analysis, the ISGW** and ACCMM models
both describe the data well, but the ISGW model does not. These
fits are used to extrapolate the spectrum to momenta below the
acceptance of the experiment.

FIG. 19. The secondary-lepton spectrum from the CLEO II dilepton
analysis. The curves correspond to fits using the ISGW model
~dashed curve! and the ACCMM model~dotted curve!.
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and secondary leptons in each momentum bin. Figures 18
and 19 show the primary- and secondary-electron momen-
tum spectra obtained from the CLEO analysis. There is a
lower cutoff in the electron identification efficiency, how-
ever, and a small extrapolation, based on models, is required
to obtain the total semileptonic rate. In the CLEO II mea-
surement, the minimum momentum in the measurement is
0.6 GeV/c, and the extrapolation to zero momentum
amounts to only (6.160.5)% of the semileptonic rate. The
central value is based on the average of the ACCMM and
ISGW predictions, and the error is based on the difference
between these two models.
Table IX lists the values ofBSL obtained from the

ARGUS and CLEO II dilepton analyses. These results are in
agreement with the value ofBSL obtained from the single-
lepton analyses. The reduced sensitivity to models has been
achieved at the expense of some statistical power, but in the
CLEO II result the statistical error is still smaller than the
systematic error. This method also very much reduces the
sensitivity to any possible non-BB̄ decays of theY(4S),
which are assumed to be negligible in the single-lepton
method.

3. Measurement of BSL for B
0 and B2 with tagging

The semileptonic branching fraction has been measured
separately for charged and neutralB mesons by CLEO and
for neutralB’s by ARGUS. OneB meson from theY(4S)
decay is fully or partially reconstructed so that its charge can
be determined. The semileptonic branching fraction is then
obtained from the fraction of such events in which the other
B meson produces a lepton. To obtain as large a tagged
sample as possible, CLEO has used a large number of decay
modes. Hadronic decays are reconstructed in eight modes:
Dp2, D*p2, Dr2, D* r2, Da1

2 , D* a1
2 , cK, and

cK* . These decays yield 834642B2 and 515631 B̄0 tags.
A large sample of additionalB̄0 tags is obtained using the
semileptonic decayB̄0→D*1l 2n̄. To obtain high effi-

ciency, theD*1 is identified using only the characteristic
soft pion from D*1→D0p1, without reconstructing the
D0 decay. ~For a discussion of this partial reconstruction
technique, see Sec. VI.E.! This mode yields 71196139 B̄0

tags. An additional 822653 B̄0 tags are obtained from a
partial reconstruction ofB̄0→D*1p2. The fraction of
events in each charge sample with a lepton in the momentum
range 1.4 GeV/c to 2.4 GeV/c is used, together with an
extrapolation to low momenta based on the ISGW** model,
to determine the charged and neutral semileptonic branching
fractions. Table X summarizes the measurements from
CLEO and ARGUS. These values are consistent with mea-
surements based only on the inclusive lepton spectrum. The
CLEO II values yield a ratio

B~B2→Xl 2n̄ !

B~B̄0→Xl 2n̄ !
50.9360.1860.12, ~76!

consistent with the world average lifetime ratio but with
rather large errors.

4. Determination of uVcbu from inclusive measurements

To calculateuVcbu fromBSL , we first convert the branch-
ing fraction to a decay rate using the appropriateB lifetime
and then normalize to a theoretical calculation, which pre-
dicts the constantgc :

uVcbu5ABSL

gctB
. ~77!

Table XI gives values ofuVcbu based on measurements of
BSL . The uncertainties onuVcbu arise from several sources,
which are listed in Table XII: the experimental error on
BSL , the model dependence in the measurement ofBSL , the
uncertainty on theB lifetime, and the theoretical uncertainty
on gc . Apart from the uncertainty on the lifetime, the ex-
perimental uncertainty onuVcbu from the single-lepton analy-
sis, including the model dependence of the branching frac-

TABLE IX. Measurements of the inclusive semileptonic branching fraction~%!, at the Y(4S), using
dilepton events. These measurements have less model dependence than those using the single-lepton spec-
trum, because charge correlations rather than model-dependent shapes have been used to separate the pri-
mary and secondary lepton spectra.

Experiment B(B→Xen) ~%!, pe.0.6 GeV/c B(B→Xen) ~%!

ARGUS ~Albrechtet al., 1993b! 9.160.560.4 9.660.560.4
CLEO II ~Barishet al., 1995b! 9.8560.1660.40 10.4960.1760.43

Average 10.1960.37

TABLE X. Measurements of the inclusive semileptonic branching fractions of charged and neutralB me-
sons.

Experiment B(B̄0→Xl 2n̄) ~%! B(B2→Xl 2n̄) ~%!

CLEO ~Hendersonet al., 1992! 9.963.060.9
ARGUS ~Albrechtet al., 1994a! 9.361.161.15
CLEO II ~Athanaset al., 1994! 10.960.761.1 10.161.861.4

Average 10.2260.96 10.162.3
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tion ~but not gc), is about 2.5%. The corresponding
uncertainty in the dilepton analysis is 2.2%. The error asso-
ciated with the lifetime is the source of some difficulty. If
one used only the uncertainties on the individually measured
charged and neutralB lifetimes ~about 0.1 ps!, the resulting
error onuVcbu would be about 3%. Our view, however, is that
one should not completely ignore the inclusiveB lifetime
measurements, which have much smaller errors but which
include some contamination fromb baryons. Since this con-
tamination is thought to be relatively small, we take the un-
certainty on theB0 andB2 lifetimes to be60.07 ps, which
contributes a 2.3% uncertainty onuVcbu. The combined un-
certainty inuVcbu from all errors except that ongc is about
0.001.
It is difficult to assign errors to predictions ofgc based on

quark-model calculations. Traditionally, a nominal theoreti-

cal error of 20% in the rate is assumed, leading to a 10%
theoretical error onuVcbu. We assign this error when quoting
results using the ACCMM or ISGW** models. As discussed
in Sec. V.B, HQET is being used to obtain a value ofuVcbu
from the inclusive spectrum with a more precisely defined
error. Shifman, Uraltsev, and Vainshtein~Shifman et al.,
1995! argue that the theoretical uncertainty onuVcbu using
their results is 5% or less. Luke and Savage~1994!, however,
quote a somewhat larger uncertainty, which they express as
an allowed range. There is not yet a consensus on the size of
these theoretical errors, but rapid progress is being made on
this question.
As our final value ofuVcbu from the inclusive semileptonic

branching fraction, we take the average over different mod-
els of the values ofuVcbu from the CLEO II single-lepton
analysis.~We do not use the Luke and Savage result, where

TABLE XI. Measurements ofuVcbu from the inclusive semileptonic rate, using the ACCMM inclusive
model, the ISGW** exclusive model, and three HQET-based calculations. The third column gives values
of uVcbu calculated from the CLEO II measurement ofB→Xcl

2n̄ using the inclusive lepton spectrum. In
this case, the ACCMM and ISGW** values ofuVcbu were calculated using not only the values ofgc from
these models, but also the branching fractions extracted from fits using the predicted lepton-energy spectra
@B(B→Xcl

2n̄)5(10.4860.34)% for ACCMM and (10.8760.34)% for ISGW** #. In contrast, the
CLEO II values of uVcbu based on the Shifmanet al. ~1995!, Luke and Savage~1994!, and Ball et al.
~1995! values ofgc were calculated using the branching ratio extracted by fitting the single-lepton spec-
trum with the ACCMM model. The fourth column gives the values ofuVcbu calculated using the average
of the CLEO II and ARGUS values forB→Xl 2n̄ @(10.1960.37)%# measured using the dilepton method,
which has less model dependence than the fits of the single-lepton spectrum. Finally, the fifth column uses
the average valueB(Xb→Xl 2n̄)5(11.260.4)% from the LEP experiments. The first error onuVcbu is
experimental, the second theoretical. To correct theseuVcbu values for a different value oftB , multiply by
A1.54 ps/tB.

gc CLEO II (1l ) CLEO II/ARGUS avg. (2l ) LEP avg.
Model ~ps!21 uVcbu/1022 uVcbu/1022 uVcbu/1022

ACCMM 4068 4.160.160.4 4.160.160.4 4.360.160.4
ISGW** 4268 4.160.160.4
Shifmanet al., 1995 41.364 4.160.160.2 4.060.160.2 4.260.160.2
Luke and Savage, 1994 25 to 51 3.7 to 5.2 3.6 to 5.1 3.8 to 5.4
Ball et al., 1995 43.264.2 4.060.160.2 3.960.160.2 4.160.160.2

TABLE XII. Sources of error onuVcbu using the inclusive semileptonic rate. The experimental error is
based on the CLEO II error onBSL , apart from model-related effects. The model-dependent error on the
branching fraction is based on the difference between the CLEO II ACCMM and ISGW** values for
B→Xcl

2n̄. There is a correlation in the errors introduced when a given model is used to extract both
BSL and uVcbu, but we ignore this effect here. The model-dependent error onBSL is negligible in the
dilepton analysis, but the experimental error is slightly larger. Errors on the lifetime in the range 0.02 ps
to 0.1 ps correspond to an uncertainty of 0.6% to 3.2% onuVcbu. As discussed in the text we take a 0.07
ps uncertainty in the lifetime. The error ongc for the quark-model calculations is set somewhat arbitrarily
at 20%~or 10% in the amplitude!, whereas the errors on HQET-based calculations are based on real esti-
mates of the uncertainties in the calculation. We take a bottom-line theoretical uncertainty of60.003 on
uVcbu.

Source (dG/G)% (duVcbu/uVcbu)% (duVcbu)/1023

Error onB(B→Xcl
2n̄) (1l analysis! 3.2 1.6 0.6

Model dependence ofB(B→Xcl
2n̄) (1l analysis! 3.8 1.9 0.8

Error onB(B→Xcl
2n̄) (2l analysis! 4.4 2.2 0.9

Error on lifetime (tB) 4.5 2.3 0.9
Error ongc 10 to 20 5 to 10 2 to 4

Total error~either 1l or 2l ) 61( expt)63(thy)
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only a range is given.! For our final theoretical uncertainty,
we use a value that is smaller than the traditional60.004
associated with the quark-model predictions but larger than
the60.002 uncertainty claimed by some of the HQET-based
calculations. Thus

uVcbu50.04160.001~expt!60.003~ theory!. ~78!

This value ofuVcbu agrees well with the value obtained from
theB→D* l 2n̄ measurement@see Eq.~160!#.

E. Lepton end-point region in semileptonic B decays
and determination of uVubu

The determination ofuVubu is one of the most important
and challenging measurements inB physics. The curve in
Fig. 16 representing theb→ul 2n̄ rate shows clearly how
little these processes perturb the total spectrum below the
end-point region. In fact, over all lepton energies, simple
free-quark models predict that~Rosner, 1992!

G~b→ul 2n̄ !

G~b→cl 2n̄ !
5~1.85 to 2.44!UVub

Vcb
U2'~1.2 to 1.6!%,

~79!

where we have used the typical valueuVub /Vcbu'0.08. The
key to measuringuVubu is to take advantage of the large
lepton momenta made accessible by the small mass of the
daughteru quark. By working in the region at and beyond
the lepton-momentum-spectrum end point forB→Xcl

2n̄
processes, one gains enormously in sensitivity to
B→Xul

2n̄ decays.
Although the advantages of working in this end-point re-

gion (2.3,pl ,2.6 GeV/c) are decisive, there are also dis-
advantages. The major difficulty is the need to convert the
measured rate for this tiny portion of phase space into a
value of uVubu. This calculation can be performed using ei-
ther inclusive or exclusive models, but both have substantial
uncertainties. Inclusive models are expected to be fairly re-
liable if one considers a large enough part of phase space, but
their ability to predict theB→Xul

2n̄ spectrum in the end-
point region can be questioned. The ACCMM~inclusive!
model predicts a significantly larger rate in this region than
the ISGW ~exclusive! model, in which a small number of
modes (B→rl 2n̄, B2→vl 2n̄, andB→pl 2n̄) produce
about 70% of the leptons withp.2.3 GeV/c. Figure 7, dis-
cussed in Sec. II.C, shows thatB→rl 2n̄ and
B2→vl 2n̄, with their hard lepton-momentum spectra, are
expected to be particularly important. Thus, in this region of
phase space, there may not be enough hadronic final states
for an inclusive model to work well. However, it is possible
that, in addition to resonant hadronic final states, there are
also nonresonant modes, such asB→ppl 2n̄. In particular,
such modes might be important at lowq2, where the daugh-
ter u quark recoils very rapidly with respect to the spectator
quark, and the form factors for resonant hadronic final states
are suppressed. If these nonresonant modes do contribute
substantially, then the predictions of inclusive models might
be more reliable. This question is controversial and has not
yet been resolved.
An alternative is to use exclusive models to extractuVubu

by summing the rates for all modes expected to contribute in

the end-point region. However, in addition to the question of
possible nonresonant contributions to the observed rate, large
uncertainties exist in the calculations of the rates for resonant
modes. Thus the factorsg thy in Eq. ~25! are difficult to cal-
culate, much more so than the corresponding factors for
B→Xcl

2n̄. Due to the small value of theu-quark mass, the
qmax
2 region cannot be used to provide a relatively solid nor-
malization point for the form factors, as it does in
b→cl 2n̄ decays. In addition, the range of recoil velocities
available to the light final-state mesons produced in
B→Xul

2n̄ decays is much larger than that for charm-meson
final states~see Table XVII below!. The larger range pro-
duces a much larger variation in the form factors and hence
greater uncertainty. Consequently measurements ofuVubu are
currently quite model dependent, and there is substantial
variation among values obtained using different models. In
the future, lattice QCD calculations of theB→pl 2n̄ or
B2→vl 2n̄ decay rate at highq2 may provide an alterna-
tive method. Useful information on the form factors may
also be obtained from measurements ofb→sg decays, pro-
viding constraints on the theory.
We turn now to the measurement of the rate in the end-

point region. Although the measurement is properly de-
scribed as ‘‘inclusive,’’ the analysis is rather different from
that of the inclusive lepton spectrum described in Sec. V.D.1.
The reason is that continuum processes produce high-
momentum leptons, which constitute an enormous back-
ground unless suppressed by kinematic cuts. The signal effi-
ciency of these cuts is much more sensitive to the shapes of
kinematic distributions~especially to that ofq2) than the
very loose cuts used in the analysis of the inclusive lepton
spectrum. This sensitivity introduces another source of
model dependence into the results, beyond the overall scale
g thy .
The primary characteristic used to remove continuum

events is event topology: continuum events are usually much
more jetlike thanY(4S)→BB̄ events, which are quite
spherical. In the CLEO II measurement~Bartelt et al.,
1993a!, which has the highest statistics, the event shape is
described quantitatively using the variableR25H2 /H0 ,
where theHi are Fox-Wolfram moments~Fox and Wolfram,
1978!. TheR2 variable ranges from 0~completely spherical!
to 1 ~completely jetlike!; for the end-point analysis CLEO
requiresR2,0.2. The other important variable in suppress-
ing continuum events is the magnitudepmiss of the missing-
momentum vector. A large value ofpmiss is indicative of a
b→ul 2n̄ process; the analysis requirespmiss.1 GeV/c,
which is 90% efficient for the signal but suppresses con-
tinuum events by a factor of 2.3. Finally, the lepton momen-
tum and missing-momentum vectors are required to be in
opposite hemispheres. Together, these cuts suppress the con-
tinuum by a factor of 70 while retaining 38% of signal events
~as determined with Monte Carlo!.
Even with these cuts, a significant background from con-

tinuum events remains. Fortunately, this background can be
directly measured by running just below theY(4S) reso-
nance and performing the same analysis. This procedure
leads to a background level that must be scaled by the lumi-
nosity ratio between on- and off-resonance running and cor-
rected slightly for the energy difference. Additional back-
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grounds to the analysis arise from hadrons that fake a lepton
signature in the detector and from leptons fromJ/c ’s. These
backgrounds are minor but not entirely negligible and must
be accurately determined.
Figure 20 shows the CLEO lepton-momentum spectrum

~including both electrons and muons! in the end-point region.
The upper plot was made using the cuts described above; the
lower one uses only a relatively looseR2 cut (,0.3). As a
result, the lower plot has a larger background, but the effi-
ciency correction involves less model dependence. In these
plots the solid points are the data after analysis cuts are ap-
plied, and the open points represent the continuum back-
ground as measured from below-resonance running. The
continuum-background level is obtained from a fit to these
points. The background fromb→cl 2n̄ processes is shown
as a solid histogram~added onto the continuum background!.
This background is very small in the upper momentum bin
(2.4,pl ,2.6 GeV/c) but is substantial in the lower bin
and must be accurately determined. It is obtained by fitting
the data below the end point to theoretical models for
b→cl 2n̄ and extrapolating them into the end-point region;
the uncertainty in the extrapolation is relatively small
(,10% of theb→cl 2n̄ background! and is included in the
error on the yields. In the upper plot, for which the stricter
cuts were used, theb→ul 2n̄ yields in the two bins are
43.0610.266.7 events (2.4,pl ,2.6 GeV/c) and
64.3611.464.4 events (2.3,pl ,2.4 GeV/c), with a total
of 107615611 events. These yields constitute the most sig-

nificant evidence thatuVubu is nonzero. The corresponding
yields with the looser, less model-dependent cuts are
128.4626.3615.3 events and 98.1623.6614.9 events.
These signals, together with efficiencies obtained from

Monte Carlos of theoretical models, are used to obtain a
partial branching fraction DBub5B(B→Xul

2n̄;
2.3,pl ,2.6 GeV/c). Values ofDBub for the CLEO II mea-
surement and four models are given in Table XIII. The use of
the KS and WSB models for this purpose can be questioned,
since they predict only two modes,B→rl 2n̄ and
B→pl 2n̄. The 25% difference in the results for ISGW and
ACCMM, however, is indicative of the uncertainty associ-
ated with different shapes for the kinematic distributions.
The magnitude ofVub /Vcb is then calculated using

UVub

Vcb
U25DBub / f ~p!

Bcb

gc

gu
, ~80!

whereDBub is the branching fraction to a given momentum
interval; f (p) is the fraction of the spectrum in this momen-
tum interval, as predicted by a particular model;Bcb is the
measuredB→Xcl

2n̄ branching fraction; andgc andgu are
defined in Eq.~25!. For an exclusive model, bothf (p) and
gu refer only to the sum of exclusive modes predicted by the
model. The ISGW model, for example, may predict enough
modes to adequately describe the end-point region, but not
the large region below it. Thus, although one can calculate
Vub , the quantity DBub / f (p) cannot be interpreted as
B(B→Xul

2n̄) for this type of model, but rather as the total
branching fraction to the predicted set of modes only. For
this reason, we expectgu for an exclusive model to be less
than that for an inclusive model; for comparisons between
models, the quantityf (p)gu or d(p)5 f (p)gu /gc is more
useful. The efficiency of the analysis cuts is model dependent
and is sensitive to theq2 distribution of theB→Xul

2n̄
events in the end-point region. The variation in the efficien-
cies between the ACCMM and ISGW models is about 25%,
corresponding to a 12.5% effect onuVubu. While this uncer-
tainty is fairly large, it is still much smaller than that in the
overall rates predicted by the models.
Table XIV summarizes the measurements ofuVub /Vcbu

from CLEO and ARGUS. The new CLEO values of
uVub /Vcbu, which are based on about five times as many data
as the original CLEO and ARGUS measurements, are about
2s lower than the older values.
Improving the reliability of theoretical predictions for the

inclusive B→Xul
2n̄ rate in the end-point region is ex-

tremely desirable. Several authors~Bigi, Shifman, Uraltsev,
and Vainshtein, 1994; Korchemsky and Sterman, 1994; Neu-

FIG. 20. Inclusive end-point spectrum from CLEO II. The upper
plot is from the analysis with tight cuts; the lower plot is from the
analysis with looser cuts. Efficiencies in the latter analysis have less
sensitivity to models, but the background is larger. In both plots, the
solid points with error bars are the data taken at theY(4S),
whereas the open points with error bars represent the continuum
background, which is determined using data taken below the
Y(4S) resonance. The histogram shows the total background pre-
diction, which includes both continuum andB→Xcl

2n̄. The ex-
cess of observed events over this total background prediction con-
stitutes evidence forB→Xul

2n̄ decays.

TABLE XIII. Measurements of the partial branching fraction
DBub from CLEO ~Bartelt et al., 1993a! using the inclusive rate
in the lepton-spectrum end-point region. The lepton-momentum
interval for this partial branching fraction is 2.3,p,2.6 GeV/c.

Model DBub/10
24

ACCMM 1.2160.1760.15
KS 1.1560.1660.15
WSB 1.2260.1760.16
ISGW 1.5460.2260.20
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bert, 1994d! have pointed out that measurements of
B→Xsg decays provide information that can help to reduce
the hadronic uncertainties inB→Xul

2n̄. In particular, the
photon energy spectrum inB→Xsg is sensitive to the motion
of the b quark within theB meson. The inclusiveB→Xsg
decay has recently been observed~Alam et al., 1994!, and
with larger data samples and more theoretical work this ap-
proach may prove to be very useful.

F. B→Xt2n̄t and other inclusive modes

Table XV lists results forB→Xt2n̄t and for certain semi-
inclusiveB decays. Because two neutrinos are produced in
B→Xt2n̄t and the lepton-energy spectrum from thet decay
is relatively soft, experiments at theY(4S) have not been
able to observe this process. LEP experiments, however,
have found a way to circumvent these problems by exploit-
ing the jet-like topology and the large boost given to theb
quark inZ→bb̄ events. The jet topology allows the tracks in
each hemisphere of the event—as defined by a plane perpen-
dicular to the thrust axis—to be associated with the decay or
fragmentation of a singleb quark. The presence of two neu-
trinos in theB→Xt2n̄t decay results in configurations with
a relatively large missing energy in theb-hadron rest frame.
The boost of theb hadron to the lab frame can result in a
very large missing energy~10–30 GeV! for the event hemi-
sphere containing the decay. By looking for events with both
a large missing energy (Emiss.16 GeV) and a taggedb had-
ron ~using vertex detector information!, ALEPH ~Buskulic
et al., 1993, 1995a! has been able to observe a signal, as
shown in Fig. 21. A similar analysis has been carried out by
L3 ~Adevaet al., 1994!, whose result is also given in Table
XV.
Within the large errors, the measured value for

B(B→Xt2n̄t) is consistent with standard-model predic-
tions. For example, a calculation~Falk, Ligeti, Neubert, and
Nir, 1994! based on the operator product expansion and
HQET predictsB(B→Xt2n̄t)5(2.3060.25)%. This calcu-
lation uses as input the measured inclusive semileptonic

branching fraction, taken to beB→Xl 2n̄5(10.760.5)%,
and the largest contribution to the uncertainty in the predic-
tion for B→Xt2n̄t arises from the error onB→Xl 2n̄. An
earlier calculation~Heiliger and Sehgal, 1989! gave the
somewhat higher prediction B(B→Xt2n̄t)5(2.83
60.31!%.
In certain supersymmetric~SUSY! models with charged

Higgs bosons, the rate forB→Xt2n̄t can be substantially
enhanced by decays in which theH2 replaces theW2. Thus
part of the parameter space of such models can be excluded
by the measured branching fraction. Predictions of SUSY
models for this mode have been discussed in the literature
~Grzadkowski and Hou, 1992; Grossman and Ligeti, 1994!,
and the resulting constraints are discussed in the ALEPH
paper~Buskulicet al., 1995a!.

VI. EXCLUSIVE SEMILEPTONIC DECAYS

With the enormous data samples now available for the
study of charm and bottom hadrons, knowledge of their ex-
clusive semileptonic decays is improving rapidly. In the fol-
lowing sections, we present theoretical and experimental re-
sults on exclusive semileptonic decays. Section VI.A
continues the discussion begun in Sec. II.C, where we intro-
duced some of the basic theoretical ideas. Here we discuss
form factors, HQET, decay rates, and kinematic distributions
in much more detail.
Our presentation of exclusive decays of charm and bottom

mesons is organized according to whether the decays are
favored or suppressed by CKM matrix elements. In the sec-
tions on charm decays, we discuss measurements of branch-
ing fractions and form factors; in the sections on bottom
decays we discuss the determination ofuVcbu and uVubu as
well. As in the case of inclusive decays, extraction of these
CKM matrix elements involves a close interplay between
experiment and theory. The theoretical ideas that underlie
our understanding of semileptonic decay dynamics can to
some extent be tested by measurements of form factors.

TABLE XIV. Measurements ofuVub /Vcbu using the inclusive rate in the end-point region. The ARGUS
and CLEO I results are each based on about 200 000BB̄ events, and the CLEO II results are based on
about 955 000BB̄ events.

ARGUS CLEO I CLEO II
Model ~Albrechtet al., 1991a! ~Fultonet al., 1990! ~Barteltet al., 1993a!

ACCMM 0.1160.01 0.0960.01 0.07660.008
ISGW 0.2060.02 0.1560.02 0.10160.010

TABLE XV. Measurements of branching fractions forB→Xt2n̄t and other semi-inclusive modes.
B semileptonic decays to final states with baryons have not been observed. The ARGUS result for
B→Ds

2Xl 1n has been rescaled using the Particle Data Group value forDs
1→fp1.

Mode Experiment Reference B(%)

B→Xt2n̄t ALEPH Buskulicet al., 1995a 2.7560.3060.37
B→Xt2n̄t L3 Adevaet al., 1994 2.460.760.8

B→Ds
2Xl 1n ARGUS Albrechtet al., 1993d ,0.9 ~90% C.L.!

B→ p̄Xl 1n ARGUS Albrechtet al., 1990b ,0.16 ~90% C.L.!
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In the last section on exclusive decays, we discuss semi-
leptonic decays of the baryonsLc , Jc , Vc , andLb . The
information here is more limited, since the production cross
sections for baryons are generally much smaller than those
for mesons. In addition, the individual baryon production
cross sections are not yet known, so that normalization of the
branching ratios is difficult. Nevertheless, important progress
is being made in this area, and from a theoretical standpoint
baryon semileptonic decays are quite interesting.

A. Theory of exclusive semileptonic decays of mesons

In this section we describe some of the theoretical ap-
proaches used to predict exclusive semileptonic decays of
hadrons containing heavy quarks. We begin with the standard
parametrizations of the hadronic currents in terms of form
factors. Turning to the form factors themselves, we next dis-
cuss quark-model calculations and some of their predictions.
These calculations consist of two parts: first, the determina-
tion of the values of the form factors at a particular value of
q2, and second, the extrapolation over the fullq2 range.
When both the parent and daughter quarks are heavy, as in a
b→cl 2n̄ decay, both aspects are easiest to treat, because
the form factors can be determined reasonably well in the
zero-recoil configuration and the range of the extrapolation
to other values ofq2 is small. We shall compare the available
range ofq2 and recoil velocities in various charm and bottom
semileptonic decays, since this provides a guide to how reli-

able the form-factor extrapolations are likely to be. We then
examine the predictions of heavy-quark symmetry, which re-
lates the form factors to each other and to the Isgur-Wise
function. Because four-velocity rather than four-momentum
provides the simplest description when both the initial and
the final-state quarks are very heavy, we introduce a new set
of form factors for decays in which the departures from
heavy-quark symmetry are reasonably small. We also con-
sider the size of the corrections to heavy-quark symmetry
predictions for B→D* l 2n̄. These corrections, though
model dependent, have been estimated within the framework
of HQET. To determine the behavior of the Isgur-Wise func-
tion itself, one must use nonperturbative methods, and we
next summarize predictions for the slope of the Isgur-Wise
function forB→D* l 2n̄ andB→Dl 2n̄ from lattice QCD
and QCD sum rules. The reliability of lattice QCD calcula-
tions is improving, and they may eventually provide accurate
predictions that are tied in a rigorous way to the fundamental
theory of QCD. Finally, we give standard results for differ-
ential decay distributions in both the conventional notation
and in the form best suited to testing HQET.
The channelsP→P8l n andP→Vl n, whereP andP8

are pseudoscalars andV is a vector meson, play an extremely
important role because they dominate the semileptonic rate
and are generally the easiest modes to study experimentally.
Our theoretical discussion therefore focuses on decays with
these quantum numbers. We letp denote the four-momentum
of P andp8 denote the four-momentum of eitherP8 or V,
depending on the context. The masses of the mesonsP,
P8, andV are labeled, respectively,M , mP8, andmV . When
the quantum numbers of the final-state meson are irrelevant,
we denote its mass bymX .

1. Structure of hadronic currents

The hadronic current in semileptonic decay must be con-
structed from the available four-vectors, which are momenta
and spin-polarization vectors. The Lorentz-vector or axial-
vector quantities thus formed have Lorentz-invariant coeffi-
cients~form factors! that are functions ofq2.
In the case of aP(Qq̄)→P8(q8q̄)l n decay, there are

only two independent four-vectors, which we can take to be
p1p8 andq5p2p8. For these quantum numbers, the had-
ronic currentHm @see Eq.~9!# has no axial-vector contribu-
tion and can be written~Wirbel et al., 1985; Neubert, 1994c!

^P8~p8!uVmuP~p!&5F1~q
2!F ~p1p8!m2

M22mP8
2

q2
qmG

1F0~q
2!
M22mP8

2

q2
qm, ~81!

whereVm5q̄8gmQ andF0(0)5F1(0), sothere is no singu-
lar behavior atq250. The form factorsF0(q

2) andF1(q
2)

can be associated with the exchange of particles with quan-
tum numbersJP501 and JP512, respectively ~Wirbel
et al., 1985!. Another common way to write the current is

^P8~p8!uVmuP~p!&5 f1~q2!~p1p8!m1 f2~q2!~p2p8!m,
~82!

where f1(q
2)5F1(q

2) and

FIG. 21. Evidence for aB→Xt2n̄t signal from ALEPH. The pres-
ence of two neutrinos in the decay can result in a large observed
missing energy, especially inZ→bb̄ events, where the velocity of
the b hadron is large. Thus a substantial part of the tail at large
values ofEmiss is attributed toB→Xt2n̄t decays.
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F0~q
2!5 f1~q2!1

q2

M22mP8
2 f2~q2!. ~83!

In practice, these expressions for the currents simplify, be-
cause the terms proportional toqm are nearly always negli-
gible, both here and for the caseP→Vl n. The reason is
that, in the limitml →0, qmLm50, whereLm is the lepton
current. ThusP→P8l n is, to a very good approximation,
described by only one form factorF1(q

2) when l 5e or
m:

^P8~p8!uVmuP~p!&5F1~q
2!~p1p8!m. ~84!

For the processP(Qq̄)→V(q8)l n, each term in the cur-
rent must be linear in the polarization vector« of the vector
meson. This requirement leads to the general form~Wirbel
et al., 1985; Neubert, 1994c!

^V~p8,«!uVm2AmuP~p!&

5
2i emnab

M1mV
«n* pa8pbV~q2!2~M1mV!«* mA1~q

2!

1
«* •q
M1mV

~p1p8!mA2~q
2!12mV

«* •q
q2

qmA3~q
2!

22mV

«* •q
q2

qmA0~q
2!, ~85!

whereVm5q̄8gmQ, Am5q̄8gmg5Q, and

A3~q
2!5

M1mV

2mV
A1~q

2!2
M2mV

2mV
A2~q

2!, ~86!

with A0(0)5A3(0). Again, terms proportional toqm only
play an important role for the casel 5t. ThusP→Vl n is
essentially described by three form factors:A1(q

2), V(q2),
andA2(q

2):

^V~p8,«!uVm2AmuP~p!&

5
2i emnab

M1mV
«n* pa8pbV~q2!2~M1mV!«* mA1~q

2!

1
«* •q
M1mV

~p1p8!mA2~q
2!. ~87!

The form factorsA1(q
2) andA2(q

2) can be associated with
the exchange of a particle with quantum numbersJP511,
whereasV(q2) is associated withJP512. We shall see later
@Eqs.~116! and~115!# thatA1 contributes to all three helicity
components of the final-state vector meson~or theW* ), A2
contributes only to the helicity-zero component, andV(q2)
contributes only to the helicity61 components.
We now consider the information that can be obtained on

the form factors from quark models, HQET, and nonpertur-
bative methods and then return to the problem of computing
decay distributions.

2. Quark models

Numerous quark-model calculations have been performed
to determine form factors for exclusive decays, from which
complete predictions for kinematic distributions and decay
rates follow. As we discussed in Sec. II.C, form factors de-

scribe the effect of strong interactions on the decay. The
higher the recoil velocity of the daughter quark~or the lower
the value ofq2), the smaller the value of the form factor,
since more momentum must be transferred to the light con-
stituents of the original hadron to form the new system.
Some of the models most frequently discussed are those of
Isgur, Scora, Grinstein, and Wise~ISGW; Isguret al., 1989;
Isgur and Wise, 1990b!, Körner and Schuler~KS; Körner and
Schuler, 1988, 1989, 1990; Ko¨rner, Schilcher, Wirbel, and
Wu, 1990!, and Wirbel, Stech, and Bauer~WSB; Wirbel
et al., 1985; Bauer and Wirbel, 1989!. Scora~1993! has im-
proved the ISGW model, taking into account various relativ-
istic effects and constraints from heavy-quark symmetry, and
a new version of the model, called ISGW2~Scora and Isgur,
1994! is currently being completed. Although these papers
describe the models most commonly used in comparisons
with data, there is a vast literature on this subject, and we
shall be able to reference only part of it in the following
sections. We note here that useful discussions of model pre-
dictions can be found in the papers of Hagiwara, Martin, and
Wade ~1989!; Gilman and Singleton~1990!; Kramer and
Palmer ~1990!; Ramirez, Donoghue, and Burdman~1990!;
Burdman and Donoghue~1992!; and Yaouanc~1994!.
Quark-model calculations estimate meson wave functions

and use them to compute the matrix elements that appear in
the hadronic currents. These integrals are performed by ana-
lyzing the decay at a particular value ofq2, eitherq250 or
q25qmax

2 . One perspective~in the spirit of HQET, as dis-
cussed in the following section! is that the hadronic system is
least disturbed at highq2, soqmax

2 is where the integrals are
most naturally evaluated. Historically, however, the conven-
tion in charm decays has been to specify the form factors at
q250.
In quark-model calculations, the variation of the form fac-

tors with q2 is determined as a separate step in the calcula-
tion. In fact, this variation is usually assumed to have a very
simple form. Because the physics being described is nonper-
turbative, none of these phenomenological forms should be
taken too seriously. One approach, used in the KS and WSB
models, is called ‘‘nearest pole dominance,’’ which has its
origin in vector-dominance ideas. Here, theq2 dependence
of a form factorf i is assumed to have the form

f i~q
2!5

f i~0!

S 12
q2

mpole
2 D n , ~88!

wheren is an integer, usually one for mesons. The pole mass
mpole is the mass of the lowest-lyingQq̄8 meson with the
quantum numbers appropriate to a given part of the hadronic
current. Thus, for aD→K̄* l 1n decay, the quark transition
is c→s, so the pole mass for the vector form factor is equal
to mD

s*
.

The ISGW calculation is based on a nonrelativistic
constituent-quark potential model, with an assumed
Coulomb-plus-linear form forV(r ). Such a calculation is
expected to work best near zero recoil, so the form factors
are calculated atqmax

2 . The more problematic extrapolation
to larger recoils~lower q2) is performed by assuming an
exponential governed by a parameter representing the ‘‘tran-
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sition charge radius’’ and anad hoc relativistic correction
factor. The ISGW form factors forB→D* l 2n̄, for ex-
ample, all have the sameq2 dependence,

f i~q
2!5 f i~qmax

2 !exp@2~0.03 GeV22c4!~qmax
2 2q2!#. ~89!

Note that the slope atqmax
2 , 0.03 GeV22c4, is similar to the

typical slope for the predictions based on a pole model,
1/mpole

2 '1/(mb1mc)
2.

As an example, we consider in more detail the model pre-
dictions forB→Dl 2n̄ andB→D* l 2n̄ decays. Table XVI
lists the constants predicted in three models. Since the func-
tional forms used are not identical, it is useful to compare
them visually, as in Fig. 22. It is clear that although the
predictions are roughly in the same range, there are signifi-
cant differences in both shape and normalization of the form
factors. Instead of giving theq2 dependence ofA1 , these

plots showA1(q
2)/@12q2/(mB1mD* )

2#. The reason for
this choice is that in the heavy-quark symmetry limit all of
the curves shown would have the same shape@see Eq.~100!
and Fig. 23#. This is clearly not the case for the models
discussed here, which preceded the development of HQET.
In the following section, we shall see the same form factors
obtained from an HQET-based calculation.
It is not obvious that either type of expression for theq2

dependence is generally valid, since the physics underlying
theq2 dependence is inherently nonperturbative and difficult
to predict. The assumptions embodied in the models should
therefore be regarded only as reasonable approximations in
certain situations, in particular, when the available range of
q2 is not too large. The influence of a pole should be stron-
gest whenmpole

2 is not very much larger thanqmax
2 . In

D→K̄l 1n, the only semileptonic charm decay for which
the q2 dependence of the form factor has been studied, the
data are well described by the form given in Eq.~88! with
n51 and mpole5(2.0060.1260.18) GeV/c2 ~see Sec.
VI.B.1!, which is consistent with the mass of theDs* . Bur-

TABLE XVI. Quark-model predictions for form-factor values for the decayB→D* l 2n̄. The values are
given atq25qmax

2 or q250, depending on the model. For the WSB and KS models, which use pole forms
to parametrize theq2 dependence of the form factors, the values of the exponentn and the pole masses in
Eq. ~88! are also given. Theq2 dependence of the form factors in the ISGW model is exponential, as
discussed in the text.

Form factor ISGW (qmax
2 ) WSB (q250) KS (q250)

F1 1.13 0.69 (n51) 0.7 (n51)
V 1.19 0.71 (n51) 0.7 (n51)
A2 1.06 0.69 (n51) 0.7 (n52)
A1 0.94 0.65 (n51) 0.7 (n52)
MV (GeV/c2) 6.34 6.34
MA (GeV/c2) 6.73 6.34

FIG. 22. The predictedq2 dependence of the form factors for
B→Dl 2n̄ andB→D* l 2n̄, according to three quark-model cal-
culations described in the text. From Neubert~1994c!, used with
permission from M. Neubert.

FIG. 23. Theq2 dependence of form factors inB→Dl 2n̄ and
B→D* l 2n̄ according to an HQET-based calculation by Neubert.
The curves representV ~dot-dashed!, F1 ~dashed!, f (q2)A1

„where f (q2)5@12q2/(mB1mD* )#
21
… ~solid!, and A2 ~dotted!.

From Neubert~1994c!, used with permission from M. Neubert.
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dman and Donoghue~1992! provide a useful discussion of
the different assumptions regarding theq2 dependence of
form factors, and they advocate the use of more complicated
form factors in certain decays in which the range of recoil
velocities is large, as inB→pl 2n̄.
The available range ofq2 in a decay is a key quantity,

since it gives an indication of whether there will be a large
variation in the form factors. In general, the larger the varia-
tion, the less likely it is that predictions will be reliable over
the full range. Table XVII gives theq2 range for several
processes of interest. For theb→ul 2n̄ decaysB→rl 2n̄
andB→pl 2n̄, the range is large, since the initial meson is
heavy and the final mesons are very light. Model predictions
for these modes are not considered very reliable. It is inter-
esting to compareqmax

2 with the relevant pole mass in some
of these decays. ForD→K̄l 1n, qmax

2 51.87 GeV2/c4, while
the mass squared of the lowest-lyingcs̄ vector meson is
about 4 GeV2/c4. In B→pl 2n̄ decay, one expects the
B* pole to strongly affect the region nearqmax

2 , since the
pole is just beyond the upper boundary of the Dalitz plot.
However, theq2 dependence at lowq2, far from the pole, is
probably not governed by the pole. Although comparison of
q2 ranges can be useful, we shall see in the following section
that it is preferable to study the velocity range of the recoil
system.
More information on the form-factor predictions of these

and other models for charm and bottom decays, as well as
comparisons with data, are given in the following sections
~see, for example, Tables XXVII, XXVIII, XLIII, and
XLIV !.

3. Heavy-quark effective theory

The form factors used in HQET are somewhat different
from those described in the previous section because, in the
limit of very heavy quark masses, the four-velocities of the
hadrons, rather than their four-momenta, are the appropriate
quantities to use. According to HQET, the configuration of
the light constituents of a heavy-light hadron is not affected
by the replacement of a heavy quarkQ(vQ ,s) with another
heavy quarkQ8(vQ ,s8), where the heavy quarks have the
same four-velocityvQ but different flavorsQ andQ8 and
different spinss and s8. Even though the initial and final-

state heavy quarks have different masses, if they are suffi-
ciently heavy, only their velocities are important in charac-
terizing the hadronic systems. Furthermore, in the heavy-
quark limit, the velocity of a heavy-light meson is the same
as that of the heavy quark inside it.
Thus instead of describing the form-factor variation of the

semileptonic decayM→Xl 2n̄ in terms of the square of the
four-momentum transferq2, HQET calculations use the
square of the four-velocity transfer, (v2v8)2

5 2(12v•v8), wherev andv8 are the four-velocities of the
initial and final hadrons. In fact, since the typical mass scale
for the light constituents within the hadron isLQCD, the
square of the four-momentum transferred to these constitu-
ents during the decay must be;LQCD

2 (v2v8)2, independent
of the heavy-quark mass.
In the rest frame of the initial hadron,v•v8 has a simple

physical interpretation:

v•v85gX5
1

A12bX
2
, ~90!

wherebX is the velocity of the final-state hadron. The quan-
tity v•v8, which is often calledw or y in the literature, is
dimensionless and ranges fromgX51 at minimum recoil to
the maximum value (M21mX

2)/(2MmX). It is linearly re-
lated toq2 by

w[v•v85
M21mX

22q2

2MmX
~91!

or

v•v8215
qmax
2 2q2

2MmX
. ~92!

In general, heavy-quark symmetry relations are useful if
the recoiling light constituents can only probe distances that
are large compared with 1/mQ . Since the momentum transfer
to the light constituents has the typical scale
LQCD(v•v821), this condition is equivalent to the state-
ment (v•v821)!mQ /LQCD. If this condition is violated in
a certain region of phase space, then the quark under consid-
eration cannot be regarded as heavy, and the form factors
will be much harder to predict there.
Although one might be tempted to compare form factors

for different processes at the same value ofq2, the compari-
son should be made at the samew. For example, at maxi-
mum recoil,q250, but the recoil velocities atq250 can be
completely different in different processes. Table XVII gives
the rangedw5dgX5udq2/2MmXu for many of the semilep-
tonic decays of interest. The largest value occurs for
B→pl 2n̄, dw517.9, so that the recoiling pion can become
highly relativistic. In contrast, forB→D* l 2n̄, the range is
much smaller,dw50.5. This small range results in a rela-
tively mild variation of the form factors, which is helpful in
the extraction ofuVcbu from B→D* l 2n̄ ~see Sec. VI.E.4!.
The hadronic current forP→P8l n is expressed~Isgur

and Wise, 1989, 1990a; Neubert and Rieckert, 1992; Falk
and Neubert, 1993a; Neubert, 1994c!; in terms of HQET
form factorsh1(v•v8) andh2(v•v8):

TABLE XVII. Ranges of q2 and w for semileptonic decays of
charm and bottom mesons. The variablew is the relativistic factor
gX for the daughter mesonX, as measured in the rest frame of
the parent meson. Note thatwmax is theg factor at maximum re-
coil velocity, which occurs at the minimum value ofq2, qmin

2 '0.

Decay qmax
2 'Dq2 (GeV2/c4) Dg5gmax21

D→pl 1n 2.97 5.70

D→K̄l 1n 1.87 1.01

D→rl 1n 1.20 0.42

D→K̄* l 1n 0.94 0.28

B→pl 2n̄ 26.4 17.9
B→rl 2n̄ 20.3 2.51
B→Dl 2n̄ 11.7 0.59
B→D* l 2n̄ 10.7 0.50
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^P8~v8!uVmuP~v !&5AMmP8@h1~v•v8!~v1v8!m

1h2~v•v8!~v2v8!m#, ~93!

and forP→Vl n the current is

^V~v8,«!u~Vm2Am!uP~v !&

5AMmV@ ihV~v•v8!emnab«n* va8vb

2hA1~v•v8!«* m~v•v811!

1hA2~v•v8!vm«* •v1hA3~v•v8!v8m«* •v#. ~94!

In the heavy-quark symmetry limit ~for example,
mb ,mc→` in b→cl 2n̄), important simplifications occur:

h1~w!5hV~w!5hA1~w!5hA3~w!5j~w!, ~95!

where j(w), the Isgur-Wise function, is a common form
factor for decays into pseudoscalar and vector mesons, since
these states are in the same HQET multiplet. In addition,

h2~w!5hA2~w!50. ~96!

The Isgur-Wise function can also be regarded as the form
factor ~in the heavy-quark symmetry limit! for the elastic
scattering of the meson by a current that gives a kick to the
heavy quark, as discussed in Sec. II.C. We emphasize again
that although heavy-quark symmetry provides the relations
given in Eqs.~95! and~96!, it does not give the variation of
j(v•v8) itself.
Of great practical importance for measuringuVcbu is the

result that, at zero recoil (w5v•v85gX51), the light con-
stituents of the meson are essentially undisturbed by the
heavy-quark decay. In the heavy-quark symmetry limit, there
is then a complete overlap between the initial and final me-
son wave functions, and the value of the Isgur-Wise function
is known,j(1)51. We discuss this result in more detail in
Sec. VI.E.4.
The HQET form factors are related to the traditional form

factorsF1 , V, A1 , andA2 by ~Neubert and Rieckert, 1992;
Neubert, 1994c!

RF1~q
2!5h1~w!2SM2mP8

M1mP8
Dh2~w!,

R*V~q2!5hV~w!,

R*21A1~q
2!5

w11

2
hA1~w!,

R*A2~q
2!5hA3~w!1

mV

M
hA2~w!, ~97!

where we have explicitly writtenmP8 andmV instead ofm in
order to distinguish between the different masses for the
final-state mesons. The constantsR andR* are given by

R5
2AMmP8
M1mP8

and R*5
2AMmV

M1mV
. ~98!

The heavy-quark symmetry limit has not yet been imposed
on Eq.~97!; it is generally valid.
We can use these results to show how the traditional form

factors F1 , V, A1 , and A2 are themselves related to the
Isgur-Wise function in the heavy-quark symmetry limit. For
P→P8l n we have

F1~q
2!5R21j~w!, ~99!

and forP→Vl n we have~also in the heavy-quark symme-
try limit !

V~q2!5A2~q
2!5

A1~q
2!

F12
q2

~M1mV!2G
5R*21j~w!. ~100!

We should like to be able to describe departures from the
heavy-quark symmetry limit, since significant departures are
expected, even inb→cl 2n̄ decays. Following Neubert
~1994c!, we define the form-factor ratios

R1~w![
hV~w!

hA1~w!
5F12

q2

~M1mV!2G V~q2!

A1~q
2!
,

R2~w![
hA3~w!1~mV /M !hA2~w!

hA1~w!

5F12
q2

~M1mV!2GA2~q
2!

A1~q
2!
. ~101!

From Eqs.~97! and ~100! we see that these ratios are pre-
dicted to be unity, independent ofw, in the heavy-quark
symmetry limit. Recent measurements from CLEO, dis-
cussed in Sec. VI.E, have shown that these ratios are indeed
close to unity forB→D* l 2n̄.
Many experiments have measured ratios of the traditional

form factors

r V5
V~q2!

A1~q
2!

and r 25
A2~q

2!

A1~q
2!
. ~102!

These quantities are usually assumed to be constant in the fit.
However, in the heavy-quark symmetry limit, it is notr V and
r 2 that should be approximatelyq2 independent, butR1 and
R2 . For charm decays, this consideration is not especially
relevant, since the heavy-quark symmetry limit is not ex-
pected to hold, even approximately. ForB decays, however,
the ratiosR1 andR2 are preferred. We have seen from Fig.
22 that the relativeq2 dependence of the form factors for
B→D* l 2n̄ assumed in the quark-model calculations of
ISGW, KS, and WSB is not generally in accord with the
heavy-quark symmetry limit, since the curves shown do not
have the same shape. In contrast, the results of the HQET-
based calculation~Neubert, 1994c! shown in Fig. 23 do have
the same shape.
A major theoretical effort has been undertaken to evaluate

corrections to the heavy-quark symmetry limit for various
processes. In general, the largest corrections are from terms
of order 1/mb , 1/mc , andas , which can be estimated in the
framework of HQET. At the zero-recoil point,w51, the two
form factorshA1 andh1 are protected against 1/mQ correc-
tions ~see Sec. VI.E.4!. As w increases, however, all of the
heavy-quark symmetry relations are subject to significant
symmetry-breaking corrections. Neubert’s ~model-
dependent! estimate of these corrections forB→D* l 2n̄
gives ~Neubert, 1994c!

R1'1.3 andR2'0.8. ~103!

Neubert argues that HQET predicts unambiguously thatR1
for B→D* l 2n̄ must be considerably larger than unity,
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whereas the prediction forR2 is less certain~Ligeti et al.,
1994; Neubert, 1994c!. In reality, bothR1 andR2 are ex-
pected to have a mildq2 ~or w! dependence,

R1~w!51.3520.22~w21!10.09~w21!2,

R2~w!50.7910.15~w21!20.04~w21!2 ~104!

in Neubert’s calculation and

R1~w!51.1520.07~w21!1O ~w21!2,

R2~w!50.9110.04~w21!1O ~w21!2 ~105!

in the calculation by Close and Wambach~1994a, 1994b!.
Thus the symmetry breaking affects both the equality of the
form factors atw51 and the equality of their slopes. It is
important to remember that a typical value ofw21 in
B̄0→D*1l 2n̄ is about 0.25, so the predicted variation of
R1 andR2 with w is rather small.
We should like to describeA1 , A2 , andV in a way that

conveniently parametrizes departures from the heavy-quark
symmetry limit. We use Eqs.~97! and ~101! to relate all of
theB→D* l 2n̄ form factors tohA1(w):

A1~q
2!5F12

q2

~M1mV!2GR*21hA1~w!,

A2~q
2!5R2R*

21hA1~w!,

V~q2!5R1R*
21hA1~w!. ~106!

As written, these equations are exact, sinceR1 andR2 are, in
general, functions ofw. In the heavy-quark symmetry limit,
R1 and R2→1 andhA1(w)→j(w), which gives Eq.~100!.

The estimates ofR1 andR2 indicate that, to first approxima-
tion, it may be reasonable to treatR1 andR2 as constants,
which, however, are not equal to unity due to symmetry-
breaking effects.
Ideally, one would test HQET by measuring theq2 depen-

dence of each of the form factors separately and then testing
whether they are really all governed by a single function. At
present, however, the data only allow the measurement of
R1 , R2 , andhA1(w) under the assumption that all form fac-

tors are related as in Eq.~106!, with R1 andR2 treated as
constants. These measurements are discussed in Sec. VI.E.

4. Predictions for the slope of the Isgur-Wise function

Although heavy-quark symmetry relates various form fac-
tors to j(w5v•v8), it does not predict the variation ofj.
Nonperturbative methods, such as lattice QCD or QCD sum
rules, are needed to deal with the long-range, soft-gluon
strong interactions that the Isgur-Wise function describes. In
the key decay modeB→D* l 2n̄, however, the range of
v•v85gD* is fairly small, 1 to 1.5. A Taylor expansion of
j aboutw5v•v851 is expected to work well over most of
this region:

j~w!'12r2~w21!1O @~w21!2#. ~107!

In the region of interest forB→D* l 2n̄, the Isgur-Wise
function is thus characterized primarily by the sloper2. Sev-
eral plausible forms for the Isgur-Wise function are discussed
in the literature, such as

j~w!5
2

w11
expF2~2r221!Sw21

w11D G ,
j~w!5S 2

w11D
2r2

,

j~w!5exp@2r2~w21!#, ~108!

wherew5v•v8. Experimentally, it is very difficult to distin-
guish among such forms because the range ofw is so small.
There is currently almost no sensitivity to terms beyond the
linear term in Eq.~107!. More precisely, the quantity that
experiments are able to measure well is the average slope
over the entire range ofw ~or q2).
Although r2 is difficult to calculate, it must be positive

and is expected to be roughly in the range 0.5 to 2.0. The
primary theoretical tools used to determine the Isgur-Wise
function are QCD sum rules, which are based on quark-
hadron duality, and lattice QCD, in which a computer calcu-
lation is performed using a discrete space-time lattice. Table
XVIII gives several predictions forr2, which is defined as
the slope at zero recoil, forB→D (* )l 2n̄. However, it is not
always obvious how to comparer2 predictions from differ-
ent authors, due to differences in the definitions used. Such
differences range from renormalization effects to different
functions used in fits to results of lattice calculations. Simi-
larly, the use of different fitting functions by experiments
results in a significant variation of the value ofr2 quoted.
We shall discuss the Isgur-Wise function further in regard to
measurements ofuVcbu ~Sec. VI.E.4! and theB→D* l 2n̄
form factors~Sec. VI.E.5!.

5. Decay distributions for P→P8l n

We now consider the decayP→P8l n whereP and P8
are both pseudoscalar mesons. Important examples are the
CKM-favored decaysD→K̄l 1n and B→Dl 2n̄ and the
CKM-suppressed decaysD→pl 1n and B→pl 2n̄. As
discussed in Sec. VI.A.1, whenml !M , the hadronic current
for P→P8l n can be written in terms of one form factor
F1(q

2)5 f1(q
2),

Hm~q2!5 f1~q2!~p1p8!m, ~109!

where f1 is a vector form factor,p and p8 are the four-
momenta of the initial and final mesons, respectively, and
q2 is the squared mass of the virtualW. The differential
decay rate is given by

dG

dq2
5
GF
2 uVq8Qu2pP8

3

24p3 u f1~q2!u2, ~110!

whereQ andq8 are the initial and final-state quarks in the
underlying transitionQ→q8l n, andpP8 is the magnitude of
the three-momentum of the final-state mesonP8 in the rest
frame of P and is a function ofq2 @Eq. ~30!#. In fact, the
dominantq2 dependence usually arises not from the falloff
of the form factor asq2 decreases, but from thepP8

3 term,
which enhances the rate atlow q2. The angular distribution
of the lepton in theW* rest frame is discussed in Sec. II.C.
The most commonly assumed functional forms for the

q2 dependence of the form factor are an exponential form
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f1(q
2)5 f1(0)e

aq2 and a pole form f1(q
2)5 f1(0)/

(12q2/MP
2 ). The pole massMP should not be confused

with the massM of the decaying particle.~See Sec. VI.A.2
for further discussion of form-factor models.! Over theq2

range accessible inD→K̄l 1n andB→Dl 2n̄ decays, the
two functional forms given above are both linear to a good
approximation. However, the largerq2 ranges in decays such
asD→pl 1n andB→pl 2n̄ result in more sensitivity to
theq2 dependence.
By integrating Eq.~110! over the kinematically allowed

q2 range and assuming a pole form for theq2 dependence of
the form factor with a pole mass of 2.1 GeV/c2, we can
relate the total decay rate forD→Ke1ne to the form factor
at q250:

G~D→Ke1ne!5u f1~0!u2uVcsu2~15.431010 s21!.
~111!

In Sec. VI.B.1, we use this result to extractf1(0) from the
measured decay rate forD→K̄l 1n.
When velocities are used as the kinematic variables rather

than momenta, as in HQET, two form factors enter into the
differential rate:

dG~P→P8l n!

dw
5
GF
2 uVcbu2

48p3 ~M1mP8!
2mP8

3
~w221!3/2

3Uh1~w!2
M2mP8
M1mP8

h2~w!U2.
~112!

Sinceh2 is not protected against 1/mQ corrections at zero
recoil, the decayB→Dl 2n̄ is considered less useful for
determininguVcbu thanB→D* l 2n̄ ~see Sec. VI.E.4!. The
1/mQ corrections may turn out to be small, however.

6. Decay distributions for P→Vl n

The decayP→Vl n, whereP is a pseudoscalar andV is a
vector meson, is more complicated than the decay to another
pseudoscalar. The polarization vector of the mesonV leads
to a hadronic current with three form factors~in the limit of
zero charged-lepton mass!, as we have seen in Eq.~87!. The
most easily reconstructed semileptonicD andB decays in
this category areD1→K̄* 0l 1n with K̄* 0→K2p1 and
B̄0→D*1l 2n̄ with D*1→D0p1. All of the final-state par-
ticles except the neutrino can be reconstructed with fairly
high efficiency. The two-body decays of the vector mesons to
two pseudoscalars (K̄* 0→K2p1 andD*1→D0p1) can be
used to measure the polarization of the vector meson.
Four independent kinematic variables completely describe

the semileptonic decayP→Vl n, where the vector meson
decays to two pseudoscalars,V→P1P2 . The four variables
most commonly used areq2 orw and the three angles shown
in Fig. 24. The angleu l is measured in theW* ~or l n) rest
frame, where the lepton and the neutrino are back to back: it
is the polar angle between the charged lepton and the direc-
tion opposite to that of the vector meson. The angleuV is
measured in the rest frame of the vector meson, where the
pseudoscalarsP1 and P2 are back to back. In this frame,
uV is the polar angle between one of these mesons, say,
P1 , and the direction of the vector meson in the parent me-
son’s rest frame. Although eitherP1 or P2 can be chosen for
this definition, one must be careful to use a consistent choice
for the anglex, which we define to be the azimuthal angle
between the projections of the momenta of the lepton and
P1 in the plane perpendicular to the decay axis.
The differential decay rate forP(Qq̄)→V(q8q̄)l 2n̄,

V→P1P2 can be expressed in terms of these four kinematic
variablesq2, u l , uV , andx ~Gilman and Singleton, 1990;
Körner and Schuler, 1990!:

dG~P→Vl n,V→P1P2!

dq2d cosuVd cosu l dx

5
3

8~4p!4
GF
2 uVq8Qu2

pVq
2

M2 B~V→P1P2!$~12h cosu l !2 sin2uVuH1~q2!u21~11h cosu l !2 sin2uVuH2~q2!u2

14 sin2u l cos
2uVuH0~q

2!u224h sinu l ~12h cosu l !sinuV cosuV cosx H1~q2!H0~q
2!

14h sinu l ~11h cosu l !sinuV cosuV cosx H2~q2!H0~q
2!22 sin2u l sin

2uV cos2x H1~q2!H2~q2!%, ~113!

wherepV is the magnitude of the three-momentum ofV in
the rest frame ofP and is a function ofq2 @see Eq.~30!#. The
factorh is equal to11 for B decays and21 for D decays.
It is this factor that leads to the different lepton-energy dis-
tributions for bottom and charm decays discussed in Sec.
II.C. Note that the angleu l is defined with respect to the
direction of the virtualW in the parent rest frame; this ac-
counts for the sign differences between our formula and cer-
tain others in the literature~Körner and Schuler, 1988!,
which usep2u l .
Because the parent meson has spin zero, the vector meson

and theW* must have the same helicity. The amplitudes for
helicities 0, 11, and 21 are proportional toH0(q

2),
H1(q

2), andH2(q
2). The detailed dynamics of the had-

ronic current are described by the variation of these helicity
amplitudes withq2, which we have not yet specified. Equa-
tion ~113! incorporates theV2A structure of the leptonic
current, as well as the assumption that the mass of the
charged lepton can be neglected. In general, there is a fourth
helicity amplitude corresponding to the timelike helicity
component of the virtualW, but its contribution is negligible
when the lepton mass is small. The differential decay-rate
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formula for finite lepton mass is given, for example, in
Körner and Schuler~1990!.
It is easy to understand the origin of most of the terms in

Eq. ~113!. For example, in the case where the vector meson
and theW* have helicity11, the decay angular distribution
of the charged lepton in theW* rest frame is proportional to
the Wignerd function,

dlW* ,l l 2ln

1 ~u l !5d1,21
1 ~u l !5~1/2!~12cosu l !. ~114!

SincelD*511 as well, the angular distribution of theD
meson in the D* rest frame is given by
dlD* ,lD2lp

1 (uV)5d10
1 (uV)52(1/A2)sinuV . These argu-

ments explain the angular dependence of the coefficient of
the uH1(q

2)u2 term in Eq.~113!.
The helicity amplitudes can in turn be related to the two

axial-vector form factors,A1(q
2) andA2(q

2), and the vector
form factorV(q2), which appear in the hadronic current@Eq.
~85!#:

H0~q
2!5

1

2mVAq2
F ~M22mV

22q2!~M1mV!A1~q
2!

24
M2pV

2

M1mV
A2~q

2!G ~115!

and

H6~q2!5~M1mV!A1~q
2!7

2MpV
M1mV

V~q2!. ~116!

The form factorsA1 , A2 , andV are dimensionless and rela-
tively real, sinceCP is conserved in these decays and there
are no final-state strong interactions~Körner and Schuler,
1988!. @PossibleCP-violating effects in semileptonicB de-
cays due to physics beyond the standard model are discussed
in Garisto~1995!.# We can therefore take them to be real, as
assumed in Eq.~113!. We note that, whileA2 contributes
only toH0 andV contributes only toH6 , A1 contributes to
all three helicity amplitudes. At highq2 ~small pV), each of
the helicity amplitudes is dominated byA1 .
We can also relate the helicity amplitudes to the set of

form factors defined in HQET. Since this result is applicable
mainly to the decayB→D* l 2n̄, we write the result with
the relevant masses:

H0~w!5~mB2mD* !AmBmD*
q2~w!

~w11!hA1~w!

3F11Sw21

12r D @12R2~w!#G ~117!

and

H6~w!5~mB2mD* !AmBmD*
q2~w!

~w11!hA1~w!

3
A122wr1r 2

12r F17Aw21

w11
R1~w!G , ~118!

wherer5mD* /mB . The termsw61 are related toq2 by

w615
~mB6mD* !22q2

2mBmD*
. ~119!

From inspection of these formulas, it is clear that asw→1,
H0 andH6 are governed byhA1(w).
In the decay-rate formula@Eq. ~113!#, we also have the

overall kinematic factorpVq
2. The momentum can be ex-

pressed in terms ofw by

pV5upD* u5mD*Aw
221. ~120!

It is interesting to analyze thew or q2 dependence of each
term contributing to the differential rate. All of thew depen-
dence resides in theHiH j terms multiplied by the factor
pVq

2, which form the coefficients of the angular terms in Eq.
~113!. Figure 25 shows thew dependence of these coeffi-
cients, using as inputs the form factors measured by CLEO
for the decayB̄0→D*1l 2n̄ ~see Sec. VI.E.5!. Recall from
Eq. ~91! that the minimum value,w51, corresponds to
q25qmax

2 , where the hadronic system has zero recoil veloc-
ity in the parent meson’s rest frame. There is no phase space
for this configuration, which explains why all of the curves
in Fig. 25 go to zero atw51. However, asw→1, the rates
from the three possible helicities contribute equally, because
both the daughter meson and the virtualW are stationary in
the parent rest frame. As we discussed at the end of Sec. II,
this forces these particles to be unpolarized.
As w increases, we see that theH2

2 term quickly begins to

TABLE XVIII. Predictions for the sloper2 of the Isgur-Wise
function from QCD sum-rule and lattice QCD calculations, for
B→D (* )l 2n̄.

Calculation Ref. r2

Bjorken sum rule Bjorken, 1990 .0.25
Blok and Shifman Blok and Shifman, 19930.760.25
Voloshin sum rule Voloshin, 1992 B→Dl 2n̄:

,0.75
B→D* l 2 n̄:
,1.15

Jin, Huang, and Dai Jinet al., 1992 1.0021.10
Neubert Neubert, 1994c '0.8
QCD spectral sum rules Narison, 1994a 1.0060.02
Lattice QCD Bernardet al., 1993 1.2460.2660.33
Lattice QCD Boothet al., 1994 1.220.3

10.7

FIG. 24. Definition of the anglesuV , u l , and x in the decay
B→D* l 2n̄. ~These angles are used for anyP→Vl n in which the
vector meson decays into two pseudoscalars.! The lepton and neu-
trino are drawn back to back because they are shown in theW* rest
frame. Similarly, theD and thep are shown in theD* rest frame.
In the literature, the angleu l is sometimes defined as the direction
between the charged lepton and the recoiling vector meson, mea-
sured in thel n rest frame.
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dominate over theH1
2 term. This result is expected from the

V2A nature of theW couplings, which leads to a higher
probability for the vector meson~and the virtualW! to have
helicity l521 thanl511. ~See Sec. II.C and Fig. 6.! This
effect also produces a larger value for the interference term
H0H2 than for H0H1 at all values ofq2 except the end
points. The CLEO measurements discussed in Sec. VI.E.5
show clear effects in the correlation betweenx and cosuV
due to this interference term.
At the other extreme,w5wmax'1.5 or q250, the recoil

velocity is maximum. The lepton and neutrino momenta are
parallel in the rest frame ofP, and their combined spin pro-
jection along their direction of motion is zero. Hence only
the H0

2 combination contributes in this limit. This point is
also evident from inspection of Eqs.~115! and Eq.~116!,
which show thatpVq

2H0
2 remains finite asq2→0, whereas

both pVq
2H1

2 andpVq
2H2

2 go to zero.
It is also instructive to examine the dependence of Eq.

~113! on the form factors themselves via the helicity ampli-
tudes, Eqs.~115! and~116!. When the recoil of the hadronic
system is small (w'1), the terms proportional toV(q2) and
A2(q

2) can be neglected compared with those proportional
to A1(q

2), which appear in all the helicity amplitudes. As a
consequence, theA1 form factor dominates the rate at large
values ofq2.
Since the form factorA1(q

2) appears in all three helicity

amplitudes@Eqs. ~115! and ~116!# and typically dominates
the rate, it is natural to use the new variablesr V[V/A1 and
r 2[A2 /A1 or in HQET,R1 andR2 defined in Eq.~101!.
It is common to report the values of certain other inte-

grated observables that can be derived from the form factors.
These areĀFB , the forward-backward asymmetry of the lep-
ton in theW rest frame,

ĀFB5

E
0

1 dG

d cosu l
d cosu l 2E

21

0 dG

d cosu l
d cosu l

E
21

1 dG

d cosu l
d cosu l

5
3

4

~G22G1!

~GL1GT!
, ~121!

and Āpol , which is related to the ratio of longitudinal to
transverse polarization of the vector meson:

Āpol5
2*pVq

2uH0u2dq2

*pVq
2~ uH2u21uH1u2!dq2

2152
GL

GT
21, ~122!

where

G i5
GF
2 uVcbu2

96p3 E dq2pV
q2

mB
2 uHi~q

2!u2, ~123!

and

GL5G0, GT5G11G2 . ~124!

We can easily see which form factors these observables
are sensitive to by examining the expressions for the helicity
amplitudes, Eqs.~115! and ~116!. Since the only difference
betweenH1 and H2 is the sign of the coefficient of
V(q2), it is clear that the differenceG22G1 is proportional
to an integral overV(q2). ThusĀFB provides a measurement
of r V ~or R1 in the HQET picture!. In contrast, the ratio of
longitudinal to transverse polarization is almost completely
controlled by r 2 ~or R2 in the HQET version!. Roughly
speaking, then,r V ~or R1) is determined from the cosul dis-
tribution and the cosuV vs x correlation, whereasr 2 or
(R2) is determined from the cosuV andq

2 distributions.

B. Cabibbo-favored semileptonic decays
of charm mesons

In this section, we present measurements of the decay
rates and form factors forD→K̄l 1n, D→K̄* l 1n, and
Ds→fl 1n. We also discuss experimental searches for
semileptonicD decays to higher mass or nonresonant had-
ronic states and observations ofDs→hl 1n and
Ds→h8l 1n. We compare the sum of exclusive semilep-
tonic D decay rates to the inclusive rate in Sec. VI.D.

1. D→K̄l 1n

The most precise experimental studies ofD→K̄l 1n have
been made for the modeD0→K2l 1n because the final state
contains two easily reconstructed charged particles, both of
which are produced at theD decay point. In fixed-target
experiments, for example, theK2l 1 vertex and the recon-
structed primary vertex are used to determine theD flight

FIG. 25. The predictedw dependence of different helicity combi-
nations in the decayB→D* l 2n̄. The curves show the quantities
G i j5„GF

2 uVcbu2pVq2/96p3M2
…Hi(q

2)Hj (q
2), i , j51,2,0, which

appear as coefficients of the angular factors in Eq.~113!. We have
assumedR151.3 andR250.8, with a linearw dependence~slope5
r251.0) for hA1. The overall scale is also determined by
Vcb50.04. The solid lines correspond to the terms that contribute to
the total decay rate:G i j , i5 j . The termsG i j , i Þ j , do not contrib-
ute to the total decay rate because the angular functions that they
multiply in Eq. ~113! integrate to zero. TheD* helicity can only be
zero at maximum recoil (w51.5); asw decreases, both helicity
21 and11 contribute, but helicity21 dominates due to theV-A
coupling. At minimumD* recoil, all three helicities contribute
equally, but phase space goes to zero.
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direction, from which the neutrino momentum can be calcu-
lated, up to a quadratic ambiguity. In the decay
D1→K̄0l 1n, on the other hand, the location of theD decay
usually cannot be determined with adequate precision, since
only one-third of neutral kaons decay to charged particles
through KS→p1p2. Even then, aKS will often decay
downstream of the high-precision silicon detectors. In
e1e2 experiments, such as CLEO, the efficiency for recon-
structing aK0 is significantly lower than that for reconstruct-
ing aK2 because of the limited branching fraction for neu-
tral kaons to decay to charged particles in the detector, and
because two charged tracks must be reconstructed.
Because of the relatively large number of reconstructed

D0→K2l 1n decays, and because the decay rate can be ex-
pressed in terms of just one form factorf1(q

2),
D0→K2l 1n is the only charm decay for which theq2 de-
pendence of the form factor has been studied. Since the value
of Vcs is known independently, measurements of the decay
rate determine the overall normalization of the form factor.
Measurements of theD0→K2l 1n branching fraction are

shown in Table XIX, along with the number of signal events
and the type of lepton used in each study. In most experi-
ments, the branching fraction is measured relative to the to-
pologically similar modeD0→K2p1. The average ratio of
branching fractions is

B~D0→K2l 1n!

B~D0→K2p1!
50.93360.039.

Combined with the 1994 Particle Data Group~PDG! value
for B(D0→K2p1) ~see Table III!, this gives a branching
fraction of

B~D0→K2l 1n!5~3.7460.20!%. ~125!

Table XIX also lists a measurement of the absolute
branching fraction forD0→K2e1ne by the Mark III Col-
laboration, based on a tagging technique. With correlated er-
rors due to the branching fraction for the normalizing mode
D0→K2p1 taken into account, the average of all the mea-
surements in Table XIX is

B~D0→K2l 1n!5~3.7160.19!%. ~126!

Using the 1994 PDG value of theD0 lifetime ~see Table III!,
we calculate the corresponding decay rate to be

G~D0→K2l 1n!5~8.9460.47!31010 s21. ~127!

The decay modeD1→K̄0l 1n has been studied by three
experiments. The branching-ratio measurements are summa-
rized in Table XX. The E691 and CLEO II measurements
have been combined with the 1994 PDG values for
B(D1→K2p1p1) and B(D1→K̄0p1), respectively, to
extractB(D1→K̄0l 1n). The average branching fraction,
including the absolutely normalized Mark III measurement,
is

B~D1→K̄0l 1n!5~6.660.9!%.

When this is combined with the 1994 PDG value for the
D1 lifetime ~see Table III!, we obtain a decay rate of

G~D1→K̄0l 1n!5~6.260.9!31010 s21. ~128!

Isospin conservation implies that the rates for Cabibbo-
favored modes such asD0→K2l 1n and D1→K̄0l 1n
should be the same. Using Eqs.~127! and ~128!, we obtain

TABLE XIX. Measurements of the branching fraction forD0→K2l 1n. When not already done by the
experimenters, measured branching fractions for the muon mode have been scaled up by 1.03 to account
for the reduced phase space relative to the electron mode.

Experiment No. of events Normalizing Measured ratio ofB(D0→K2l 1n)
~lepton type! mode branching fractions ~%!

E691 ~Anjos et al., 1989b! 250 (e) D0→K2p1 0.9160.0760.11 3.6560.54
CLEO ~Crawfordet al., 1991! 584 (e) D0→K2p1 0.9060.0660.06 3.6160.37
CLEO ~Crawfordet al., 1991! 231 (m) D0→K2p1 0.8160.0860.09 3.2660.50
E687 ~Frabettiet al., 1993c! 338 (m) D0→K2p1 0.8460.1360.13 3.3960.50
CLEO II ~Beanet al., 1993a! 2700 (e,m) D0→K2p1 0.97860.02760.044 3.9260.25
MARK III ~Adler et al., 1989! 56 (e) absolute 3.460.6

Average 3.7160.19

TABLE XX. Measurements of the branching fraction forD1→K̄0l 1n. When not already done by the
experimenters, measured branching fractions for the muon mode have been scaled up by 1.03 to account
for the reduced phase space relative to the electron mode.

Experiment No. of events Normalizing Measured ratio ofB(D1→K̄0l 1n)
~lepton type! mode branching fractions ~%!

MARK III ~Bai et al., 1991! 27 (e,m) absolute 6.621.1
11.660.7

E691 ~Anjos et al., 1991! 250 (e) D1→K2p1p1 0.6660.0960.14 6.061.6
CLEO II ~Beanet al., 1993a! 186 (e,m) D1→K̄0p1 2.6060.3560.26 7.161.4

Average 6.660.9
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G~D0→K2l 1n!/G~D1→K̄0l 1n!51.460.2,

roughly consistent with unity. If we average the rates for the
two isospin states, we obtain

G~D→K̄l 1n!5~8.460.4!31010 s21. ~129!

This rate will be compared to that forD→K̄* l 1n in Sec.
VI.B.3.
The sample ofD0→K2l 1n decay candidates from

CLEO ~Beanet al., 1993a! is significantly larger than any
previous sample, leading to the most sensitive study to date
of theq2 dependence of the form factorf1 . We shall there-
fore describe the analysis in more detail here. The decay
D*1→D0p1 is used to obtain a clean sample of
D0→K2l 1n decays, just as it is often used for
D0→K2p1. The only difference is that theD0 is not fully
reconstructed, due to the neutrino in the final state, which
broadens the peak in the distribution of mass difference
DM5m(Kl p)2m(Kl ). The signal-to-background ratio
for the selected events is about 3.6. Figure 26 shows the
distribution of q2, which is measured with a resolution of
about 0.24 GeV2. The number of signal events in eachq2

bin is extracted by fitting theDM distribution. The shape of
the q2 distribution is dominated by the factor ofpP8

3 in Eq.
~110!, which suppresses the decay rate at largeq2. The form
factor itself increases roughly linearly by about a factor of
two over the kinematically allowed range ofq2. The result of
a fit to the functional formf1(q

2)5 f1(0)/(12q2/MP
2 ) is

shown in Table XXI, along with the measurements ofMP
from other experiments. The mean pole massMp is some-
what lower thanMD

s*
52.1 GeV. As an alternative to the pole

form, CLEO also assumed the formf1(q
2)5 f1(0)e

aq2 and
fit for the parameter a. The measured value of
a5(0.2960.0460.06) GeV22 is about one standard devia-
tion higher than the value used in the ISGW model~Isgur
et al., 1989!.
The form-factor interceptf (0) can be extracted by inte-

grating the differential decay rate for a particular assumption
for theq2 dependence of the form factor. Using the average
decay rateG(D→K̄l 1n) given in Eq.~129!, a pole form for
the q2 dependence withMP52.1 GeV/c2, and uVcsu50.97,
we determine

f1~0!50.7660.0260.02

from Eq. ~111!. The first error is from the uncertainty on the

decay rate and the second error is from the uncertainty in the
q2 dependence~Morrison and Richman, 1994!. This result is
consistent with theoretical predictions of quark-model, lattice
gauge, and QCD sum-rule calculations, which range from
0.6 to 0.9. Theoretical predictions for theD→K̄l 1n form
factor are summarized and compared with the experimental
measurement in Table XXVII below, along with the form
factors forD→K̄* l 1n, which are discussed in the next sec-
tion. In Table XXVIII, the form factors are given atq max

2 and
compared with the theoretical predictions of ISGW~Isgur
et al., 1989! and ISGW2~Scora and Isgur, 1994!.

2. D→K̄* l 1n

The largest and cleanest signals for the decay
D→K̄* l 1n are extracted from fixed-target experiments in
the modeD1→K̄* 0l 1n, whereK̄* 0→K2p1. This mode
has several advantages over the modeD0→K*2l 1n, with
K*2→K2p0 or K̄0p2. For theK2p1l 1n final state, all
the particles in the final state~except the neutrino! are long-
lived charged particles that can be reconstructed more effi-
ciently than p0’s or neutral kaons. The noncharm back-
ground can be studied with so-called ‘‘wrong-sign’’
candidates, in which the kaon charge is not consistent with
the lepton charge~e.g., K1p2l 1).6 This definition of a
wrong-sign background is not possible with a neutral kaon in
the final state.
Six experiments have measured the branching fraction for

D1→K̄* 0l 1n relative to that for the topologically similar
hadronic modeD1→K2p1p1. Results are summarized in
Table XXII. The average value of the ratio of branching frac-
tions is

B~D1→K̄* 0l 1n!

B~D1→K2p1p1!
50.5560.04.

When combined with the 1994 PDG value for
B(D1→K2p1p1) ~see Table III!, this gives a semileptonic
branching fraction of

6This technique requires that the kaon be independently identified
with a particle identification system such as Cˇ erenkov detectors. If
the kaon is not identified, the wrong-sign combinationK1p1l 2

can be used, but then the combination of hadronsK1p1 is no
longer neutral.

TABLE XXI. Measurements of the pole massMP from a fit of theq2 dependence of the decay rate for
D0→K2l 1n. Theq2 dependence of the form factor is assumed to bef1(q

2)5 f1(0)/(12q2/MP
2 ).

Experiment No. of events MP ~GeV!

~lepton type!

E691 ~Anjos et al., 1989b! 250 (e) 2.120.2
10.460.2

CLEO ~Crawfordet al., 1991! 815 (e,m) 2.120.2
10.4

20.2
10.3

MARK III ~Bai et al., 1991! 56 (e) 1.860.360.2
E687 ~Frabettiet al., 1993c! 338 (m) 2.120.3

10.7
20.3
10.7

CLEO II ~Beanet al., 1993a! 2700 (e,m) 2.0060.1260.18

Average 2.0060.15

938 J. D. Richman and P. R. Burchat: Leptonic and semileptonic decays

Rev. Mod. Phys., Vol. 67, No. 4, October 1995



B~D1→K̄* 0l 1n!5~5.060.5!%.

With the 1994 PDG value for theD1 lifetime ~see Table III!,
the decay rate is

G~D1→K̄* 0l 1n!5~4.760.4!31010 s21,

about 60% of that forD→K̄l 1n.
The Mark III Collaboration has measured the absolute

branching fractions shown in Tables XXII and XXIII for
bothD1→K̄* 0l 1n andD0→K*2l 1n. The experimental
uncertainties on the Mark III measurements are quite large
compared with more recent measurements, so that they do
not affect the averages significantly.
As discussed above, the decay modeD0→K*2l 1n is

more difficult to study experimentally. The CLEO Collabo-

TABLE XXII. Experimental measurements of the branching fraction forD1→K̄* 0l 1n relative to that for
D1→K2p1p1. When not already done by the experimenters, measured branching fractions for the muon
mode have been scaled up by 1.05 to account for the reduced phase space relative to the electron mode.

Experiment Lepton type B~D1→K̄*0l 1n!

B~D1→K2p1p1!

B(D1→K̄* 0l 1n) ~%!

E691 ~Anjos et al., 1989a! e 0.4960.0460.05 4.560.7
ARGUS ~Albrechtet al., 1991b! e 0.5560.0860.10 5.061.2
WA82 ~Adamovichet al., 1991! e 0.6260.1560.09 5.661.6
E653 ~Kodamaet al., 1992b! m 0.4860.0760.08 4.461.0
E687 ~Frabettiet al., 1993a! m 0.5960.0460.06 5.460.7
CLEO II ~Beanet al., 1993a! e,m 0.6760.0960.07 6.161.1
Mark III ~Bai et al., 1991! e absolute 5.821.1

11.960.6

Average 0.5560.04 5.060.5

FIG. 26. Distribution ofq2 for D0→K2l 1n candidates in the
CLEO II data: solid curve, the fit to signal plus background; dashed
curve, the combinatorial background; dotted curve, the contribution
from D1→K̄* 0l 1n decays. Theq2 dependence is dominated by
the pP8

3 factor in the differential decay rate. The form factor itself
increases monotonically withq2 by about a factor of two across the
plot.

FIG. 27. Distributions forD1→K̄* 0m1nm candidates from Fermi-
lab E653: ~a! K2p1 mass for candidates that pass the selection
criteria, including a cut on the minimum parent mass between 1.60
and 1.97 GeV/c2. The solid histogram corresponds to ‘‘right-sign’’
combinations and the dashed histogram to combinations in which
the two hadrons have the same charge.~b! Minimum kinematically
allowed parent mass for candidates passing the selection criteria,
including a cut onK2p1 mass between 0.83 and 0.95 GeV/c2. The
points with error bars correspond to data. The dashed histogram
represents a Monte Carlo simulation ofD1→K̄* 0m1nm . Redrawn
from Kodamaet al. ~1992a!.
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ration has measured the branching fraction for this mode
relative to D0→K2l 1n with CLEO I and relative to
D0→K̄0p1p2 with CLEO II. Results are shown in Table
XXIII, along with the Mark III measurement of the absolute
branching fraction. Using the world average value for
B(D0→K2l 1n) from the previous section~see Table XIX!
and the 1994 PDG value forB(D0→K̄0p1p2), we derive
the following world average semileptonic branching fraction:

B~D0→K*2l 1n!5~2.160.3!%.

The corresponding decay rate from the 1994 PDG value for
theD0 lifetime is

G~D0→K*2l 1n!5~4.960.8!31010 s21.

Isospin conservation implies that the partial widths for
Cabibbo-favored modes, such asD0→K*2l 1n and
D1→K̄* 0l 1n, should be the same. The measured ratio of
decay rates is

G~D0→K*2l 1n!

G~D1→K̄* 0l 1n!
51.060.2,

and the world average rate for both isospin states is

G~D→K̄* l 1n!5~4.760.4!31010 s21. ~130!

This will be compared with the rate forD→K̄l 1n in Sec.
VI.B.3.
Ratios of form factors7 r V5V(0)/A1(0) and

r 25A2(0)/A1(0) ~see Sec. VI.A.6! have been extracted
from the observed multidimensional distributions of kine-
matic variables for the decayD1→K̄* 0l 1n by three Fer-
milab fixed-target experiments: E691~Anjos et al., 1990b!,
E653 ~Kodama et al., 1992a!, and E687 ~Frabetti et al.,
1993a!. In these experiments, the neutrino momentum is de-
termined up to a quadratic ambiguity from the direction of
flight of theD meson as determined by the measured posi-
tions of theD production and decay points, and the measured
momenta of the charged decay products. To extract the form
factors in bothD→K̄* l 1n and B→D* l 2n̄ ~see Sec.
VI.E.5!, most experiments now employ an unbinned
maximum-likelihood method that uses a Monte Carlo simu-
lation to evaluate the likelihood function.8 The technique was

first used by the E691 Collaboration~Anjos et al., 1990b;
Schmidtet al., 1993!. The likelihood of the data sample is
calculated, for any given set of theoretical parameters, by
computing the density of Monte Carlo events around each
data point, where the simulated events are distributed accord-
ing to the theoretical parameters under consideration. To
avoid the need to generate separate Monte Carlo samples for
every set of theoretical parameters considered in the fit, a
single Monte Carlo sample is reweighted so that the
weighted events give the correct density about each data
point. As long as the Monte Carlo accurately simulates both
the detector and the charm production process, acceptance
and smearing effects are automatically incorporated in the fit.
TheD1→K̄* 0m1nm sample from the E653 experiment is

shown in Fig. 27. Figure 27~a! shows a clearK* 0 signal in
theKp mass distribution. Because E653 has no detector for
separating kaons from pions, the kaon is identified as the
hadron with charge opposite that of the muon. TheK* 0 is a
broad resonance, so it is not practical to use sidebands to
estimate the background under the peak. Instead, back-
grounds are estimated with ‘‘wrong-sign’’ combinations in
which the two hadrons have the same charge, shown as a
dashed histogram in Fig. 27~a!. The minimum kinematically
allowed decay mass, calculated from the invariant mass of
the charged decay tracks and the transverse momentum im-
balance with respect to theD1 direction, is shown in Fig.
27~b! for E653 data and for a Monte Carlo simulation of
D1→K̄* 0l 1n. A sample of 305 events withK2p1 mass
between 0.83 and 0.95 GeV/c2 and minimum parent mass
between 1.60 and 1.97 GeV/c2 was used in the E653 analy-
sis of the form factors. Distributions of cosuV and cosul for
E653 data and for the best fit to the data are shown in Fig.
28. Distributions of cosuV and cosul are shown separately
for q2<qmax

2 /2 and forq2.qmax
2 /2. As expected from Eqs.

~113!, ~115!, and~116!, the decay distributions exhibit stron-
ger cos2uV and sin2ul components asq2 decreases andH0
dominates.
The measured form-factor ratios for all three experiments,

along with the number of signal events, are shown in Table
XXIV. The experimental average for each ratio is compared
with theoretical predictions in Table XXV. As described in
Sec. VI.A.6, the ratios of partial widths to differentK* po-
larization states can also be extracted from the form-factor
ratios. The measured values ofGL /GT andG1 /G2 are also
shown in Table XXIV. Early predictions of the ratio of lon-
gitudinal to transverseK* polarization statesGL /GT were in
the range 0.9 to 1.2. In the updated quark model ISGW2
~Scora and Isgur, 1994!, the ratioGL /GT is predicted to be
0.94, in fair agreement with the measured value of

7In these analyses, each of the three form factors is assumed to
have a pole form for theq2 dependence, withMP52.1 GeV/c2 for
the vector form factor andMP52.5 GeV/c2 for the axial form
factors.
8E687 uses a binned maximum-likelihood fit with three equal bins
in cosuV , three in cosul , and two inq2.

TABLE XXIII. Experimental measurements of the branching fraction forD0→K*2l 1n.

Experiment Measured quantity Measured value B(D0→K*2l 1n) ~%!

CLEO I ~Crawfordet al., 1991! B(D0→K*2l 1n)

B(D0→K2l 1n)

0.5160.1860.06 1.960.7

CLEO II ~Beanet al., 1993a! B(D0→K*2l 1n)

B(D0→K̄0p1p2)

0.3860.0660.03 2.060.4

Mark III ~Bai et al., 1991! absolute 4.421.0
11.960.6

Average 2.160.3
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1.2360.13. The small value ofG1 /G2 is due to theV2A
nature of theW coupling to the quarks. Experimental results
are consistent with each other, given the size of the uncer-
tainties on the measurements.
The world average partial decay rate forD→K̄* l 1n

given in Eq. ~130! can be combined with the form-factor
ratios to extract the form factors themselves. The resulting
values ofA1(0), A2(0), andV(0) are given in Table XXVI.
In Table XXVII, we compare the average measured values of
the form factors with the theoretical predictions from QCD-
inspired phenomenological models, lattice calculations, and
QCD sum rules. Generally, the measured values of the axial
form factors,A1(0) ~which dominates the decay rate! and
A2(0), are lowcompared with theoretical predictions. The

vector form factors, on the other hand, are in reasonable
agreement, for bothD→K̄l 1n andD→K̄* l 1n.
In Table XXVIII, we extrapolate toqmax

2 the form factors
measured atq250, assuming a pole form for theq2 depen-
dence withMP52.1 GeV/c2 for the vector form factors and
MP52.5 GeV/c2 for the axial form factors. Future measure-
ments of the form factors should be quoted atq max

2 , as well
as atq250, since the value atqmax

2 is related to a single
universal form factor in HQET, up to~large! 1/mQ correc-
tions. Form factors atq250, on the other hand, are the prod-
uct of the value atqmax

2 and a function that depends on the
dynamics of the final-state meson recoiling with maximum
momentum in the rest frame of the initial meson. In Table
XXVIII, we also give the form-factor predictions atqmax

2 of
the ISGW~Isgur et al., 1989! quark model and the updated
predictions of ISGW2~Scora and Isgur, 1994!. The ISGW2
model incorporates the constraints imposed by HQET, rela-
tivistic correction factors, hyperfine distortions of wave func-
tions, and form factors with more realistic high-recoil behav-
ior. The updated predictions are in better agreement with the
data. The prediction forf1(qmax

2 ) has shifted upward by
about 6% due to four different effects. The prediction for
A1(qmax

2 ) has decreased by about 30%, largely due to a rela-
tivistic correction. The prediction forA2(qmax

2 ) has moved
closer to the measured value, but the agreement is still not
very good. The net effect is that the theoretical predictions
are now in better agreement with both measurements of the
form factors themselves, as shown in Table XXVIII,
and measurements of the ratio of decay rates
G(D→K̄* l 1n)/G(D→K̄l 1n), as we discuss in the next
section.
The Fermilab E791 Collaboration has a sample of ap-

proximately 2000 candidate decays in each of the modes
D1→K̄* 0e1ne and D1→K̄* 0m1nm . This data sample
should result in measurements that are significantly more
precise than current results.

3. Ratio of G(D→K̄* l 1n) to G(D→K̄l 1n)

Many experiments have directly measured the ratio of de-
cay ratesG(D→K̄* l 1n)/G(D→K̄l 1n). Theoretical mod-
els usually predict this ratio more precisely than individual

TABLE XXIV. Parameters extracted from the decay distributions forD1→K̄* 0l 1n: the ratios of form
factors r V5V(0)/A1(0) and r 25A2(0)/A1(0), the ratio of longitudinal to transverse polarization of the
K* (GL /GT), and the ratio of positive to negative transverse polarization of theK* (G1 /G2).

Experiment r V5V(0)/A1(0) r 25A2(0)/A1(0) GL /GT G1 /G2

~No. of events!

E691 (;200,e! 2.060.660.3 0.060.560.2 1.820.4
10.660.3 0.1520.05

10.0760.03

~Anjos et al., 1990b!

E653 (;300,m) 2.0020.32
10.3460.16 0.8220.23

10.2260.11 1.1860.1860.08 0.1660.0560.02

~Kodamaet al., 1992a!

E687 (;900,m) 1.7460.2760.28 0.7860.1860.10 1.2060.1360.13

~Frabettiet al., 1993a!

Average 1.8960.25 0.7360.15 1.2360.13 0.1660.04

FIG. 28. Projected distributions of the angular variables@~a! and
~b!# cosuV and @~c! and ~d!# cosul for the E653 raw data~points
with error bars! and for Monte Carlo events with the best fit form-
factor ratios~histogram! for the decayD1→K̄* 0l 1n. Distribu-
tions are shown for@~a! and ~c!# q2/qmax

2 <0.5 and@~b! and ~d!#
q2/qmax

2 .0.5. Redrawn from Kodamaet al. ~1992a!.
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decay rates. Moreover, systematic errors that contribute to
the uncertainty in a measured decay rate sometimes cancel in
the ratio. The measurements are summarized in Table XXIX.
The average value of 0.5660.05 is considerably lower than
the early quark model~Wirbel et al., 1985; Altomari and
Wolfenstein, 1988, Ko¨rner and Schuler, 1988; Isguret al.,
1989; Gilman and Singleton, 1990! and lattice gauge~Ber-
nard et al., 1991, 1992, 1993; Lubiczet al., 1992! predic-
tions, which lie in the range 0.9 to 1.2.
From Table XXVII, we see that the measured value of the

form factor forD→K̄l 1n is quite consistent with theoreti-
cal expectations. The inconsistency between experiment and
theory was predominantly in the decayD→K̄* l 1n; the ob-
served rate was lower than theoretical expectations. The
measured axial form factors in particular were lower than the
theoretically predicted values. As pointed out in Sec. VI.B.2
and illustrated in Table XXVIII, the more recent ISGW2
~Scora and Isgur, 1994! prediction for f1 is higher and that
for A1 is lower. Therefore the ISGW2 prediction for
G(D→K̄* l 1n)/G(D→K̄l 1n) has decreased to 0.54, in
good agreement with measurement.

4. D decays to other Cabibbo-favored states

Results of the most sensitive direct searches for nonreso-
nant D→K̄pl 1n and D→K̄ppl 1n decays, and for
D→K̄*pl 1n decays are given in Table XXX. There is no
evidence for significant decay rates for Cabibbo-favored
modes other thanD→K̄l 1n andD→K̄* l 1n.

5. Ds→fl 1n

Two studies of the decayDs→fl 1n are of interest: mea-
surement of the branching fraction relative toDs→fp1,
which can be used to extract an absolute branching fraction

for Ds→fp1, and measurement of the form factors, which
can be compared with those forD1→K̄* 0l 1n and with
theoretical predictions.
Measurements ofG(Ds→fl 1n)/G(Ds→fp1), sum-

marized in Table XXXI, yield an average value of
0.5460.05. The absolute branching fraction forDs→fp1

is related to this measured ratio through the equation

B~Ds→fp1!5B~Ds→fl 1n!
G~Ds→fp1!

G~Ds→fl 1n!
. ~131!

We now take advantage of the fact that theory can predict the
relative rates forDs→fl 1n andD1→K̄* 0l 1n with rea-
sonable accuracy. The measuredDs andD

1 lifetimes can be
used to relate the decay rates to branching fractions. There-
fore we have the relation

B~Ds→fl 1n!5F•B~D1→K̄* 0l 1n!
tDs

tD1
, ~132!

where F is the theoretical prediction for
G(Ds→fl 1n)/G(D1→K̄* 0l 1n). A value of F50.9
60.1 is consistent with the predictions of a number of theo-
rists ~Wirbel et al., 1985; Bauer and Wirbel, 1989; Isgur
et al., 1989; Scora, 1991, 1993!. Using the value of
B(D1→K̄* 0l 1n)5(5.060.5)% from the previous section
and the ratio of lifetimestDs

/tD150.4460.02 ~Particle

Data Group, 1994!, we predict B(Ds→fp1)
5 (3.760.560.4)%, where the last uncertainty reflects the
range of theoretical predictions forF. This is consistent with
the upper limit of 4.1% that Mark III obtained from a
double-tagging technique~Adler et al., 1990!. It is also con-
sistent with a BES measurement~Bai et al., 1995b! of
B(Ds→fp1)5(3.921.9

15.1
21.1
11.8)% based on 4167 single-

TABLE XXV. Theoretical predictions for ratios of form factors atq250 for D→K̄* l 1n compared with
experimental measurements.

Reference r V5V(0)/A1(0) r 25A2(0)/A1(0)

Experimental average 1.8960.25 0.7360.15
Quark models
ISGW ~Isguret al., 1989! 1.4 1.0
WSB ~Wirbel et al., 1985! 1.4 1.3
KS ~Körner and Schuler, 1988! 1.0 1.0
AW/GS ~Altomari and Wolfenstein, 1988;
Gilman and Singleton, 1990! 2.0 0.8

Lattice gauge
BKS ~Bernardet al., 1991, 1992, 1993! 1.9960.2260.33 0.760.1660.17
LMMS ~Lubicz et al., 1992! 1.660.2 0.460.4
LANL ~Bhattacharya and
Gupta, 1994a, 1994b! 1.7560.09 0.8760.21
ELC ~Abadaet al., 1994! 1.360.2 0.660.3
APE ~Allton et al., 1995! 1.660.3 0.760.4
UKQCD ~Nieveset al., 1994;
Bowler et al., 1994! 1.420.2

10.5 0.960.2

Sum rules
BBD ~Ball et al., 1991! 2.260.2 1.260.2
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taggedDs→fp1 decays and two events in which bothDs
mesons are reconstructed in the modeDs→fp1, or other
hadronic modes for which the branching fractions relative to
Ds→fp1 have been measured.
It is important to measure the form factors in

Ds→fl 1n because the theoretical models that predict the
ratio G(Ds→fl 1n)/G(D→K̄* l 1n) @F in Eq. ~132!# also
predict similar form factors for D→K̄* l 1n and
Ds→fl 1n. If the measured form factors are not consistent,
there is further theoretical uncertainty on extracting the ab-
soluteDs branching fractions from Eq.~132!.
Two fixed-target experiments~E687 and E653! and CLEO

have now measured the form factors in the decay
Ds→fl 1n, albeit with large uncertainties. The statistical
errors are large because of limitedDs production in both
fixed-target ande1e2 machines. Also, the background level
is also considerably higher than that forD1→K̄* 0l 1n. Un-
like the decay modeD1→K̄* 0l 1n with K̄* 0→K2p1,
there is no analogous ‘‘wrong-sign’’ mode forDs→fl 1n
that can be used to measure the noncharm background be-
cause thef is reconstructed in a final state with two oppo-

sitely charged but identical particles. E653 monitors their
background withK1K1l 2 candidates. E687 and CLEO use
sidebands to thef peak; since thef resonance is much
narrower than theK* resonance, sidebands to theK1K2

mass peak can be used to monitor the background level and
to incorporate the background in the fit.
Measurements of form factor ratios inDs→fl 1n by

E653, E687, and CLEO are shown in Table XXXII. The
experimental average of each ratio is consistent with the
value measured for the decay modeD1→K̄* 0l 1n ~see
Table XXIV!, although the value ofr 2 for Ds→fl 1n is
about two standard deviations high.

6. Ds→hl 1n and Ds→h8l 1n

In Ds decays, the Cabibbo-favored semileptonic modes
with a pseudoscalar in the final state areDs→hl 1n and
Ds→h8l 1n. Both experiment E653~Kodamaet al., 1993a!
and CLEO II ~Battle et al., 1994! have evidence for these
decays. The measured quantities are summarized in Table
XXXIII.

TABLE XXVI. Magnitudes of individual form factorsA1(0), A2(0), andV(0) in the decay
D1→K̄* 0l 1n for a decay rate ofG(D→K̄* l 1n)5(4.760.4)31010 s21.

Experiment A1(0) A2(0) V(0)

E691 ~ Anjos et al., 1990b! 0.5060.07 0.060.2 1.060.3
E653 ~Kodamaet al., 1992b! 0.5860.07 0.4760.14 1.260.3
E687 ~ Culbertson, 1993! 0.5960.05 0.4660.11 1.060.3

Average 0.5660.04 0.3960.08 1.160.2

TABLE XXVII. Theoretical predictions for form factors atq250 for D→K̄l 1n ( f1) and forD→K̄* l 1n (A1 , A2 , V! compared with
experimental measurements.

f1(0) A1(0) A2(0) V(0)

Experimental average 0.7660.03 0.5660.04 0.3960.08 1.160.2

Quark models
ISGW ~ Isguret al., 1989! 0.8 0.8 0.8 1.1
WSB ~Wirbel et al., 1985! 0.76 0.88 1.2 1.3
KS ~Körner and Schuler, 1988! 0.7 0.82 0.8 0.8
AW/GS ~Altomari and
Wolfenstein, 1988;
Gilman and Singleton, 1990!

0.7 0.8 0.6 1.5

Lattice gauge
BKS ~Bernard
et al., 1991, 1992, 1993! 0.960.160.2 0.860.160.2 0.660.160.2 1.460.560.5
LMMS ~Lubicz et al., 1992! 0.6360.08 0.5360.03 0.260.2 0.960.1
LANL ~Bhattacharya and
Gupta, 1994a! 0.7160.05 0.7560.05 0.6460.19 1.3360.10
Wuppertal~Guskenet al., 1995! 0.8460.16 0.6460.08 0.6160.41 1.1760.38
ELC ~Abadaet al., 1994! 0.6060.1560.07 0.6460.16 0.4160.2860.04 0.8660.24
APE ~Allton et al., 1995! 0.7860.08 0.6760.11 0.4960.34 1.0860.22
UKQCD ~Nieveset al., 1994! 0.6760.08 0.7020.10

10.07 0.6620.15
10.10 1.0120.13

10.30

Sum rules
BBD ~Ball et al., 1991! 0.60 0.5 0.6 1.1
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E653 does not reconstruct the neutral particles in theh or
h8 decays, but observes an enhancement in thep1p2 mass
distribution just below theh mass. E653 also sets an upper
limit ~Kodama et al., 1993b! on B(Ds→h8m1nm)/
B(Ds→fm1nm) by simply searching for secondary vertices
with four charged hadrons ~from h8→p1p2h,h
→p1p2g,p1p2p0) with invariant mass less than 1 GeV/
c2, and an identified muon.
CLEO reconstructs the decay modesh→gg and

h8→hp1p2. For the modeDs→hl 1n, the decay chain
Ds*→Dsg, Ds→hl 1n is used to reduce the background. To
increase efficiency in theDs→h8l 1n analysis, theDs* tag
is not used.
From Table XXXIII, we see that the Cabibbo-favored

semileptonic decay rate of theDs to a pseudoscalar particle
is larger than the rate to a vector particle, in agreement with
experimental observations in the D system
@B(D→K̄l 1n)/B(D→K̄* l 1n)51.7860.16)#. The ratio
of the decay rate to pseudoscalar mesons relative to vector
mesons is about 1.5 standard deviations higher for theDs
than theD. The measuredDs decay rates for nonleptonic
final states involving anh or h8 are also observed to be

unexpectedly large~Alexanderet al., 1992a, 1992b!. Kamal,
Xu, and Czarnecki~1993! used the factorization hypothesis
to predict B(Ds→(h or h8)l 1n)/B(Ds→fl 1n)'4,
based on the related hadronic rates forDs→hr1 and
Ds→h8r1 relative toDs→fp1 measured by CLEO~Alex-
anderet al., 1992a, 1992b!.

C. Cabibbo-suppressed semileptonic decays of charm
mesons

The ratio of Cabibbo-suppressed to Cabibbo-favored
semileptonic decays of theD meson to a pseudoscalar meson
in the final state can be used to determine the product of the
ratio of Cabibbo-Kobayashi-Maskawa matrix elements
uVcd /Vcsu and the ratio of form factorsf1

p (0)/ f1
K (0). In par-

ticular,

B~D0→p2e1ne!

B~D0→K2e1ne!
52

B~D1→p0e1ne!

B~D1→K̄0e1ne!

51.97UVcd

Vcs
U2S f1

p ~0!

f1
K ~0!

D 2, ~133!

TABLE XXVIII. Theoretical predictions of ISGW and ISGW2 for form factors atq25qmax
2 for

D→K̄l 1n ( f1) and forD→K̄* l 1n (A1 , A2 , V! compared with experimental measurements. Form fac-
tors measured atq250 are extrapolated toqmax

2 assuming a pole form for theq2 dependence with
MP52.1 GeV/c2 for the vector form factors andMP52.5 GeV/c2 for the axial form factors.

Reference f1(qmax
2 ) A1(qmax

2 ) A2(qmax
2 ) V(qmax

2 )

Experimental average 1.3160.04 0.6660.05 0.4660.09 1.460.3

ISGW ~Isguret al., 1989! 1.16 1.0 1.0 1.3
ISGW2 ~Scora and Isgur, 1994! 1.23 0.70 0.94 1.52

TABLE XXIX. Experimental measurements of the ratio of Cabibbo-favoredD decay rates to states with a
vector or a pseudoscalar meson in the final state.

Experiment Measured Measured
ratio value

Mark III ~Bai et al., 1991! G(D→K̄* l 1n)

G(D→K̄l 1n)

1.0060.25

E691 ~Anjos et al., 1989b, 1990b, 1991! G(D1→K̄* 0e1ne)

G(D0→K2e1ne)

0.4860.10

E653 ~Kodamaet al., 1992b! G(D1→K̄* 0m1nm)

G(D0→K2m1nm)

0.4360.0960.09

E687 ~Frabettiet al., 1993c! G(D1→K̄* 0m1nm)

G(D0→K2m1nm)

0.6160.1060.13

CLEO ~Crawfordet al., 1991! G(D0→K*2e1ne)

G(D0→K2e1ne)

0.5160.1860.06

CLEO II ~Beanet al., 1993a! G(D0→K*2e1ne)

G(D0→K2e1ne)

0.6060.0960.07

CLEO II ~Beanet al., 1993a! G(D1→K̄* 0e1ne)

G(D1→K̄0e1ne)

0.6560.0960.10

Average G(D→K̄* l 1n)

G(D→K̄l 1n)

0.5660.05
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TABLE XXX. Results of direct searches for nonresonant~NR! hadronic states and higher-multiplicity reso-
nances in semileptonicD decays. All quoted limits correspond to 90% confidence level.

Experiment Decay mode Branching Decay rate

fraction ~%! (1010 s21)

E691 ~Anjos et al., 1989a! D1→(K2p1)NRe
1ne ,0.7 ,0.7

E687 ~Frabettiet al., 1993a! D1→(K2p1)NRm
1nm ,0.4 ,0.4

E691 ~Anjos et al., 1992! D1→K̄*pe1ne , all charges ,1.2 ,1.1

E687 ~Frabettiet al., 1993a! D1→K̄* 0p0m1nm ,0.2 ,0.2

E691 ~Anjos et al., 1992! D1→(Kp)NRpene , all charges ,0.9 ,0.9

E653 ~Kodamaet al., 1993b! D0→K2p1p2m1nm ,0.13 ,0.3

E653 ~Kodamaet al., 1993b! D0→(K*p)2m1nm ,0.15 ,0.4

TABLE XXXI. Measurements of the decay rate forDs→fl 1n relative to that forDs→fp1. When not
already done by the experimenters, measured branching fractions for the muon mode have been scaled up by
1.05 to account for the reduced phase space relative to the electron mode.

Experiment No. of events G(Ds→fl 1n)/G(Ds→fp1)

~lepton type!

E691 ~Anjos et al., 1990a! no signal (e) ,0.45

CLEO ~Alexanderet al., 1990! 54611 (e,m) 0.4960.1020.14
10.10

ARGUS ~Albrechtet al., 1991b! 104626 (e) 0.5760.1560.15

E687 ~Frabettiet al., 1993b! 97628 (m) 0.6160.1860.07

CLEO II ~Butler et al., 1994! 367627 (e,m) 0.5460.0560.04

Average 0.5460.05

TABLE XXXII. Measurements of the form factors for the decayDs→fl 1n.

Experiment No. of events Variables r V5 r 25 GL /GT

~lepton type! used in analysis V(0)/A1(0) A2(0)/A1(0)

E653 ~Kodama 19~m! cosul , cosuV , q
2 2.320.9

11.160.4 2.120.5
10.660.2 0.5460.2160.10

et al., 1993a!

E687 ~Frabetti 90 (m) cosul , cosuV , q
2, x 1.860.960.2 1.160.860.1 1.060.560.1

et al., 1994!

CLEO II ~Avery 308 (e) cosul , ucosuVu, q2 0.960.660.3 1.460.560.3 1.060.360.2

et al., 1994b!

Average 1.460.5 1.660.4 1.060.3
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where the factor of 2 difference between the two ratios arises
from the 1/A2 coupling ofdd̄ to thep0.
CLEO uses the decayD*1→D1p0 to tag 58 Cabibbo-

suppressedD1→p0l 1n decays~Alam et al., 1993!. The
branching ratio relative to the Cabibbo-favored decay
D1→K̄0l 1n was measured to beB(D1→p0l 1n)/
B(D1→K̄0l 1n)50.08560.02760.014, leading to

UVcd

Vcs
U2S f1

p ~0!

f1
K ~0!

D 250.08560.02760.014.

More recently, CLEO has used a similar technique for the
modeD0→p2l 1n ~Butler et al., 1995!. From a signal of
87633 D0→p2l 1n decays, they extract B(D0

→p2l 1n)/B(D0→K2l 1n)50.10360.03960.013, lead-
ing to

UVcd

Vcs
U2S f1

p ~0!

f1
K ~0!

D 250.05260.02060.007.

These results can be compared with the Mark III measure-
ment~Adler et al., 1989! of 0.05720.017

10.03860.005 for the same
quantity, based on 7D0→p2e1ne and 56D0→K2e1ne
events. UsinguVcd /Vcsu250.05160.002 from the unitarity
of the CKM matrix, we can use the average of the Mark III
and CLEO measurements to extract the ratio of form factors

f1
p ~0!/ f1

K ~0!51.260.3.

This result is consistent with theoretical predictions, which
range from 0.7 to 1.4~Lepage and Brodsky, 1980; Bauer
et al., 1987; Dominguez, 1988; Alievet al., 1989; Crisafulli
et al., 1989; Isguret al., 1989; Lubiczet al., 1992; Narison,
1994b!.
The E653 Collaboration has observed a signal of 4.022.3

12.8

events in the modeD1→r0m1nm ~Kodamaet al., 1993c!.
The measured decay rate relative to the corresponding
Cabibbo-favored mode is

B~D1→r0m1nm!

B~D1→K̄* 0m1nm!
50.04420.025

10.03160.014.

The central value for this measurement is about half the
90%-confidence-level limit previously reported by the Mark
III Collaboration ~Bai et al., 1991!. A model by Scora and
Isgur ~1994! predicts that the measured ratio should equal
0.42uVcd /Vcsu250.022, consistent with the value given
above.

D. Summary of exclusive charm decays

In Table XXXIV, exclusive semileptonic decay rates forD

mesons are summarized and compared with the inclusive
decay rate. For the Cabibbo-suppressed modes, we have as-
sumed the rate predicted in the ISGW2 model~Scora and
Isgur, 1994!. This rate is about 20% lower than the rate pre-
dicted by Wirbelet al. ~1985!, which is sometimes cited in
the literature. The exclusive rates account for~8465!% of
the inclusive rate. The inclusive rate exceeds the sum of the
exclusive rates by (2.760.9)31010 s21. Recall from Table
XXX that the upper limits for decay rates to other nonreso-
nant and higher-mass modes are&1010 s21 each. Therefore
the semileptonic decays ofD mesons may be saturated by
the Cabibbo-favored and Cabibbo-suppressed decays to a
single vector or pseudoscalar meson, although a discrepancy
of three standard deviations remains between the inclusive
rate and the sum of the exclusive rates.
Historically, theoretical predictions for the rate of decay to

a vector meson relative to a pseudoscalar have been higher
than the measured value~Sec. VI.B.3!. Measurements of
form factors indicated that this discrepancy was mainly due
to smaller measured axial form factors (A1 and A2) than
were predicted by theory~Table XXVII!. More recent theo-
retical predictions are in better agreement with the experi-
mental results~see Table XXVIII!.
SemileptonicDs decays appear to follow the pattern ofD

decays, both in terms of form-factor ratios and in the relative
decay rates to pseudoscalar and vector mesons.

E. Exclusive b→c semileptonic decays of B mesons and
uVcbu

1. Overview and experimental techniques

The decaysB→Xcl
2n̄, whereXc is a hadronic system

with charm, account for 98% to 99% of the totalB-meson

TABLE XXXIII. Measurements of the branching fraction forDs→hl 1n andDs→h8l 1n relative to that
for Ds→fl 1n.

Experiment B~Ds→hl 1n!

B~Ds→fl 1n!

B~Ds→h8l 1n!

B~Ds→fl 1n!

B~Ds→~h or h8!l 1n!

B~Ds→fl 1n!

E653 ~Kodamaet al., 1993a, 1993b! ,1.6 3.961.6
CLEO II ~prelim.! 1.7460.3460.24 0.7120.18

10.19
20.10
10.08 2.4660.3960.26

~Battleet al., 1994!

Average 2.660.5

TABLE XXXIV. Summary of measured semileptonic decay rates
for D mesons. The rate for Cabibbo-suppressed modes is based
on predictions of the ISGW2 model~Scora and Isgur, 1994!. No
theoretical uncertainty has been included for the Cabibbo-
suppressed rate.

Decay mode Decay rate (1010 s21)

D→K̄l 1n 8.460.4

D→K̄* l 1n 4.760.4

D→(p,h,h8,r,v)l 1n 0.7
Total exclusive rate 13.860.6

Inclusive rate 16.560.7
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semileptonic rate~see Sec. V.E!. An overall picture of exclu-
siveB→Xcl

2n̄ decays can be obtained from Table XXXV,
which lists the branching fractions measured thus far.
Several features stand out from an inspection of Table

XXXV. Together, the decaysB→Dl 2n̄ and B→D* l 2n̄
account for only 60% to 70% of the inclusive semileptonic
rate. This result contrasts with the situation inD decays,
where D→K̄l 1n and D→K̄* l 1n nearly saturate the
Cabibbo-favored rate. Furthermore, theoretical calculations
had predicted thatB→Dl 2n̄ and B→D* l 2n̄ would ac-
count for most of the semileptonic rate~Voloshin and Shif-
man, 1988; Isguret al., 1989; Colangeloet al., 1992!. The
decayB→D* l 2n̄ has the largest branching fraction of any
semileptonic mode~in fact, of any exclusiveB decay!, and it
is the only semileptonic mode whose branching fraction has
been precisely measured. Due to a fortunate convergence of
experimental and theoretical advantages,B→D* l 2n̄ offers
what may well be the best method for determininguVcbu, as

well as an excellent environment for testing the predictions
of HQET through form-factor measurements. Although the
branching fraction forB→Dl 2n̄ is also relatively large, its
value is not well known. However, all of the published mea-

TABLE XXXV. B semileptonic decays to final states with charm. Measurements at theY(4S) assume that
f125 f 0050.5, wheref125B„Y(4S)→B1B2

… and f 005B„Y(4S)→B0B̄0
…. Measurements with an aster-

isk (* ) have been updated to reflect more recent values ofD andD* branching fractions. Those with a
dagger (†) used earlyD* branching fractions, but, due to the complexity of the analysis procedure, are
difficult to correct. We also list averages forB̄0→D*1l 2n̄ andB2→D* 0l 2n̄ branching fractions, whereas
for B̄0→D1l 2n̄ we recommend using the ARGUS measurement only, since the CLEO I measurement is not
corrected. In quoting the ALEPH and OPAL results, we have assumedB(b→B̄0)5B(b→B2)50.4 ~with no
uncertainty! at theZ. The charge of theB meson is not determined in the decays toP-wave mesons from
LEP, sinceX may be a charged particle, but mostD1

0 andD2*
0 states are probably produced in chargedB

decays and most chargedD1
1 andD2*

1 states in neutralB decays. In the text, various assumptions are made
to derive results on decays to these states that are easier to interpret than those in the table. The ARGUS
measurement ofB→D** l 2n̄ assumes a set ofD** states distributed according to the ISGW model.

Mode Experiment Reference
Branching fraction

~%!

B̄0→D1l 2n̄ ARGUS* Albrechtet al., 1989b 2.060.760.6
B̄0→D1l 2n̄ CLEO I† Fultonet al., 1991 1.860.660.3

B2→D0l 2n̄ CLEO I† Fultonet al., 1991 1.660.660.3

B̄0→D*1l 2n̄ ARGUS* Albrechtet al., 1993c 4.760.560.5
B̄0→D*1l 2n̄ ARGUS ~part. rec.! Albrechtet al., 1994a 4.560.360.4
B̄0→D*1l 2n̄ CLEO I* Bortolettoet al., 1989 4.060.460.6
B̄0→D*1l 2n̄ ALEPH ~prelim.! ALEPH Collaboration, 1994 5.3660.5060.76
B̄0→D*1l 2n̄ CLEO II Barishet al., 1995 4.4960.3260.39
B̄0→D*1l 2n̄ Average 4.5360.32

B2→D* 0l 2n̄ ARGUS* Albrechtet al., 1992a 6.661.661.5
B2→D* 0l 2n̄ CLEO I† Fultonet al., 1991 4.160.820.9

10.8

B2→D* 0l 2n̄ CLEO II Barishet al., 1995 5.1360.5460.64
B2→D* 0l 2n̄ Average 5.3460.80

B→D*1p2l 2n̄X ALEPH Buskulicet al., 1995b 0.9360.2560.18
B→D1

0(2420)l 2n̄X ALEPH Buskulicet al., 1995b 0.5160.1560.09
3D1

0(2420)→D*1p2

B→D2*
0(2460)l 2n̄X ALEPH Buskulicet al., 1995b ,0.20@95% C.L.

3D2*
0(2460)→D*1p2

B→D2*
0(2460)l 2n̄X OPAL ~prelim.! Akerset al., 1995 0.4060.1860.08

3D2*
0(2460)→D1p2

B→D2*
1(2460)l 2n̄X OPAL ~prelim.! Akerset al., 1995 1.160.320.3

10.2

3D2*
1(2460)→D0p1

B0→D** 1l 2n̄ ARGUS Albrechtet al., 1993c 2.560.560.5

TABLE XXXVI. Partial widths for B→Dl 2n̄ and B→D* l 2n̄
decays. The uncertainties include the errors on the individual
charged and neutralB-meson lifetimes, as listed in Table III. The
rate for B2→D0l 2n̄ is marked with a dagger (†) because the
associated branching-fraction measurement could not be adequately
corrected for changes inD andD* branching-fraction results.

Mode G/(1010 s21)

B̄0→D1l 2n̄ 1.360.6

B2→D0l 2n̄ 1.060.4†

B̄0→D*1l 2n̄ 3.060.3

B2→D* 0l 2n̄ 3.560.6
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surements ofB→Dl 2n̄ are old, and improvements should
be forthcoming. The vector-to-pseudoscalar ratio,
G(B→D* l 2n̄)/G(B→Dl 2n̄)'2.3, is very different9

from the analogous ratio in charm semileptonic decays:
G(D→K̄* l 1n)/G(D→K̄l 1n)'0.6. The ratio forB semi-
leptonic decays is in accord with most theoretical predic-
tions, unlike that for charm decays. For example, Neubert
~1994c! predicts a ratio of 2.79 forrA1

2 50.8 and 3.0 for

rA1
2 51.1, while the ISGW2 model~Scora and Isgur, 1994!

predicts a ratio of 2.6. Table XXXVI lists the partial widths
for B→Dl2n̄ andB→D* l2n̄. Finally, we note that the de-
cays to orbitally excited charm mesons, including the
D1(2420) andD2* (2460), represent a significant and poorly
understood part of the semileptonic rate. Rapid progress is
being made in this area by the LEP experiments. A mode that
is not listed, but which may be significant~Chenget al.,
1993!, is B→Dpl 2n̄, where the hadronic part of the final
state is nonresonant. For reference, we include in Table
XXXVII the predictions of ISGW2 for exclusive
B→Xcl

2n̄ decays.
Reconstruction of exclusive semileptonic decays is more

difficult than that of hadronic decays because the neutrino
cannot be directly observed. Furthermore, an identified lep-
ton and a reconstructedD* meson do not in themselves con-
stitute evidence for the decayB→D* l 2n̄, since such com-
binations could arise from several other sources. The actual
decay could beB→D** l 2n̄, followed byD**→D*p, or
it could beB→D*pl 2n̄, in which theD*p system is non-
resonant. Similarly, bothB→D* l 2n̄ and B→D** l 2n̄
produceDl combinations that can mimic aB→Dl 2n̄ sig-
nal.

At the Y(4S), there is the additional difficulty that each
event contains twoB mesons, each decaying nearly at rest in
the lab frame. AD*1l 2 pair, for example, can originate
from B̄0→D*1l 2n̄, but the same correlation of charges can
also arise if theD* and the lepton are produced in the decay
chains of differentB’s: either the lepton from the otherB is
secondary, or it is primary andB0B̄0 mixing has occurred.
Fortunately, there are a number of powerful techniques for

establishing semileptonic signals. At theY(4S), the energy
of theB meson is known:EB5Ebeam. Using this constraint
and the four-vectors for the candidate lepton and daughter
hadron, one can determine whether the measured four-
vectors are consistent with a missing neutrino. In a
B→D* l 2n̄ decay, for example, one can calculate the mass
of the particles recoiling against theD* l 2 system under the
assumption that the observedD* and lepton are produced
from a singleB meson:

pmiss
2 5~pB2pD* l !2

5mB
21mD* l

2
22EBED* l 12upBuupD* l ucosuB,D* l ,

~134!

wherepD* l 5pD*1pl . If the hypothesis is correct~that is,
if the only other particle produced in the semileptonic decay
is a neutrino!, thenpmiss

2 5pn
250. If additional daughter par-

ticles are produced, such as pions, thenpmiss
2 increases. How-

ever, there is not enough information to calculatepmiss
2 ex-

actly, because the direction of theB-momentum vector is
unknown. As a consequence, the angleuB,D* l between the
B- and the (D*1l )-momentum directions is also unknown.
Fortunately, the magnitude of theB momentum at the
Y(4S) is fairly small, upBu5330 MeV/c, so that one can
ignore the last term in Eq.~134! to good approximation. The
quantity

Mmiss
2 [mB

21mD* l
2

22EBED* l ~135!

still peaks near zero when the neutrino is the only missing
particle, although there is significant smearing~of typical
size DMmiss

2 '0.5 GeV2/c4) due to our approximation. An
alternative way to use Eq.~134!, requiring no approxima-
tions, is to setpmiss

2 50 and solve for cosuB,D* l . If the hy-
pothesis is correct~that is, if the only other particle in theB
decay is a neutrino!, then cosuB,D* l must lie in the range
21 to11. If there are additional particles produced in theB
decay, however, then the value of cosuB,D* l calculated in this
way often takes on nonphysical values, and such candidates
can be rejected.
Recently, a new approach has been used by CLEO in the

measurement ofB→pl 2n̄. Here it was possible to use the
missing-momentum vector in the event to estimate the neu-
trino four-momentum, and then to reconstruct aB mass peak
as in a hadronic analysis. This approach appears to be very
promising and will be applied to exclusiveB→Xcl

2n̄ de-
cays as well. In addition to these techniques, several other
kinematic properties can be used to identify semileptonic
decays at theY(4S), which we discuss further in the sec-
tions on specific modes.
Experiments usingZ→bb̄ cannot impose a strict beam-

energy constraint, because theb hadron does not necessarily

9One might guess from simple spin counting that this ratio, in the
limit of identical masses for the vector and pseudoscalar mesons,
might be equal to three. This argument is not correct because the
three helicity states for the vector meson have very different prob-
abilities, which are determined by the detailed physics of the under-
lying weak couplings as well as the form factors.

TABLE XXXVII. Predictions for exclusiveB̄0→Xcd̄l
2n̄ decays

from the ISGW2 model. The quantum numbers of the final-state
charm meson are expressed in the heavy-quark symmetry notation
nj l LJ , wheren is the radial quantum number,j l is the total angu-
lar momentum of the light degrees of freedom,L is their orbital
angular momentum, andJ is the total spin of the meson. The
masses in parenthesis are expectations for unobserved particles.

nj l LJ(Xcd̄) M (Xcd̄) GeV/c
2

G~B̄0→Xcd̄l
2n̄ !

~ uVcbu21013 s21!

11/2S0 1.87 1.42
11/2S1 2.01 2.81
13/2P1 2.42 0.20
13/2P2 2.46 0.10
11/2P0 ~2.40! 0.03
11/2P1 ~2.49! 0.04
21/2S0 ~2.58! 0.00
21/2S1 ~2.64! 0.06

Total 4.66
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receive the full beam energy in the fragmentation process.
However, there are other very effective ways to reduce back-
ground. Theb hadron travels a relatively large distance be-
fore decaying, so that precise vertex-detector information is a
powerful tool for associatingb-decay tracks. In addition, the
jet structure of the event separates the tracks from the twob
hadrons into different regions of the solid angle, so that the
problem of overlapping decay products from theb hadrons is
much reduced.

2. Branching fraction for B→Dl 2n̄

Although the decayB→Dl 2n̄ has a substantial branch-
ing fraction, measurements to date have suffered from large
statistical errors, as well as difficulty with background from
B→D* l 2n̄, whereD*→Dp or D*→Dg. AlthoughD0’s
are easier to reconstruct thanD1’s, there is more background
for B2→D0l 2n̄ thanB̄0→D1l 2n̄ because allD* 0 decays
and about two-thirds ofD*1 decays produceD0’s. The
lepton-energy spectrum fromB→Dl 2n̄ is softer than that
for B→D* l 2n̄ ~see Sec. II.C! and does not provide a par-
ticularly useful tool for isolating aB→Dl 2n̄ signal. At the
Y(4S), the two best variables for this purpose are the mo-
mentum of theD meson, which is substantially harder for
D ’s from B→Dl 2n̄ than for those fromB→D* l 2n̄, and
the missing mass of the system recoiling against theDl 2

system, defined analogously to Eq.~135!. ~The D momen-
tum is typically hard because theP-wave effect in
P→P8l n decays favors lowq2 configurations, as discussed
in Sec. II.C.! The usual procedure is to make a cut onpD at
some minimum value~e.g.,p.1.5 GeV/c) and then to fit
theMmiss

2 distribution to contributions fromB→Dl 2n̄ and
B→D* l 2n̄. Figure 29 shows the shapes that would be ob-
served in the missing mass squared recoiling against the ob-

servedDl 2 system for various decay hypotheses. Figures
30 and 31 show data from CLEO I and ARGUS.
Measurements ofB→Dl 2n̄ from ARGUS ~Albrecht

et al., 1989b! and CLEO~Fulton et al., 1991! are listed in
Table XXXV. The published values are in general somewhat
different from those in the table, because there have been
significant changes in measuredD andD* branching frac-
tions since the original publications.~The D* branching
fractions are needed for background calculations.! Stone
~1993! has used more recentD* andD branching fractions
~Adler et al., 1988a; Butleret al., 1992; Akeribet al., 1993!
to correct these measurements when the original publication
contains sufficient information. Morrison and Richman
~1994! have used a similar procedure, together with theD
and D* branching fractions given in Table III. The
B→Dl 2n̄ values given in Table XXXV are obtained from
Morrison and Richman. Unfortunately, it is not possible to
correct all of the early measurements, since inadequate infor-
mation is given in the papers, and in other cases some judg-
ment is required. It should be possible to measure
B→Dl 2n̄ much better now that the background process
B→D* l 2n̄ has been measured with good precision.

3. Branching fractions for B→D* l 2n̄ and B→D** l 2n̄

The branching fraction forB→D* l 2n̄ has been mea-
sured using both full and partial reconstruction of theD* . In

FIG. 29. Distributions of the missing mass squared recoiling
against theDl 2 system, generated with the CLEO Monte Carlo.
These shapes are used in extracting the rate forB→Dl 2n̄: solid
line, B→Dl 2n̄; dashed line, B→D* l 2n̄; dotted line,
B→D** l 2n̄; dot-dashed line,B→D(D* )X, B̄→Yl 2n̄. All
curves are normalized to the same area. In the measurement of the
rate forB→D* l 2n̄, one computes the missing mass squared re-
coiling against theD* l 2 system.

FIG. 30. Missing-mass-squared distributions for the CLEO I
B→Dl 2n̄ analysis. The points with error bars are data after sub-
traction of the contribution from events containing fake leptons and
events in which theD and the lepton are real but are from different
B mesons:~a! distribution forD0l 2 combinations;~b! distribution
for D1l 2 combinations. The total fit is broken down into the con-
tributions displayed in Fig. 29. Note that the contribution from the
B→Dl 2n̄ signal~lower solid line in each plot! is small compared
with the backgrounds in theD0l 2 channel and comparable to the
backgrounds in theD1l 2 channel. Redrawn from Fultonet al.
~1991!.

949J. D. Richman and P. R. Burchat: Leptonic and semileptonic decays

Rev. Mod. Phys., Vol. 67, No. 4, October 1995



the first approach, which has been used by ALEPH~ALEPH
Collaboration, 1994!, ARGUS ~Albrecht et al., 1992a,
1993c!, and CLEO ~Bortoletto et al., 1989; Fultonet al.,
1991; Barishet al., 1995a!, all of the decay products of the
D* are identified. This method has the advantage that the
differencedM between the invariant masses reconstructed
for the D* and D candidates @for example,
M (D*1)2M (D0)5M (K2p1p1)2M (K2p1)# provides
a powerful tool for rejecting background. This method is
superior to simply reconstructing aD* mass peak, because
the tracking-related errors in the two masses are highly cor-
related, and there are substantial cancellations of the errors in
the difference. The resolution ondM is consequently very
good ~better than 1 MeV/c2 in CLEO!. A difficulty for
B→D* l 2n̄ measurements in theY(4S) experiments is that
the ‘‘soft pion’’ ps

1 from theD*1→D0p s
1 decay has very

low momentum: all of the spectrum is below 225 MeV/c. In
the high magnetic field (1.5 T) of CLEO, 100 MeV/c pions
are restricted to the inner half of the tracking system, and
great care must be taken to determine the detection efficiency
of the soft pions as a function of momentum. ARGUS has a
substantially lower field (0.8 T), so theD*1 reconstruction
problem is less severe. At LEP, reconstruction of this pion
does not pose a problem because there is a large boost be-
tween theB rest frame and the lab frame.
We first describe the ARGUS measurement~Albrecht

et al., 1993c! of B̄0→D*1l 2n̄, which uses the channels
D0→K2p1 andD0→K2p1p2p1. As we have discussed,
signal events produce a narrow peak in thedM distribution
and a peak near zero~indicating a neutrino! in the distribu-
tion of the missing mass recoiling against theD*1l 2

system. @ARGUS uses the definition M rec
2 5(Ebeam

2ED*12El )
22(pD*11pl )

2, which differs only slightly
from the definition ofMmiss

2 given in Eq.~135!.# Figure 32
shows the distributions ofM rec

2 for the two channels studied.
In addition to the dominant contribution from
B̄0→D*1l 2n̄, the fits include a term forB→D** l 2n̄.
This term, whose shape is taken from a Monte Carlo simu-

lation based on the ISGW model, is used to fit the broad
shoulder in the upper end of the distribution. The
B̄0→D*1l 2n̄ signal contains 235624611 events, leading
to the ARGUS published value ofB(B̄0→D*1l 2n̄)
5(5.260.560.6)%. However, this number assumed
B(D0→K2p1)53.65%, which is significantly below the
1994 PDG value. The corrected branching fraction given in
Table XXXV uses 1994 PDG information.
There are manyD** states that can contribute to the

shoulder of the missing-mass distribution, but they cannot be
distinguished by this measurement. ThusD** is used ge-
nerically to represent either orbitally or radially excitedD
mesons or nonresonantD*X systems. To measure their com-
bined contribution, ARGUS uses a Monte Carlo simulation
based on the ISGW model, which provides the relative de-
tection efficiencies for the different states, as well as the
shapes that they would produce in theM rec

2 distribution. The
D** states included in the fit areD(11P1), D(13P1),
D(13P2), D(2

1S0), and D(2
3S1). @The D(13P0) cannot

decay intoD*1p2.# Based on their combined signal of
6361566 events in bothD0 channels, ARGUS obtains the
model-dependent result

B~B̄0→D** 1l 2n̄ !5~2.760.560.5!%, ~136!

which we have corrected in Table XXXV to reflect more
recent measurements ofD0→K2p1. The model depen-
dence is not included in the systematic error.
In the CLEO II analysis~Barish et al., 1995a!, both

B̄0→D*1l 2n̄ and B2→D* 0l 2n̄ are measured using
D*1→D0p1 andD* 0→D0p0, with D0→K2p1 in each
case. Thep0 reconstruction uses the CsI calorimeter, which
provides excellent photon detection down to low energies.

FIG. 31. The missing-mass-squared distribution in the ARGUS
B̄0→D1l 2n̄ analysis. The solid curve is the total fit, and the
dashed curve shows the contribution fromB̄0→D*1l 2n̄. The con-
tribution from B→D** l 2n̄ decays was found to be negligible.
Redrawn from Albrechtet al. ~1989b!.

FIG. 32. The ARGUS missing-mass distribution forD* l events in
which theD* is fully reconstructed in the decayD*1→D0p1

where ~a! D0→K2p1 or ~b! D0→K2p1p2p1. Most of the
events are attributed to the decayB̄0→D*1l 2n̄. The data are the
points with error bars, and the unshaded histogram is the contribu-
tion from B̄0→D*1l 2n̄ determined from the fit. The shaded re-
gions at the upper end of the spectra show the estimated contribu-
tion from B→D** l 2n̄, and the dotted curves represent the small
contribution from continuum background. Redrawn from Albrecht
et al. ~1993c!.
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The analysis technique is roughly similar to that used by
ARGUS, but the separateB→D* l 2n̄ and B→D*Xl 2n̄
contributions are determined not only from the missing-mass
distribution, but also from the fact thatB→D* l 2n̄ has a
harder lepton-momentum spectrum thanB→D*Xl 2n̄. The
total yield of signal events in the two semileptonic decays is
about 700, and the dominant systematic errors are due to
uncertainties in the detection efficiencies for the softp1’s
andp0’s. This analysis yields the most precisely measured
branching fractions forB→D* l 2n̄ using full reconstruc-
tion:

B~B̄0→D*1l 2n̄ !5~4.4960.3260.39!%,

B~B2→D* 0l 2n̄ !5~5.1360.5460.64!%. ~137!

The evidence for aB→D*Xl 2n̄ or B→D** l 2n̄ signal is
weak:

B~B̄→D*1Xl 2n̄ !5~0.660.360.1!%,

B~B̄→D* 0Xl 2n̄ !5~0.660.660.1!%, ~138!

whereX represents at least one pion, so CLEO quotes a 95%
C.L. upper limit

(
i
B~B̄→Di** l

2n̄ !,2.8%. ~139!

As in the ARGUS analysis, a number of model-dependent
assumptions are made in obtaining theB→D** l 2n̄ results.
Recently, ALEPH~ALEPH Collaboration, 1994! has pre-

sented preliminary results from a measurement of
B̄0→D*1l 2n̄ using a sample of 1.6 million hadronicZ
decays. Using D0→K2p1, D0→K2p1p2p1, and
D0→Ks

0p1p2, this analysis obtained 176614 candidate
D*1l 2 events, which include an estimated background of
3566 events. The dominant systematic errors are due to
tracking efficiency uncertainties~10%! and the unknown
value ofB(b→B0) ~8.2% uncertainty!. The ALEPH result,
B(B̄0→D*1l 2n̄)5(5.3660.5060.76)%, is consistent
with those of ARGUS and CLEO.
ARGUS ~Albrecht et al., 1994a! has used a second

method to measureB̄0→D*1l 2n̄ based on a partial recon-

struction of theD*1 decay. TheD*1 is identified using only
the soft pion, giving this technique a large statistical advan-
tage over full reconstruction. Due to the very small energy
release inD*1→D0p1 ~about 6 MeV!, the soft-pion direc-
tion in the lab frame provides a good estimate of theD*1

direction. Furthermore, the velocities of the soft pion and the
D*1 are nearly the same, so the soft-pion velocity can be
used to determine theD*1 energy. This information is suf-
ficient to construct the same missing-recoil-mass squared
that is used in the full reconstruction method. Although there
are many random low-momentum pions, they do not produce
a peak in the missing-mass distribution when considered to-
gether with the lepton. However, they do constitute a very
large background that varies substantially under the peak.
Careful evaluation of this background is crucial, and in the
ARGUS analysis it is determined fromD* -lepton pairs with
the wrong charge correlation. Figure 33 shows the
background-subtracted distribution of missing mass squared
for the ARGUS analysis. From a fit to this distribution,
ARGUS obtains a yield of about 2700B̄0→D*1l 2n̄
events, leading to

B~B̄0→D*1l 2n̄ !5~4.560.360.4!%, ~140!

consistent with the results from the full reconstruction meth-
ods discussed above.
The evidence forB→D** l 2n̄ obtained from theMmiss

2

distributions is not compelling. Recently, both ALEPH and
OPAL have performed more direct searches for
B→D** l 2n̄ decays. In these analyses, vertex detector in-
formation is extremely helpful in associating tracks from the
decay, especially when the hadronic part of the final state
involves a complicated decay sequence or is nonresonant.
These searches are directed towards final states containing

an excited charm meson that decays intoD*p or Dp. The
spectroscopy of orbitally excited charm mesons has been ad-
dressed with HQET~see, for example, Isgur and Wise,
1991b!, and we comment briefly on some of the results here.
Since the spin of the heavy quark decouples from the dynam-
ics in the heavy-quark limit, the angular momentum of the
light constituents,j l , is a conserved quantum number. Thus
the states can be labeled not only by their total spinJ, but
also by j l . The decoupling of the heavy-quark spin is ex-
pected to lead to approximately degenerate doublet states.
The quantum numbersj l 51/2 should be associated with a
doublet containing a meson of total spinJ50 and another of
total spinJ51, whereas the quantum numbersj l 53/2 are
associated with a doublet containing mesons of total spin
J51 andJ52. Table XXXVIII lists the relevant states and
some of their properties. In particular, two narrow, orbitally
excited states are observed, theD1(2420) and the
D2* (2460), and they have the properties expected for the
j l 53/2 doublet. In the HQET picture, they are narrow be-
cause their decays involvej l 53/2→1/2 transitions and con-
serve parity, restricting them to aD wave, whereas the
j l 51/2 states can decay in anS wave and hence are broad.
ALEPH has searched~Buskulicet al., 1995b! for B semi-

leptonic decays to final states containing aD*1 and at least
one additional pion. To reduce background from fragmenta-
tion pions, the additional pion is required to have a signifi-
cant impact parameter with respect to the primary event ver-

FIG. 33. The ARGUS missing-recoil-mass distribution forD* l
events in which theD* is identified only by the presence of the
slow pion from the decayD*→Dp. Background from wrong-sign
pl combinations has been subtracted. The dotted curve shows the
B→D* l 2n̄ contribution, and the dashed curve shows the contri-
bution from B→D** l 2n̄ decays. Redrawn from Albrechtet al.
~1994a!.
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tex. Vertex detector information is also used to reconstruct
the D0 decay and to associate the additional pion with a
D*1l 2 vertex. ALEPH observes roughly 24 events with
D1
0→D*1p2, leading to the result

B~b→B!3B~B→D1
0~2420!Xl 2n̄ !3B~D1

0~2420!

→D*1p2!5~2.0460.5860.34!31023. ~141!

Figure 34 shows the signal obtained from one of the two
event selection procedures used by ALEPH. Since the system
X is inclusive, the charge of theB is not strictly determined.
However, it is probable that most of theD1

0 mesons are pro-
duced in chargedB decays, with no additional particles inX.
In this case, one should useB(b→B)5B(b→B2)'0.4.
Furthermore, if theD1

0(2420) decays only toD*p, then
isospin symmetry implies thatD* 0p1 accounts for 2/3 of
the rate. These assumptions give

B„B2→D1
0~2420!l 2n̄…5~0.7760.2260.13!%. ~142!

No signal events are observed with theD2*
0 , leading to

the upper limit quoted in Table XXXV. If we assume that the
D2*

0 decays only toD*p andDp and use the measured ratio
~Particle Data Group, 1994; Averyet al., 1994c!,

B~D2*
0→D1p2!

B~D2*
0→D*1p2!

52.360.6, ~143!

then isospin symmetry leads to

B„B2→D2
0~2460!l 2n̄…,1.0%, 95% C.L. ~144!

We have not included the uncertainty inB(b→B) or in the
ratio given in Eq.~143!, and we have assumed that the case
where X represents no additional particles dominates the
rate.
A separate topological search by ALEPH yields the result

B~b→B!3B~B→D*1p2Xl 2n̄ !

5~3.761.060.7!31023, ~145!

where both resonant and nonresonant contributions are in-
cluded. UsingB(b→B2)50.4 and the isospin constraint
B(D1

0→D*1p2),2/3, we can conclude that
B(B→D*pl 2n̄X).(1.460.5)%, accounting for a signifi-
cant part (.34%) of the unidentified semileptonic decays of
B mesons.
OPAL has also used vertex detector information to obtain

results on semileptonic decays to charm mesons. By measur-
ing the inclusive production forb→D1l X and b→D0l X
and comparing with CLEO results, OPAL extracts the quan-
tity

f ~b→B̄0!1 f ~b→B2!50.8160.0760.09 ~146!

at theZ, in good agreement with our assumed value of 0.8.
OPAL also observes signals~Fig. 35! for production of the

tensor mesonD2* in both charged and neutral states. The
D2* can decay strongly intoDp, whereas theD1

0 cannot, by
JP conservation. Furthermore, we have seen that theD2*
branching fraction toDp is about twice that toD*p. The
reconstructed mass difference,Dm5M (Dp)2M (D), is ex-
pected to peak around 590 MeV/c2, and OPAL observes
peaks near this mass for final states with theD2*

1 ~18 events!
and theD2*

0 ~7 events!. The measured branching fractions
are given in Table XXXV, and we can make the same as-
sumptions as were applied to the ALEPH measurements to
obtain

B„B2→D2*
0~2460!l 2n̄…5~0.8660.3960.17!%, ~147!

which is within the limit set by ALEPH, and

B„B0→D2*
1~2460!l 2n̄…5~2.460.720.6

10.4!%. ~148!

We emphasize that we have made a number of assumptions
in deriving these results from the original measurements.

FIG. 34. ALEPH search forB→D1
0Xl 2n̄, whereD1

0→D*1p2,
D*1→D0p1, andD0→K2p1 or D0→K2p1p2p2. The histo-
gram shows the difference,Dm*5M (D*1p2)2M (D*1), where
the reconstructedD*1 mass is used. Right-sign charge combina-
tions are shown in~a!, whereas wrong-sign combinations are shown
in ~b!. The peak at Dm*'0.4 GeV/c2 is attributed to
B→D1

0Xl 2n̄; no signal for the decayB→D2*
0Xl 2n̄ is evident.

The data shown are those for one of two event selection procedures
whose results are averaged to obtain the final branching fraction.

TABLE XXXVIII. Orbitally excited charm mesons and some of their properties. The quantum numberj l
is the angular momentum of the light constituents of the meson, including the spin of the light quark. The
allowed strong decays in the heavy-quark symmetry limit are also listed.

JP j l Mass~MeV! Width ~MeV! Decays

11 1/2 ;2490 ~unobserved! broad D*p

01 1/2 ;2400 ~unobserved! broad Dp

D1 11 3/2 242162 2064 D*p

D2* 21 3/2 245863 2366 Dp,D*p
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Both theD1
0 and theD2*

0 can decay intoD*p, and OPAL
observes broad peaks inDm5M (D*p)2M (D* ) near
440 MeV/c2 that can have contributions from both states.
The separate contributions are not resolved, but OPAL uses
the measured signals in theD2→Dp modes to estimate the
contribution of the 21 to the peak at 440 MeV/c2. This
technique yields branching fractions for semileptonic decay
to theD1(2420):

B~B→D1
0l 2n̄ !5~2.060.560.5!%,

B~B→D1
1l 2n̄ !5~2.060.760.5!%, ~149!

where we have assumedB(b→B)50.4 to convert the pub-
lished branching fractions forb-hadron decay to those for
B-meson decay. We have also assumed that any additional
particlesX are present only in a small fraction of these de-
cays.
These analyses, though still in their infancy, demonstrate

the power of vertexing for studying decays to multibody and
nonresonant final states.

4. The determination of uVcbu with exclusive decays

The magnitude of the CKM elementVcb can be deter-
mined in three ways, using:~1! the inclusive semileptonic
rate; ~2! the total rates for exclusiveb→cl 2n̄ processes
such asB→Dl 2n̄ or B→D* l 2n̄; or ~3! the partial rate for
B→D* l 2n̄ in the region of phase space where theD* has
very low momentum in theB rest frame. We have already
described the inclusive method in Sec. V.D.4. This method
has the advantage that the inclusive semileptonic branching
fraction is now measured with high precision. However,
there is not yet a consensus on the size of the theoretical
uncertainty, which is currently larger than that from the mea-
surement of the branching fraction itself.
Historically, decay rates for exclusiveB→Xcl

2n̄ pro-
cesses were considered even harder to predict, because the
details of the formation of the specific final-state hadronic
system are involved. With the development of HQET, this
situation has changed. While the total rate for an exclusive
decay remains difficult to predict, the decay rate for the zero-
recoil configuration—in which the final-state charm hadron
is at rest—can now be predicted rather precisely. The reason
for the difference between the reliability of these two ap-
proaches is simple. To predict the decay rate for a semilep-
tonic decay, one must integrate the form factors over all val-
ues of q2. In the language of HQET, one would need to
know the Isgur-Wise function, as well as the corrections to
the heavy-quark symmetry limit, over the full kinematic
range. In contrast, when the region of phase space is re-
stricted to large values ofq2 ~or values ofw near 1!, the light
constituents of the initial meson are relatively undisturbed,
and the rate is less sensitive to the full details of the wave
functions. We shall see that the absolute normalization of the
Isgur-Wise function can be predicted with good precision for
the zero-recoil configuration.

FIG. 35. OPAL search forB→D1Xl
2n̄ andB→D2*Xl

2n̄. The
mass difference plots are~a! Dm5(D*1p2)2M (D*1), ~b!
Dm5M (D1p2)2M (D1), and~c! Dm5M (D0p1)2M (D0). The
D2* can decay directly toDp, and the peaks in~b! and ~c! at
Dm'590 MeV/c2 are attributed toD2*

0 andD2*
1 decays, respec-

tively. The lower peaks, at masses from 410 MeV/c2 to
450 MeV/c2 in all three plots, are attributed to a mixture ofD1 and
D2* decays.

TABLE XXXIX. Theoretical predictions for exclusiveB→Xcl
2n̄ decays and values ofuVcbu using these

predictions together with measurements of exclusive partial widths. The table lists the values of the factor
gc , where G5gcuVcbu2 and the values ofuVcbu extracted using measurements ofB→Dl 2n̄ and
B→D* l 2n̄. For B→Dl 2n̄ we use only the ARGUS measurement ofB̄0→D1l 2n̄, for the reasons dis-
cussed in Table XXXV. ForB→D* l 2n̄, we use the average of theB2 and B0 partial widths,
G(B→D* l 2n̄)5(3.160.3)31010 s21.

Model gc(D)/(10
12 s21) uVcbu(D) gc(D* )/(10

12 s21) uVcbu(D* )

ISGW 11.1 0.03460.008 24.6 0.03660.002
ISGW2 11.9 0.03360.008 24.8 0.03560.002
KS 8.3 0.04060.009 25.8 0.03560.002
WSB 8.1 0.04060.009 21.9 0.03860.002
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Before turning to measurements ofuVcbu using the high-
q2 region in B→D* l 2n̄ decays, we briefly discuss mea-
surements using semileptonic branching fractions. Table
XXXIX lists the model predictions for the parametergc
needed to extractuVcbu from the measured decay rates for
B→Dl 2n̄ andB→D* l 2n̄. The table also lists the values
of uVcbu obtained using the branching fractions from Table
XXXV, together with the 1994 PDGB lifetime values. Al-
though these results give us a reasonable idea ofuVcbu, it is
very difficult to assign an uncertainty to the assumptions
built into the models. We therefore do not include theory-
related errors on the values ofuVcbu quoted in this table.
We now consider determinations ofuVcbu using the high-

q2 region of the decayB→D* l 2n̄, an approach that was
emphasized initially by Neubert~1991!, but which has since
been studied by many others as well. In the heavy-quark
symmetry limit, all three of theB→D* l 2n̄ form factors are
related to the Isgur-Wise functionj(w) @see Eq.~100!#. In
this limit, one also obtains the extremely important result
that the value ofj(w) at the zero-recoil point,w51, is
known: j(1)51. This result follows from the fact that, if
both the bottom and charm quark masses are taken to be very
heavy, the light constituents of the hadron are essentially
undisturbed by theb→c transition atw51, and there is
complete overlap between the initial and final hadronic state.
However, we shall see that the corrections to the heavy-
quark symmetry limit atw51 are not so small that they can
be neglected. The corrections have now been calculated by
several theorists, and there is some confidence that the results
are reliable to within the stated uncertainties.
Prior to the development of HQET, the decayB→Dl 2n̄

might have appeared simpler thanB→D* l 2n̄ from a theo-
retical perspective, because it is governed by only one form
factor. However, corrections to the predictionj(1)51 for
B→D* l 2n̄ are constrained by Luke’s theorem~Luke,
1990!, which protects the form factorsh1 and hA1 from
1/mQ corrections at zero recoil. The form factorsh2 , hV ,
hA2, and hA3, however, do have 1/mQ corrections at this
point. In B→D* l 2n̄, only hA1 affects the rate atw51,
since the other form factors are multiplied by various powers
of w21 @see Eqs.~117! and ~118!#. Thus the heavy-quark
symmetry prediction for theB→D* l 2n̄ rate escapes 1/mQ
corrections atw51, and the leading corrections arise at order
1/mQ

2 . In contrast, bothh1 andh2 affect theB→Dl 2n̄ rate
at zero recoil, so the heavy-quark symmetry prediction for
this mode does have 1/mQ corrections. Furthermore,
B→D* l 2n̄ is much easier to study experimentally than
B→Dl 2n̄ because the rate is larger and the backgrounds
are smaller.
The differential decay rate forB→D* l 2n̄ with respect to

w is given by

1

tB

dB~B̄0→D*1l 2n̄ !

dw

5
GF
2

48p3mD*
3

~mB2mD* !2Aw221~w11!2

3F11
4w

w11

122wr1r 2

~12r !2 G uVcbu2F ~w!2, ~150!

wherer5mD* /mB andw is given by Eq.~91!. In the analy-
sis of Neubert~1994b!, the functionF (w) is written as the

product of a perturbative QCD correction factor
hA50.98560.015 and a function of the form factors called
ĵ(w):

F ~w!5hAĵ~w!. ~151!

In the heavy-quark symmetry limit,ĵ(w) becomes the Isgur-
Wise functionj(w). Both ĵ(w) andj(w) are often written
as an expansion inw; for example,

ĵ~w!5 ĵ~1!$12 r̂2~w21!1O @~w21!2#%. ~152!

The result in Eq.~150! can be obtained by integrating the
differential decay-rate formula, Eq.~117!, over all variables
exceptq2, substituting the helicity amplitudes given in Eq.
~118!, and performing a change of variable fromq2 to w.
Following this procedure, one would discover that the result-
ing expression fordG/dw depends explicitly onR1 , R2 , and
hA1. The functionĵ(w) in Eq. ~150! is defined such that it

contains all of this dependence. It is related tohA1(w) by a

somewhat complicated expression involvingR1 and R2 ,
through the helicity amplitudesHi :

ĵ2~w!5
S i uH̃ i~w!u2

F11
4w

w11

122wr1r 2

~12r !2 G hA
22uhA1~w!u2, ~153!

where

H̃~w! i5
Hi~w!

~mB2mD* !AmBmD* /q
2~w!~w11!hA1~w!

.

~154!

In the heavy-quark symmetry limitR15R251, and these
complications disappear, yieldingĵ(w)5hA1(w).
Thus, if we wish to consider the corrections to the heavy-

quark symmetry limit,ĵ(w) should be regarded as a quantity
that depends on all three form factors,hA1, hA2, and hV ,

since theHi(w) depend onR1(w) andR2(w). CLEO has in
fact measured both the sloper̂2 of ĵ(w) @using Eq.~150!#
and the sloperA1

2 of hA1 @using the full differential decay

distribution Eq.~113! with Eqs. ~116! and ~115!#, so it is
useful to relate these quantities~Neubert, 1994b!:

Dr25 r̂22rA1
2 52

1

6
~R1

221!2
1

3

mB

mB2mD*
~12R2!.

~155!

The form factorhA1 can be related to the Isgur-Wise function

j(w), but this relation involves subtleties of renormalization
dependence. Neubert gives the relation between the slopes

rA1
2 5r21~0.2160.02!1O ~1/mQ!, ~156!

wherer2 is the slope ofj(w). The differences in definitions
among different authors for various versions of the Isgur-
Wise function can sometimes be difficult to follow, but with
the present precision of the measurements, it is already be-
coming important to keep track of them.
The calculation ofF (1) has been the subject of many

investigations. While the perturbative QCD effects do not
present serious problems, calculation of the 1/mQ

2 corrections
for B→D* l 2n̄ is far from trivial and involves some model
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dependence. Table XL lists theoretical predictions for
F (1), which we shall use to extractuVcbu from the
B→D* l 2n̄ measurements. It is evident that there is a sig-
nificant spread among the estimates ofF (1), andthat taking
F (1)51 would not be an adequate approximation. The cal-
culation of the 1/mQ

2 corrections is an active area of research,
and their reliability should continue to improve.
These predictions can be used to determineuVcbu by mea-

suring the rate at zero recoil. Strictly speaking, however,
phase space goes to zero for this configuration.~In Fig. 3, the
area of the region within the Dalitz-plot boundary becomes
smaller asq2 increases.! Thus the best one can do is to mea-
sure the rate in a small region of phase space belowqmax

2

(w51). Unfortunately, current data samples are not large
enough to restrict the measurement to such a small region.
Instead, one measures the rate as a function ofq2 ~or w! and
then extrapolates toq max

2 . This technique uses the full sta-
tistical power of the data sample, but it introduces some
model dependence, because the exact shape of the curve used
to perform the extrapolation ofdG/dw is not known. The
range ofw is small, however, so a linear extrapolation is
expected to be good. To assess the dependence of the results
on the assumed shapes, other simple functions are usually
tried as well.
We now consider measurements ofdG(B→D* l 2n̄)/dw

from ARGUS, CLEO, and ALEPH. These measurements are
sensitive to the detection efficiency for the soft pionps from

the decay D*→Dps . Recall that w is just
gD*5ED* /mD* in the B rest frame. The soft pion is pro-
duced nearly at rest in theD* frame, sopps

in theB frame

increases withw. In particular, theps momentum is lowest
at w51, precisely where one wants the best measurement.
To measuredG/dw, it is therefore crucial to have accurate
knowledge of the soft-pion detection efficiency as a function
of its momentum. As discussed in Sec. VI.E.3., the momenta
of the soft pions in theB rest frame are nearly all below
225 MeV/c. In CLEO II, the charged-particle detection ef-
ficiency falls rapidly below 100 MeV/c. Apart from the
geometric acceptance, the efficiency for detecting a
100 MeV/c charged pion is about 70% and falls to zero
around 50 MeV/c. Fortunately, it is possible to measure this
efficiency as a function of momentum using data by studying
D* decays in continuum events. It is also important to take
into account the effects of smearing caused by the smallB
motion.

The situation is more favorable for the LEP experiments,
where theB momentum is very high. As a result, the soft-
pion detection efficiency is quite uniform inw. However, the
LEP B-meson data samples are smaller, and there is uncer-
tainty on the fraction ofb quarks that hadronize intoB me-
sons, introducing an uncertainty in the overall normalization.

Figure 36 shows the distribution ofF (w)uVcbu from
ARGUS ~Albrecht et al., 1993c!, which performed the first
measurement using this technique. Because thew-dependent
coefficients in Eq.~150! have been factored out, one can read
off the value ofF (1)uVcbu from the intercept of the extrapo-
lation. ~ARGUS usedtB51.32 ps, but in our summary of
uVcbu values we have adjusted the result to reflect more re-
cent values of theB-meson lifetime.! It is clear from the
large statistical error in the lowest bin thatuVcbuF (1) could
not be precisely determined from that bin alone. The results
for various fitting functions are listed in Table XLI. There is
a substantial spread in the values of bothuVcbu and r̂2 ob-
tained using different assumptions for the functionF (w) in
the extrapolation.
Figure 37 shows the raww distributions for the CLEO II

analysis ~Barish et al., 1995a!, which uses both
B̄0→D*1l 2n̄ and B2→D* 0l 2n̄ and has a much larger
data sample. TheB2→D* 0l 2n̄ produces a softp0 rather
than a soft charged pion; although the resulting photon spec-
trum is also soft, the CLEO II CsI calorimeter has good
detection efficiency for photons with energies down to about
30 MeV, where fake photons from hadronic splitoffs become
a problem. TheB2→D* 0l 2n̄ channel, however, does have
more background thanB̄0→D*1l 2n̄, as seen from the
dashed background curves in these plots. Figure 38 shows
the distributions ofF (w)uVcbu, in which the data from the
two channels have been combined, backgrounds subtracted,
and efficiency corrections included. The statistical errors, in-
cluding that on the lowest bin, are much smaller than those
in the ARGUS measurement. The data are consistent with a
linear fit; a quadratic fit does not significantly change the
central value ofuVcbu, although the uncertainty becomes
somewhat larger. The CLEO II result from the linear fit
yields

TABLE XL. Calculations of the quantityF (1), which is used to
extractuVcbu from measurements ofB→D* l 2n̄ at the zero-recoil
point. The value from Neubert~1994b! supersedes that from Neu-
bert ~1994c!.

Reference F (1)

Mannel, 1994 0.9660.03
Neubert, 1994c 0.9760.04
Neubert, 1994b 0.9360.03
Shifmanet al., 1995 0.8960.03

FIG. 36. The measurement ofuVcbu from the ARGUS distribution
of dG(B→D* l 2n̄)/dw, which has been transformed to corre-
spond touVcbuF (w). At low values ofw the amount of phase space
is reduced, and the statistical error becomes large. The value of
uVcbu is therefore obtained by extrapolating the distribution tow51
using various assumptions for the form ofF (w). The dotted line in
the figure corresponds to a linear form forF (w). Redrawn from
Albrechtet al. ~1993c!.
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F ~1!uVcbu50.035160.0019~stat!60.0018~sys!

60.0008~ lifetime!, ~157!

assuming tB051.5360.09 ps and tB151.6860.12 ps.
Correcting this result to the Particle Data Group values of the
B lifetimes used throughout this paper~see Table III! yields

F ~1!uVcbu50.036060.0019~stat!

60.0018~sys!60.0009~ lifetime!. ~158!

The ALEPH analysis~ALEPH Collaboration, 1994! yields
the preliminary result

F ~1!uVcbu50.039260.0044~stat!60.0035~sys!, ~159!

which assumestB051.5360.09 ps. Here, the dominant
contributions to the systematic error are from the uncertainty
in the absolute efficiency, the efficiency shape, and the un-
certainty onB(b→B̄0).
As this paper was going to press, the ALEPH Collabora-

tion ~1995! presented an updated measurement of the
branching fraction forB̄0→D*1 l n̄ and an associated
value of uVc,bu. The new values are slightly lower than those
given here.
Table XLI lists the resulting values ofF (1)uVcbu, as well

as the values ofr̂2. In the case of CLEO and ALEPH, fits to
both linear and quadratic forms forF (w) were performed.
In CLEO, the results with the quadratic fit are slightly dif-

TABLE XLI. Measurements ofF (1)uVcbu and r̂2 using the decayB→D* l 2n̄. By taking F (1) from
theoretical calculations based on HQET, one can convert these values intouVcbu. The values listed in this
table have been corrected to theB lifetimes given in Table III. Because the shape of the fitting function is not
known, one must estimate an additional systematic error based on the differences among fit results obtained
using different shapes.

Expt. F (w) fit function r̂2 F (1)uVcbu

ALEPH F (1)@12 r̂2(w21)# 0.4660.34 0.039660.004460.0037
ARGUS F (1)@12 r̂2(w21)# 1.1760.23 0.04060.00560.003
CLEO II F (1)@12 r̂2(w21)# 0.8460.15 0.036060.001960.0020
Average F (1)@12 r̂2(w21)# 0.8860.12 0.037160.0025

ARGUS F (1)exp@2r̂2(w21)# 1.8860.3860.16 0.04560.00860.002
ARGUS F (1)@2/(w11)#2r̂2 2.1060.3860.18 0.04660.00860.003

CLEO II F (1)@12 r̂2(w21)2b(w21)2# r̂250.9260.75 0.036360.03360.031
b50.1561.53

FIG. 37. The CLEO II distribution ofdG(B→D* l 2n̄)/dỹ for the
uVcbu measurement.~The variableỹ is the same asw, except that it
is smeared due to theB motion.! Two channels are used,~a!
B̄0→D*1l 2n̄ and ~b! B2→D* 0l 2n̄. The points with errors are
the data, the dashed histogram represents the total background, and
the solid histogram represents the result of a fit using the linear
form F (w)512 r̂2(w21). Before they are used to compute
uVcbu these plots are corrected for efficiency, and the effects of
smearing due to theB motion are taken into account.

FIG. 38. The CLEO II distribution ofuVcbuF (w)/1023, including
both theB̄0→D*1l 2n̄ andB2→D* 0l 2n̄ samples~the variabley
is the same asw!: ~a! the fit to a linear form forF (w); ~b! the fit
assuming a quadratic form. The dotted lines show contours for
61s ~statistical! variations in the fit parameters. The data are well
described by a linear function.
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ferent; for ALEPH the quadratic term is found to be zero,
resulting in no shift in the central values ofuVcbuF (1) and
r̂2. We shall compare the values ofr̂2 with those predicted
by theory in the next section, where we discuss direct mea-
surements of the form factors.
Table XLII lists the values ofuVcbu obtained from the

B→D* l 2n̄ measurements ofuVcbuF (1) and theoretical
predictions forF (1). These results agree well with the val-
ues of uVcbu obtained from the inclusive semileptonic
branching fraction~Table XI! and our final inclusive value
given in Eq.~78!. The errors are comparable, although evalu-
ation of the precise theoretical uncertainty in each case is
difficult. We conclude that the best value ofuVcbu from the
exclusive measurements ofB→D* l 2n̄ is

uVcbu50.04060.003~expt!60.001~shape!60.001„F ~1!….
~160!

To obtain this value, we averaged the values ofuVcbu ob-
tained with the different values ofF (1). Theshape error is
obtained from the difference between the CLEO results when
linear and quadratic forms forĵ(w) are used in the extrapo-
lation to w51. The error labeledF (1) is simply the 3%
uncertainty given by each of the theoretical groups listed in
Table XLII. The experimental uncertainty onuVcbu from the
exclusive method should continue to improve, while im-
provements on the inclusive measurement will come more
slowly, since systematic errors are now dominant.

5. Measurement of the B→D* l 2n̄ form factors

Given that the measurement ofuVcbu described in the pre-
vious section relies on HQET to predict the rate at zero re-
coil, the question naturally arises, to what extent can we test
HQET, rather than simply assume its predictions are correct?
The goal of understanding the dynamics of semileptonic bot-
tom decays goes well beyond testing HQET, however. Al-
though heavy-quark symmetry relates the form factors to
each other, it does not predict their commonq2 dependence.
We should therefore like to test not only heavy-quark sym-
metry predictions and their corrections, but also predictions
for the overallq2 variation of the form factors, which are
obtained from nonperturbative methods such as lattice QCD
or QCD sum rules.
Ideally, experiments would provide measurements of each

form factor at every value ofq2. With present-size data
samples, however, it is extremely difficult to measure the

rather mild q2 dependence of each of the three
B→D* l 2n̄ form factors independently. As a consequence,
all of the measurements incorporate constraints~based on
theoretical input! to reduce the number of degrees of free-
dom. It is important to be aware of these constraints when
assessing the implications of the measurements.
In the decayB→D* l 2n̄, theq2 range is small, and theo-

retical predictions indicate that the variation of the form fac-
tors should be well approximated by linear functions. This
conclusion is consistent with measurements ofF (w) ~see
Fig. 38!, which is well described by a linear function of
modest slope. Thus, with sufficiently large data samples, one
would allow five parameters to vary in the fit: two form-
factor ratiosR1(w51) andR2(w51) and three form-factor
slopes.~With even larger samples one might try to determine
the size of the quadratic coefficients.!
For comparison, we review the constraints imposed in

measurements of form factors for charm semileptonic de-
cays. ForD→K̄* l 1n, the constraints take the form of an
assumedq2 dependence for each form factor: pole forms are
most often used, with pole masses taken from theory. Be-
cause these shapes are assumed, the only quantities measured
are the values of the form factors at a particular value of
q2, taken mainly for historical reasons to beq250. The
overall scale of the form factors is determined from the de-
cay rate, sinceuVcsu is independently known from CKM uni-
tarity or charm production in neutrino-nucleon scattering.
The shapes of the kinematic distributions are therefore used
to determine two parameters, the ratios,A2(0)/A1(0) and
V(0)/A1(0). ThedecayD→K̄l 1n, where there is only one
form factor, is the onlyD decay mode in which the pole
mass has been determined from a fit.
At present, the size of even the CLEO II data sample

permits statistically meaningful information to be extracted
for at most three parameters. These are selected to be
R1(w51), R2(w51), and a single slope parameterrA1

2 ,

whose variation withw is assumed to be given by the linear
form hA1(w)5@12rA1

2 (w21)#. From Eq. ~106!, A1 , A2 ,

andV are then given by the forms

A1~q
2!5F12

q2

~M1mV!2GR*21@12rA1
2 ~w21!#,

A2~q
2!5R2~1!R*21@12rA1

2 ~w21!#,

TABLE XLII. Determination of uVcbu using measurements ofF (1) from the rate at zero recoil for
B̄0→D*1l 2n̄ and predictions based on HQET. The first column shows the results obtained by averaging
the ALEPH, ARGUS, and CLEO II values ofF (1)uVcbu obtained from a linear fit to the data, whereas
the second column is from the CLEO II fit using a quadratic fit. This fit tends to shiftF (1)uVcbu down by
about 0.001~2.5%!, which can be regarded as an estimate of the theoretical uncertainty associated with
the unknown shape ofF (w). The errors given in the table are the measurement error for a given fitting
function and the theoretical error onF (1). Our final uncertainty onuVcbu, given in Eq.~160!, includes an
additional contribution due to the uncertainty in the shapeF (w).

F (1) uVcbu using linear fit uVcbu using quadratic fit
~ALEPH, ARGUS, CLEO II avg.! CLEO II

0.9360.03 ~Neubert, 1994b! 0.04060.00360.001 0.03960.00560.001
0.9660.03 ~Mannel, 1994! 0.03960.00360.001 0.03860.00560.001
0.8960.03 ~Shifmanet al., 1995! 0.04260.00360.001 0.04160.00560.001
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V~q2!5R1~1!R*21@12rA1
2 ~w21!#, ~161!

whereR*52AMmV/(M1mV). These relations neglect the
symmetry-breaking corrections to the predictions for the
slopes, but allow for such corrections toR1(1)5R2(1)51.
A justification for this procedure is that, for the typical value
of w2150.25, the leading corrections to the slopes are ex-
pected to be smaller than the leading corrections toR1(1)
andR2(1) @see Eq.~104!#. With more data, these assump-
tions could be removed.
Both ARGUS ~Albrecht, 1993c! and CLEO ~Bortoletto

et al., 1989; Sangheraet al., 1993; Averyet al., 1994a! have
used measurements of kinematic distributions to obtain in-
formation on the form factors forB→D* l 2n̄. The first
complete analysis using all of the kinematic variables, in-
cluding their correlations, has been performed~Avery,
1994a! with the CLEO II detector. We consider this analysis
in some detail. After background subtraction, there are 656
signal events in the channelB̄0→D*1l 2n̄, D*1→D0p1,
where D0→K2p1 or D0→K2p1p0. The backgrounds,
which total 127 events, arise mainly from combinatorial
background under theD*1 peak andB→D** l 2n̄ decays.
Figure 39 shows the signal in the electron channel for
B̄0→D*1l 2n̄ in theD0→K2p1 mode.
To extract the parameters in Eq.~161!, CLEO fits the joint

distribution inq2, cosul , cosuV , andx, which were defined
in Fig. 24. It is important to incorporate the effects of detec-
tor acceptance and smearing, so a Monte Carlo technique is
used to evaluate the likelihood function in the fit. Figures

40~a! and 40~b! show the observed distributions ofq2 and
cosul , together with the fit result and background level. Al-
though the fits describe the data well, the distributions are
strongly affected by acceptance and are difficult to interpret
directly. Figures 40~c! and 40~d! show the shape of the ac-
ceptance curves for these two variables. The main effects are
due to the fall in detection efficiency for very low-
momentum pions and for leptons whose momenta are below
the cuts (pe.1.0 GeV/c, pm.1.4 GeV/c). These plots
also show the shapes forq2 and cosul as they would appear
for a perfect detector, assuming the values ofR1 , R2 , and
rA1
2 that were obtained from the fit.

A large amount of information is extracted from the cor-
relations among the variables. Figures 41~a! and 41~b! show
the distributions of cosuV for the lower and upper half of the
q2 range. The difference in the cosuV distributions for these
ranges can be easily understood from the differential decay
distribution, Eq.~113!. At q250, the lepton and neutrino are
nearly parallel, and their opposite helicities require that the
D* must have helicity zero. The helicity-zero component is
therefore prominent at lowq2 ~see also Fig. 25!. It yields a
distribution of cosuV proportional to cos

2uV , which produces
the peaking at large values ofucosuVu. The region near
cosuV511 is somewhat depleted relative to that at
cosuV521. This depletion is due to the fact that

FIG. 39. The distribution of cosuB,D* l , defined in Eq.~134!, from
the CLEO II form-factor analysis ofB̄0→D*1l 2n̄. The data are
represented by points with error bars and are from the electron
channel withD0→K2p1. ~The form-factor analysis also uses
events with muons and theD0→K2p1p0 channel.! The broad
peak in the physical regionucosuB,D* l u<1.0 is due to the signal.
The dashed line is a prediction for the signal shape based on the
ISGW Monte Carlo~although this shape does not depend signifi-
cantly on the model!; the dot-dashed line represents the combinato-
rial background under theD*1 signal; the dotted line is the esti-
matedB→D** l 2n̄ background~also simulated with the ISGW
Monte Carlo!; and the solid histogram is the sum of the absolutely
normalized backgrounds plus the Monte Carlo signal shape, nor-
malized to give the correct total number of events.

FIG. 40. Distributions ofq2 and cosul from the CLEO II form-
factor analysis ofB̄0→D*1l 2n̄. In plots ~a! and ~b!, the points
with error bars are the data, the dotted histograms show the
maximum-likelihood form-factor fit, and the dashed histograms
show the estimated background contribution. These distributions
are affected by large acceptance corrections. Although these correc-
tions are taken into account by the fitter, they make it difficult to
interpret the observed distributions directly. Plots~c! and ~d! show
the acceptance for electron events~dashed histogram! and muon
events~dotted histogram!, as well as the theoretical distributions
corresponding to the measured values of the form factors~solid
histogram!. The efficiency at high values ofq2 is lower than that at
low values because theD*1 is nearly at rest at highq2, producing
a very soft pionps

1 from the decayD*1→D0ps
1 . The efficiency

for detecting a lepton with a negative value of cosul is much
smaller than that for detecting a lepton with a positive value be-
cause those with negative values have lower momentum in the lab
frame. The overall scale of the plots in~c! and ~d! is arbitrary.
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cosuV511 corresponds to forward-goingD0’s in the D*1

rest frame, or backward-going pions, which therefore have
lower momentum and lower detection efficiency in the lab
frame. In the upperq2 region, the helicity11 and21 com-
ponents of theD* become more important, and atqmax

2 , all
three components are present with equal probability, result-
ing in a uniform cosuV distribution. In the upper half of the
q2 range, the cosuV distribution shows a convolution of these
effects with the acceptance.
Figures 41~c! and 41~d! show the azimuthal anglex for

the lower and upper half of the cosuV range. The striking

difference between these two plots is the result of the inter-
ference term in Eq. ~113! proportional to
@H1(q

2)2H2(q
2)#H0(q

2). The differenceH12H2 is
large and negative as a consequence of theV-A coupling at
the b→c vertex, as discussed in Sec. VI.A. The observed
effect would actually be the same if the couplings at the two
W vertices were (V1A)(V1A) instead of (V2A)(V2A),
but the two plots would be interchanged if the couplings
were (V6A)(V7A). These mixed couplings are clearly in-
consistent with the data.@For discussions of the chirality ofb
quark couplings, see Gronau and Wakaizumi~1992! and
Gronau~1994!#.
The preliminary values ofR1 , R2 , andrA1

2 are given in

Table XLIII. Although the errors onR1 and R2 are fairly
large, the values are consistent with HQET-based results,
which predictR1.R2 @see Eq.~103!#. The measurement of
rA1
2 is fairly precise, even thoughR1 and R2 are simulta-

neously determined from the fit. For the measured values of
R1 andR2 , Eq. ~155! predicts a downward shift fromrA1

2 to

r̂2 of about 0.3, consistent with CLEO measurements.
Information related to the form factors has also been ex-

tracted in earlier CLEO measurements and by ARGUS. The
measured quantities are the lepton forward-backward asym-
metry ĀFB , defined in Eq.~121!, and theD* polarization
parameterĀpol ~often calleda), defined in Eq.~122!. In the
ARGUS analysis~Albrechtet al., 1993c!, the kinematic dis-
tributions are fitted directly to models in which the only free
parameters are form-factor ratios. The values ofĀFB and
Āpol are then derived from each model using the fitted values
for the form factors. Thus the dependence ofĀFB anda on
the lepton-momentum cut is removed model by model.
ARGUS finds that their values ofĀFB and Āpol are insensi-
tive to the model used.~They do not quote the form-factor
ratios obtained from the fits.! Table XLIV lists all of the
measurements ofĀFB and Āpol , including those that are de-
rived from the CLEO II form-factor measurement described
above.
As this paper was going to press, CLEO presented~Gron-

berg, 1995! an updated set of form-factor measurements that
differ slightly from those given here.

FIG. 41. Distributions of cosuV and x from the CLEO II form-
factor analysis ofB̄0→D*1l 2n̄. The points with error bars are
data, the dotted histograms are the result of the form-factor fit, and
the dashed histograms represent the background contribution. Plots
~a! and ~b! show the distributions of cosuV in two q2 regions:
q2/qmax

2 ,0.5 andq2/qmax
2 .0.5. The lower region contains a much

stronger helicity-zero component, which produces a cos2uV behav-
ior. Plots ~c! and ~d! show thex angle for two regions of cosuV :
cosuV,0 and cosuV.0. The opposite-sign slopes in these two re-
gions results from a quantum interference term proportional to
(H22H1)H0 . These two plots would be interchanged if theW
couplings were of the form (V7A)(V6A).

TABLE XLIII. CLEO II preliminary results on the form-factor parametersR1 , R2 and the sloperA1
2 for

B̄0→D*1l 2n̄. The first error is statistical and the second is systematic. In calculating the errors on quan-
tities derived from the form factors, it is important to take into account the correlations between the errors.
The correlation coefficients areC(R1R2)520.83,C(R1r

2)520.63, andC(R2r
2)520.82. Although we

have reported the predictions of the ISGW, KS, and WSB models for comparison, the relativeq2 depen-
dence ofA1 to that of the other form factors in these models is not consistent with HQET, and it is not
what is assumed in the fit~see Sec. VI.A.3!. Thus, although the comparison below focuses on the values
of the form factors at a particular point, the shapes are also somewhat different among the models.

CLEO II Measurement Neubert Close and Wambach ISGW KS WSB
~1994b! ~1994a, 1994b!
~HQET! ~HQET!

R1(1) 1.3060.3660.16 1.35 1.15 1.27 1.00 1.09
R2(1) 0.6460.2660.12 0.79 0.91 1.14 1.00 1.06

rA1
2 1.0160.1560.09
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F. Exclusive b→u semileptonic decays of bottom mesons
and uVubu

The measurement of exclusiveB→Xul
2n̄ decays is one

of the major goals ofB physics. With improvements in lat-
tice QCD and other theoretical methods, the uncertainties in
predicting the rate for exclusiveB→Xul

2n̄ modes may be-
come smaller than those for the inclusive end-point spec-
trum, and hence provide a more precise value ofuVubu.
For B→Xul

2n̄ decays, unlikeB→Xcl
2n̄, model pre-

dictions indicate that the rate should be distributed over
many exclusive channels, with no dominant modes. The had-
ronic systemXu can range over much of the light-quark had-
ron spectrum, including radially excited andp-wave mesons.
However, this picture is somewhat modified for the lepton-
spectrum end-point region, where the backgrounds from
B→Xcl

2n̄ are suppressed and experimental sensitivity is
best. In this region, theoretical models indicate that a small
number of exclusive decays are dominant:B2→r0l 2n̄,
B̄0→r1l 2n̄, B2→vl 2n̄, and, to a lesser extent,
B̄0→p1l 2n̄ andB2→p0l 2n̄. A key prediction underly-
ing this conclusion is that the lepton spectra for the decays to
final states with vector mesons are expected to peak at very
high energy. For example, in the ISGW, KS, and WSB mod-
els, the fraction of the leptons from these decays with
E.2.0 GeV/c is 0.72, 0.68, and 0.52, respectively. Al-
thoughB→pl 2n̄ also contributes to the end-point region, it
is expected to have both a smaller overall rate and a softer
lepton momentum spectrum.~The basic reasons for this re-
sult are discussed in Sec. II.C, and examples of predicted
spectra are given in Fig. 7.! At present, there are large un-

certainties in the theoretical predictions for allB→Xul
2n̄

modes, as well as uncertainty in the size of the contribution
from nonresonantB→ppl 2n̄ decays~see Sec. V.E!. Table
XLV gives some of the theoretical predictions for exclusive
rates in terms ofgu , where the decay rate isG5guuVubu2.
The application of HQET tob→ul 2n̄ is much more lim-

ited than it is forb→cl 2n̄ decays, since theu quark is not
heavy compared toLQCD. Nevertheless, HQET does provide
useful insights. In particular, there is a strong interest in re-
lating the form factors for B→pl 2n̄ to those for
D→pl 1n and the form factors forB→rl 2n̄ to those for
D→rl 1n or D→K̄* l 1n. The technical issues are dis-
cussed by several authors, and we refer the reader to the
references for details~Dib and Vera, 1993; Burdmanet al.,
1994!. The lattice QCD Collaboration APE~Allton et al.,
1995! has used HQET-based scaling laws to extrapolate their
form-factor results forD semileptonic decays to obtain pre-
dictions forB→rl 2n̄ andB→pl 2n̄. Their prediction for
B→pl 2n̄, given in Table XLV, is similar to most of the
quark-model predictions.
The rates forB2→r0l 2n̄ and B̄0→r1l 2n̄ are con-

nected by isospin symmetry, since theB2 and B̄0 have the
same space and spin-wave functions in this limit, as do the
r0 and r1. Although the rate forB2→vl 2n̄ cannot be
related to these by a flavor symmetry, it is expected in the
quark model to be approximately equal to that for
B2→r0l 2n̄. Thus

G~B̄0→r1l 2n̄ !52G~B2→r0l 2n̄ !'2G~B2→vl 2n̄ !.
~162!

TABLE XLIV. Comparison of ĀFB and Āpol from different experiments. The earlier CLEO measurements
quote the observed asymmetry and polarization for the lepton momentum cut given in the table. The ARGUS
results were obtained using models to extrapolate over the full lepton-momentum range and can therefore be
directly compared to this measurement and the theoretical prediction based on HQET. The CLEO II results
are preliminary.

ĀFB Āpol

ARGUS ~Albrechtet al., 1993c! 0.2060.0860.06 1.160.460.2
CLEO ~Sangheraet al., 1993; 0.1460.0660.03 0.6560.6660.25
Bortolettoet al., 1989! pl .1 GeV/c pl .1.4 GeV /c

CLEO II ~Avery et al., 1994a! 0.20960.03460.015 1.4860.3260.14

HQET ~Neubert, 1994c! (r251.0) 0.22 1.37

TABLE XLV. Theoretical predictions forB̄0→r1l 2n̄ and B̄0→p1l 2n̄. ~The rates forB2→r0l 2n̄ and
B2→vl 2n̄ are half as large.! The factorgu is used to predict the partial decay rate usingG5guuVubu2. The
branching fractions B(r1) and B(p1) are calculated using B5guuVubu2tB with uVubu
5u Vcbu(uVub /Vcbu)50.0430.0850.0032 andtB51.54 ps.

Model gu(r
1)/1012 s21 gu(p

1)/1012 s21 B(r1)/1024 B(p1)/1024

ISGW 8.3 2.1 1.3 0.33
ISGW2 14.2 9.6 2.2 1.5
KS 32.9 7.25 5.2 1.1
WSB 18.7 6.32 3.0 1.0
Lattice ~APE! 864 1.360.6
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Experimentally, theB2→vl 2n̄ channel has the advantage
of the narrowv mass peak, but it has a lower reconstruction
efficiency than theB2→r0l 2n̄ decay due to the larger
number of final-state particles. Isospin symmetry also pre-
dicts that the rate forB2→p0l 2n̄ is half that for
B̄0→p1l 2n̄.
Both CLEO and ARGUS have searched for exclusive

B→Xul
2n̄ decays. Although ARGUS~Albrecht et al.,

1991a! observed a small number of candidate events consis-
tent with particularB→Xul

2n̄ modes, there have been no
established signals until recently. Using a sample of

2.23106 BB̄ pairs, CLEO has presented~Gibbons, 1995! the
first measurement ofB→pl 2n̄. The most sensitive limits
on B→rl 2n̄ andB2→vl 2n̄ have also been obtained by
CLEO; these results are inconsistent with a preliminary~un-
published! branching fraction for B2→r0l 2n̄ from
ARGUS~Paulini, 1991!. We first describe theB→rl 2n̄ and
B2→vl 2n̄ analyses and then turn to the new results on
B→pl 2n̄.
The basic procedure in the CLEOB→r(v)l 2n̄ analysis

~Beanet al., 1993b! is to select events whose kinematic fea-
tures are consistent with a B→ppl 2n̄ or
B2→p1p2p0l 2n̄ decay, and then to search forr0, r6, or
v signals in the multipion mass spectra. Thev channel is
particularly powerful, because the CLEO II CsI calorimeter
provides ap0 mass resolution of about 5 MeV/c2, and the
v mass peak is only slightly broadened with respect to its
natural width of 8 MeV/c2. To reduce combinatoric back-
ground, extensive use is made of the constraints arising from
the presence of twoB mesons, each nearly at rest. Although
the minimum lepton-energy cut is high (2.0 GeV), we have
seen above that model predictions indicate that this cut is at
least 50% efficient for the signal. In fact, most of the sensi-
tivity in the analysis is due to the region above 2.3 GeV. In
this higher region, theB→Xcl

2n̄ background is small, and
the dominant background is due to continuum processes. A
major advantage of applying such a stringent lepton-energy
cut is that one does not need Monte Carlo to determine the
absolute scale of the dominant background, since the con-
tinuum contribution is measured directly by running at a
center-of-mass energy about 60 MeV below theY(4S). A
disadvantage is that the model-to-model variation in the pre-
dicted efficiency of the lepton-energy cut is significant, re-
sulting in model dependence in the limits on the branching
fractions and onuVubu.
Figure 42 shows thep1p2 mass spectra for the CLEO II

analysis. The upper plot shows events with leptons in the
rangeEl .2.3 GeV, where the background is dominated by
the continuum, and the lower plot shows events with
2.0,El ,2.3 GeV, where the background is predominantly
from B→Xcl

2n̄. These mass spectra are fit to extract the
contributions fromr0 production, but in neither case is the
signal statistically significant. The limits from this channel
and from similar searches in theB̄0→r1l 2n̄ and
B2→vl 2n̄ channels are listed in Table XLVI. The limits

FIG. 42. The CLEO IIp1p2 mass spectra from searches for
B2→r0l 2n̄. The upper spectrum is for leptons in the range
El .2.3 GeV, in which the background is dominated by con-
tinuum events, while the lower spectrum is for the range
2.0,El ,2.3 GeV, in which the background is predominantly due
to B→Xcl

2n̄ decays. In each plot, the dashed curve is the esti-
mated background, except for the contribution of combinatoric
background that would arise inB2→r0l 2n̄ events themselves
~dot-dashed line!. The solid curve is the total, including a
B2→r0l 2n̄ contribution that is not statistically significant. In the
lower plot, the peak just below 1.8 GeV/c2 is due toD0→K2p1

decays in which the charged kaon was misidentified as a pion.

TABLE XLVI. Branching fractions for exclusiveB semileptonic decays to final states without charm. The
limits on b→u semileptonic decays from CLEO are based on efficiencies calculated using the ISGW
model; other models give different lepton-energy andq2 distributions and hence somewhat different effi-
ciencies. The results from theB2→vl 2n̄, B2→r0l 2n̄, and B̄0→r1l 2n̄ searches can be combined
statistically, since the branching fractions for these modes are related. We express this result as
B(B̄0→ravg

1 l 2n̄).

Mode Experiment Ref. Branching fraction

B2→vl 2n̄ CLEO II Beanet al., 1993b ,2.131024 (90% C.L.)

B2→r0l 2n̄ CLEO II Beanet al., 1993b ,2.131024 (90% C.L.)

B̄0→r1l 2n̄ CLEO II Beanet al., 1993b ,4.131024 (90% C.L.)

B̄0→ravg
1 l 2n̄ CLEO II Beanet al., 1993b ,3.231024 (90% C.L.)

B̄0→p1l 2n̄ CLEO II ~prelim.! Gibbons, 1995 (1.1960.4160.28)31024
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assume efficiencies obtained from the ISGW model.
Since the branching fractions for these modes are related,

the results from all three can be combined to obtain a statis-
tically more sensitive limit. The limit obtained by averaging
the three channels is expressed in terms of a branching frac-
tion for B→r avg

0 l 2n̄, where the subscript avg indicates that
information from ther andv channels has been averaged.
Table XLVII lists the model-dependent upper limits for the
B2→ravg

0 l 2n̄ branching fraction and foruVub /Vcbu. The
limits for uVub /Vcbu range fromuVub /Vcbu,0.08~90% C.L.!
for the KS model touVub /Vcbu,0.13 for the ISGW model.
These values are consistent with the CLEO II inclusive mea-
surement~using the ISGW model! given in Table XIV. The
similarity between the limits onuVubu from the exclusive
searches and the measurement ofuVubu from the inclusive
analysis suggests that these exclusive modes may be ob-
served in the not too distant future.
The new CLEO analysis ofB→pl 2n̄ is unusual in that it

relies on the hermeticity of the detector to determine the

neutrino four-momentum; once this quantity is obtained, aB
mass peak is reconstructed much as in a hadronic decay
analysis. It might appear surprising that such a technique
would work, since the presence of undetected particles in
addition to the neutrino would distort the measurement of
missing energy and momentum. Events with undetected
KL’s, for example, usually have a large missing energy, since
CLEO does not have a hadronic calorimeter. However, the
neutrino momentum can be determined with good resolution
in a carefully selected sample of events, as we discuss below.
The missing energy and momenta of the event are defined

by

Emiss52Ebeam2(
i
Ei , pmiss52(

i
pi , ~163!

where the indexi runs over all detected charged tracks and
CsI calorimeter clusters satisfying cuts designed to suppress
fakes. In particular, hadronic interactions in the calorimeter
often result in energy deposits that are separated somewhat
from the trajectory of the track; as many of these split-off
clusters are removed as possible before computingEmiss and
pmiss. The presence of more than one neutrino would also
complicate the neutrino momentum measurement, so only
events with a single lepton are used. Events are also removed
if the charges of all observed tracks do not sum to zero, since
there must then be at least one unobserved particle whose
energy and momentum are not being accounted for. Finally,
events with large missing mass are removed by requiring that
Mmiss

2 /2Emiss,300 MeV, whereMmiss
2 5Emiss

2 2upmissu2. This
cut removes many of the events that contain aKL . The cut is
made on the ratioMmiss

2 /2Emiss, since the resolution on
Mmiss

2 scales linearly withEmiss. With these cuts applied,
Monte Carlo studies show that the missing momentum in
signal events can be measured with a resolution of roughly
s'110 MeV. Although the missing energy is used in the
Mmiss

2 cut, the neutrino four-momentum used in theB recon-
struction is calculated only from the missing momentum:

pn5~ upmissu,pmiss!. ~164!

The resolution onpmiss is substantially better than that on
Emiss since no particle ID information is required and be-
cause the contributions of spurious photon clusters tend to
cancel inpmiss but add inEmiss.
Using this neutrino four-vector, one proceeds as in a had-

ronic analysis, definingDE, the difference between the beam

TABLE XLVII. Limits on uVub /Vcbu using measurements ofB2→r0l 2n̄, B̄0→r1l 2n̄, and
B2→vl 2n̄. The results from these modes have been combined statistically, which we signify by
B(B2→ravg

0 l 2n̄). The results onuVubu have been corrected totB51.54 ps. Model dependence in the
branching fractions results from different shapes of kinematic distributions, which leads to different detec-
tion efficiencies. Model dependence inuVub /Vcbu is also sensitive to differences in the predicted rates,
corresponding to different values ofgu .

Model B(B2→ravg
0 l 2n̄)/1024 uVub /Vcbu

~90% C.L.! ~90% C.L.!

ISGW ,1.6 ,0.13
WSB ,2.7 ,0.10
KS ,2.3 ,0.08

FIG. 43. The reconstructed mass spectrum from the CLEO II search
for B̄0→p1l 2n̄ andB2→p0l 2n̄. The neutrino four-momentum
used to calculatemB is estimated from the missing momentum in
the event, a technique that requires careful removal of events in
which there are additional unobserved particles, such asKL’s or
other neutrinos. The points with errors represent the data after sub-
traction of continuum background and events with fake leptons. The
solid histogram shows the total fit, which includes contributions
from the signal~dashed histogram, shown on top of backgrounds!,
B→Xcl

2n̄ ~shaded region!, and otherB→Xul
2n̄ decays~hatched

region!.
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energy and that of the candidateB meson, andMB , the
beam-energy-constrainedB mass:

DE5Ebeam2~En1El 1Ep!,

MB5@Ebeam
2 2~ upn1pl 1ppu2!#1/2. ~165!

Signal events are expected to have small values ofDE and
values ofMB that peak at theB mass. To suppress continuum
background, event-shape cuts similar to those used in the
CLEO B→rl 2n̄ analysis are applied. The lepton energy is
required to satisfyEl .1.5 GeV, which helps to suppress
B→Xcl

2n̄ background. This cut is lower than that used in
the B→rl 2n̄ analysis because theB→pl 2n̄ lepton-
energy spectrum is softer.
Figure 43 shows the reconstructedB mass spectrum for

B2→p0l 2n̄ and B̄0→p1l 2n̄ candidates with
20.25,DE,0.15 GeV. The background from continuum
and fake leptons has been subtracted. A small signal at theB
mass is evident. The number of signal events is obtained
from a fit that takes into account background contributions
from B→Xcl

2n̄ decays andB→Xul
2n̄ processes other

thanB→pl 2n̄. In fact, the reconstructedB mass distribu-
tions for the five modesB̄0→p1l 2n̄, B2→p0l 2n̄,
B2→r0l 2n̄, B̄0→r1l 2n̄, andB2→vl 2n̄ are fit simul-
taneously, thereby constraining the background from the vec-
tor modes intoB→pl 2n̄ with the data. Isospin constraints
are imposed on the twoB→pl 2n̄ modes and on the two
B→rl 2n̄ modes. In each mode, the shape of the
B→Xcl

2n̄ background is determined from Monte Carlo,
and the level of this background floats independently. The
background from otherB→Xul

2n̄ processes is determined
from Monte Carlo with the rate fixed by the observed rate in
the end-point region of the inclusive lepton spectrum.
The total yield for B2→p0l 2n̄ and B̄0→p1l 2n̄ is

20.767.0 events, where the ISGW model was used to obtain
the signal shapes used in the fit.~The yield for the WSB
model is very similar, since the shape of theB mass peak is
essentially the same for the two models.! The corresponding
preliminary branching fraction is

B~B̄0→p1l 2n̄ !

5~1.1960.4160.2160.19!31024 ~ ISGW!,

B~B̄0→ p 1l 2n̄ !

5~1.7060.5160.3160.27!31024 ~WSB!, ~166!

where the theoretical models used to calculate the signal
shapes and detection efficiencies are indicated. The errors
given are statistical, systematic on the yield from the fit, and
systematic on the detection efficiency, respectively. The fit
also leads to limits onB→rl 2n̄ andB2→vl 2n̄ that are
virtually identical to those from the CLEO search described
earlier in this section. The ratio of the branching fractions for
B→rl 2n̄ to B→pl 2n̄ can be constrained:

B~B̄0→r1l 2n̄ !/B~B̄0→p1l 2n̄ !,3.4 ~90% C.L.!.
~167!

This limit is obtained when either the ISGW or the WSB
model is used.
Evidence supporting the conclusion that the signal is in-

deed due toB→pl 2n̄ decays can be obtained from kine-
matic distributions. Figure 44 shows the lepton spectrum ob-

FIG. 44. The reconstructed lepton-energy spectrum from the CLEO
II search forB̄0→p1l 2n̄ and B̄0→p1l 2n̄. The points with er-
rors represent the data after subtraction of continuum background
and events with fake leptons. The solid histogram shows the total
fit, which includes contributions from the signal~dashed histo-
gram!, B→Xcl

2n̄ ~shaded histogram!, and otherB→Xul
2n̄ de-

cays ~hatched histogram!. The shape of the spectrum for
B→pl 2n̄ events is obtained from a Monte Carlo based on the
ISGW model. The spectrum associated with the signal events is
significantly harder than that of theB→Xcl

2n̄ background.

FIG. 45. The reconstructed distribution for the polar angle of the
lepton in theW* rest frame from the CLEO II search for
B̄0→p1l 2n̄ and B̄0→p1l 2n̄ candidates. The points with errors
represent the data after subtraction of continuum background and
events with fake leptons. The solid histogram shows the total fit,
which includes contributions from the signal~dashed histogram!,
B→Xcl

2n̄ ~shaded histogram!, and otherB→Xul
2n̄ decays

~hatched histogram!. For signal events, this distribution should be
dN/dcosul } sin2ul , independent of model, and the data are con-
sistent with this prediction.~The angle plotted in this figure is equal
to p minus the angleu l shown in Fig. 5; the expected signal
distribution is unaffected by this difference.!
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tained from the fit. The spectrum is significantly harder than
that of theB→Xcl

2n̄ background, and it is consistent with
model predictions forB→pl 2n̄ decay. One can also exam-
ine the angle of the lepton in theW* rest frame. As discussed
in Sec. II.C, the distribution of this angle isdN/dcosul
} sin2ul , independent of models. The observed distribution,
shown in Fig. 45, is quite consistent with this prediction. The
statistical significance for the signal, including information
from this angular distribution, is about 3.8s. The measured
branching fraction is somewhat higher than that expected
from the original ISGW model~assuminguVubu50.003), but
it is very similar to the value expected in the ISGW2 model,
as well as to those in the WSB and KS models~see Table
XLV !.
As this paper was going to press, CLEO presented~Am-

maret al., 1995! evidence for the decayB→r l 2 n̄, with a
branching fraction consistent with the CLEO upper limits
given here.

G. Semileptonic decays of charm and bottom baryons

Of the observed charm and bottom baryons, theLc ,
Jc , Vc , andLb decay through the weak interaction. The
light quarks in these ground-state spin-1

2 baryons are in a
spin-zero state in theLQ andJQ baryons and in a spin-one
state in theVQ baryons. This leads to a simpler theoretical
description and greater predictive power for models of semi-
leptonicLQ andJQ decays than for semileptonic decays of
mesons or other baryons. The decayLb→Lcl

2n̄ has been
analyzed in the HQET framework to order 1/mQ , including
next-to-leading-order QCD corrections~Neubert, 1994c!.
The motivation for studying semileptonic baryon decays is
twofold. First the decayLb→Lcl

2n̄ could be used to reli-
ably extractVcb at the zero-recoil point~the kinematic point
at which the associated form factors are normalized in
HQET! if sufficiently large samples could be isolated. Sec-
ondly, the joint angular decay distributions forLc→Ll 1n
andLb→Lcl

2n̄ could be used to study the hadronic matrix
elements, just as has already been done in the decays
D→K̄* l 1n andB→D* l 2n̄.

In semileptonic decays ofLb and Lc baryons to final
states containing anotherL-type baryon, charge correlations
between the lepton and the daughter baryon can be used to
identify signal and background. For example, inLc decays,
the final statesLl 1X and L̄l 2X can occur, but the final
statesLl 2X and L̄l 1X cannot. ‘‘Wrong-sign’’ candidates
are used as a measure of the background contribution to the
‘‘right-sign’’ signal. Samples of hundreds of semileptonic
charm-baryon decays have been identified and used to mea-
sure branching fractions and decay asymmetries. The analy-
sis of their joint decay distributions is just beginning. Studies
of semileptonic bottom-baryon decays are even less mature
and are limited to branching fraction and lifetime measure-
ments.

1. Decay distributions for Lc→Ll 1n

Since measurements of the decay distributions of semilep-
tonicLc decays have already been published, while no such
experimental studies forLb decay exist yet, we give the
decay distributions forLc→Ll 1n and note how those for
Lb→Lcl

2n̄ differ. For a recent review of the experimental
and theoretical status of baryons containing one heavy quark,
including semileptonic decays, we refer the reader to Ko¨rner,
Kramer, and Pirjol~1994!.
The decay of unpolarizedLc’s to Ll 1n, with the daugh-

ter baryonL subsequently decaying topp2, can be de-
scribed by four independent kinematic variables. The four
variables that are usually used are analogous to those used in
the analysis ofD1→K̄* 0l 1n, described in Sec. VI.A.6.
They areq2, the square of thel 1n invariant mass;uW , the
angle between the charged lepton and the direction of the
L measured in thel 1n rest frame;10 uL , the angle between
the proton and the direction opposite that of theW2 mea-
sured in the rest frame of theL; andx, the azimuthal angle
between the projections of the charged lepton and the proton
momenta in the plane perpendicular to theW andL direction
in the rest frame of theLc . The differential decay rate for
Lc→Ll 1n with L→pp can be expressed in terms of these
four kinematic variables~Körner and Kra¨mer, 1992!:

dG

dq2d cosuLd cosuWdx
5
B~L→pp!

2~2p!4
GF
2 uVcsu2

pLq
2

24M2H 38 ~12cosuW!2~11aL cosuL!uH 1
2
1 ~q2!u2

1
3

8
~11cosuW!2~12aL cosuL!uH2 1

2
21~q

2!u2

1
3

4
sin2uW@~11aL cosuL!uH 1

2
0 ~q2!u21~12aL cosuL!uH2 1

2
0~q

2!u2#

1
3

2A2
sinuW~12cosuW!aL sinuL cosxH2 1

2
0 H 1

2
1

1
3

2A2
sinuW~11cosuW!aL sinuL cosxH 1

2
0H2 1

2
21J , ~168!

10Note thatuW is 180° minusu l defined in Sec. VI.A.5 forD1→K̄* 0l 1n decay.
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wherepL is the magnitude of theL three-momentum in the
rest frame of theLc and hence is a function ofq

2. aL is the
asymmetry parameter for the parity-violating nonleptonic de-
cay L→pp2. The measured value isaL50.64260.013
~Particle Data Group, 1994!. For Lb→Lcl

2n̄, the above
equation holds with cosuW replaced with 2cosuW and
sinuW replaced with2sinuW.
The subscripts on the helicity amplitudesHlLlW

corre-

spond to the helicities of theL (lL) andW (lW). Each
helicity amplitude contains an axial and a vector piece,
HlLlW

5HlLlW

V 1HlLlW

A . We have assumed that the helicity

amplitudes are real, as we did in Sec. VI.A.6 forP→Vl n.
The helicity amplitudes contain the dependence on the in-
variant form factors that parametrize the hadronic current. In
the limit of zero lepton mass, there are four form factors,
F1
V , F2

V , F1
A , andF2

A ~Körner and Kra¨mer, 1992!. The helic-
ity amplitudes are related to the form factors through the
equations

Aq2H1
20

V
5AQ2@~M1ML!F1

V2q2F2
V#,

H1
21

V
5A2Q2@2F1

V1~M1ML!F2
V#,

Aq2H1
20

A
5AQ1@~M2ML!F1

A1q2F2
A#,

H1
21

A
5A2Q1@2F1

A2~M2ML!F2
A#, ~169!

whereQ65(M6ML)
22q2. The remaining helicity ampli-

tudes can be obtained through the parity relations
H2lL2lW

V(A) 51(2)HlLlW

V(A) .

In the heavy-quark symmetry limit, when the quark in-
volved in the decay is heavy in both the initial and final
baryon~for example,Lb→Lcl

2n̄), all four form factors are
related to a single form factor~Georgiet al., 1990; Georgi,
1991; Isgur and Wise, 1991a; Mannelet al., 1991a!:

F1
V~q2!52F1

A~q2!, F2
V~q2!5F2

A~q2!50. ~170!

When the quark in the initial state is heavy and that in the
final state is light~for example,Lc→Ll 1n), the four form
factorsF1

V , F2
V , F1

A , andF2
A can be expressed in terms of

two independent form factorsf 1 and f 2 ~Hussain et al.,
1991; Mannelet al., 1991a, 1991b; Falk and Neubert, 1993b;
Mannel and Roberts, 1993!,

F1
V~q2!52F1

A~q2!5 f 1~q
2!1

ML

M
f 2~q

2!,

F2
V~q2!52F2

A~q2!5
1

M
f 2~q

2!. ~171!

In general, the magnitude off 2 is expected to be less than
that of f 1 . CLEO has recently measured the ratioR5 f 2 / f 1
for the decayLc→Ll 1n. ~See next section.!
If we integrate Eq.~168! over the azimuthal anglex and

the polar angleuW , we obtain

dG

dq2d cosuL
}11aLc

aL cosuL , ~172!

where the asymmetry parameteraLc
is defined by

aLc
5

uH 1
2
1u22uH2 1

2
21u21uH 1

2
0u22uH2 1

2
0u2

uH 1
2
1u21uH2 1

2
21u21uH 1

2
0u21uH2 1

2
0u2

. ~173!

The parameteraLc
gives the longitudinal polarization of the

daughter baryonL that is being analyzed by its subsequent
decay topp2. Both ARGUS and CLEO have measured
aLc

.

2. Charm-baryon decays

The earliest studies of semileptonicLc decays were pub-
lished by Mark II at SPEAR~Vella et al., 1982! and PEP
~Klein et al., 1989!. However, these results were of very lim-
ited statistical significance. More recently, the decay
Lc→Ll 1n has been studied most extensively by the
ARGUS ~Albrechtet al., 1991c! and CLEO~Bergfeldet al.,
1994; Crawfordet al., 1995! Collaborations. The ARGUS
sample consists of about 100 signal events over a back-
ground of about 140. CLEO published branching fractions
and decay asymmetries based on a signal of about 430 events
over a background of 190 events and, more recently, has
presented results on the form factor ratioR and has updated
the asymmetry parameter with a sample about twice as large.
Both ARGUS and CLEO measure the product

s(e1e2→LcX)B(Lc→Ll 1X) at ane1e2 center-of-mass
energy near theY(4S). The experimental results are shown
in Table XLVIII for electrons and muons separately. The
branching fraction itself is extracted by normalizing to the
Lc→pK2p1 rate, as follows. ARGUS and CLEO have each
measureds(e1e2→LcX)B(Lc→pK2p1). The weighted
average is

TABLE XLVIII. Experimental measurements of the products(e1e2→LcX)B(Lc→Ll 1X) at e1e2

center-of-mass energies near 10.4 GeV.

ARGUS CLEO II

~Albrechtet al., 1991c! ~Bergfeldet al., 1994!

s(e1e2→LcX)B(Lc→Le1X) ~pb! 4.2061.2860.71 4.8760.2860.69

s(e1e2→LcX)B(Lc→Lm1X) ~pb! 3.9162.0260.90 4.4360.5160.64

Average~pb! 4.1561.0361.18 4.7760.2560.66
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s~e1e2→LcX!B~Lc→pK2p1!5~11.360.861.0! pb.
~174!

ARGUS and CLEO have also been able to measure the
branching fractionB(Lc→pK2p1) under the assumption
that all baryons produced inB decay come fromLc decay.
The weighted average of the two measurements is

B~Lc→pK2p1!5~4.361.1!%. ~175!

Therefore the Lc semileptonic branching fraction for
Lc→Ll 1X can be extracted for each experiment:
B(Lc→Ll 1X)5(1.660.6)% for ARGUS and B(Lc
→Ll 1X)5(1.860.5)% for CLEO. The average of the two
measurements is

B~Lc→Ll 1X!5~1.760.4!%. ~176!

This branching fraction can be combined with the measured
Lc lifetime of (2.0060.11)310213 s ~Particle Data Group,
1994! to extract a decay rate of

G~Lc→Ll 1X!5~8.562.1!31010 s21. ~177!

This is considerably lower than the inclusive semileptonicD
decay rateG(D→Xl 1n)5(17.160.7)31010 s21 ~see Sec.
VI.D!. In the simple spectator quark model, we would expect
the inclusive semileptonic rates to be the same. We could
conclude that this is evidence for sizable semileptonicLc
decays to final states not containing aL. However, theoreti-
cal expectations are that semileptonicLc decays will be
dominated byLc→Ll 1n. Therefore, at this time, there ap-
pears to be a discrepancy between the measurements and
theoretical expectations for the inclusive semileptonicLc de-
cay rate. However, the experimental uncertainties on the
branching fractions forLc→pK2p1 andLc→Ll 1X are
still large.
CLEO has chosen to interpret their measurements of

Lc→Ll 1X andLc→pK2p1 as a limit on the branching
fraction for Lc→pK2p1. They assume that theLc inclu-
sive semileptonic decay rate is the same as that forD me-
sons, and they use only their measurements of
s(e1e2→LcX)B(Lc→pK2p1) and s(e1e2

→LcX)B(Lc→Ll 1n) for pLc
.0.5pmax. CLEO concludes

that

B~Lc→pK2p1!5 f ~6.6760.3561.35!%, ~178!

where f5B(Lc→Ll 1X)/B(Lc→l 1X). Since f must be
less than one, the result is an upper limit on
B(Lc→pK2p1) that is consistent with the average of the
CLEO and ARGUS measurements@Eq. ~175!#.
CLEO searches itsLc→Ll 1X candidates for final states

other thanLl 1n. They find that fewer than 15% of the
candidates have decay products in addition toLl 1n, at the
90% confidence level.
Both ARGUS and CLEO use two-body hadronic decays of

the daughter baryon as a polarization analyzer to extract a
decay asymmetry parameter forLc→Ll 1n. As described
in the previous section, the differential decay rate is given by

dG

dq2d cosuL
}11aLc

aL cosuL , ~179!

whereuL is the angle between the proton and the direction
opposite that of theW, measured in theL rest frame. The
L asymmetry parameteraL50.64260.013 ~Particle Data
Group, 1994! is well measured forL→pp, andaLc

is the

q2-dependent parity-violating parameter to be extracted from
the observed decay distributions inLc→Ll 1n. In the
ARGUS analysis, theLc direction is assumed to be the same
as theLl 1 direction, which is a good approximation when
the mass of theLl 1 system is relatively large. In the CLEO
analysis, the neutrino momentum is extracted by approximat-
ing theLc direction by the thrust axis of the event. Each
experiment observes a large negative polarization of theL,
as expected:aLc

520.9160.49 for ARGUS~Albrechtet al.,

1994b! for Ll 1 mass in the range 1.85 to 2.20 GeV/c2, and
aLc

520.8220.06
10.09

20.03
10.06 for CLEO ~Crawford et al., 1995!.

These results are in good agreement with the asymmetry pa-
rameter measured inLc→Lp1 decays and with HQET,
which predicts thataLc

521 asq2 approaches zero.
CLEO has presented results from a three-dimensional un-

binned maximum-likelihood fit to the kinematic variables
q2, cosuW, and cosuL , for about 1000 events with a signal-
to-background ratio of about 2:1~Crawfordet al., 1995!. A
dipole form is assumed for theq2 dependence of the form
factor with a pole mass of 2.11 GeV/c2. They extract the
ratio of form factorsR5 f 2 / f 1 discussed in Sec. VI.G.1. The
result isR520.2560.1460.08, in agreement with the ex-
pectation that the magnitude off 2 is less than that off 1 .
ARGUS has presented evidence for semileptonic decays

of Jc
0 andVc . The results are summarized in Table XLIX.

Since the production rate for these baryons is not known,
they report the product of the production cross section and
the inclusive semileptonic branching fraction. More recently,
CLEO has also observed semileptonicJc

0 decays and has
reported the first evidence of semileptonicJc

1 decays. Their
results are also shown in Table XLIX. In addition to the
product of the production cross section and branching frac-
tion, they have measured the ratio of the semileptonic

TABLE XLIX. Experimental measurements of semileptonicJc andVc baryon decays.

Experiment Measurement

ARGUS ~ Albrechtet al., 1993a! s(e1e2→Jc
0X)B(Jc

0→J2l 1X)5(0.7460.2460.09) pb
CLEO II ~Alexanderet al., 1994b! s(e1e2→Jc

0X)B(Jc
0→J2e1ne)5(0.6360.1260.10) pb

CLEO II ~Alexanderet al., 1994b! s(e1e2→Jc
1X)B(Jc

1→J0e1ne)5(1.5560.3360.25) pb
CLEO II ~Alexanderet al., 1994b! B(Jc

0→J2e1ne)/B(Jc
0→J2p1)53.161.020.4

10.3

CLEO II ~Alexanderet al., 1994b! B(Jc
1→J0e1ne)/B(Jc

1→J2p1p1)52.360.620.5
10.3

ARGUS ~Albrechtet al., 1993e! B(Vc→V2l 1X)/B(Vc→V2p2p1p1)50.8760.53
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branching fraction to that for a hadronic mode. By assuming
that theJc

1 andJc
2 are produced at equal rates ine1e2

annihilation at 10 GeV and that the semileptonic decay rates
to Je1ne are the same, CLEO deduces the ratio of lifetimes
to be t(Jc

1)/t(Jc
0)52.4660.7020.23

10.33. This is in good
agreement with the ratios of directly measured lifetimes:
4.0661.26 by E687~Frabettiet al., 1993d! and 2.4461.68
by NA32 ~Barlaget al., 1989!. The observed ratio is also in
agreement with the predicted hierarchy of lifetimes for
charmed baryons~Guberinaet al., 1986; Voloshin and Shif-
man, 1986!.
While experimental results on semileptonic charm-baryon

decays currently have limited statistical significance, much
larger data samples are expected in the future, allowing tests
of the various baryon semileptonic decay models.

3. Bottom-baryon decays

At present, semileptonic decays of bottom baryons are
studied mainly by the LEP experiments to extract lifetimes.
Since the fraction ofb quarks fromZ decays that fragment
as aLb @ f (b→Lb)# is not known, measurements of decay
rates are expressed as the product of a particular semilep-
tonic Lb branching fraction andf (b→Lb). The LEP mea-
surements are summarized in Table L. OPAL~Acton et al.,
1992!, ALEPH ~Buskulicet al., 1992b!, and DELPHI~Abreu
et al., 1993b! have net signals forLb→Ll 2X in the range
of 30 to 150 events with a signal-to-background ratio of
about 1.5 to 2. They have each measured theLb lifetime
with these events or a subset of them. In the mode
Lb→Lcl

2X, ALEPH ~Buskulic et al., 1992a! has used
about an order of magnitude fewer events to measure the
product branching fraction~shown in Table L! and theLb
lifetime.

VII. CONCLUSIONS

The considerable progress in understanding charm and
bottom physics is due both to major experiments ate1e2

and fixed-target experiments and to the continued strong ef-
forts of the theoretical community. Here we summarize the
most important results and their implications. We look back
on many of the key questions that have been answered and
the new questions that have been raised, and we attempt to
indicate which directions should be most strongly pursued in
the future. We shall start with the CKM matrix, assessing the
implications of measurements ofuVcbu and uVubu. We then
turn to results on charm and bottom decays and their inter-
pretation.

A. CKM measurements

An enormous experimental and theoretical effort has been
directed towards better measurements ofuVcbu and uVubu,
which are summarized in Table LI. Broadly speaking, mea-
surements ofuVcbu are in a process of gradual refinement,
while measurements ofuVubu are still in their infancy, domi-
nated by large theoretical uncertainties.
There is good agreement between the values ofuVcbu ob-

tained from measurements of the inclusiveB semileptonic
branching fraction ~Sec. V.D.4! and the rate for
B→D* l 2n̄ at zero recoil~Sec. VI.E.4!. We take as our final
value uVcbu50.04060.003 from theB→D* l 2n̄ measure-
ment ~adding the errors in quadrature!, regarding the inclu-
sive measurement as a check. A point that merits continued
investigation is the sensitivity of this value ofuVcbu to dif-
ferent assumptions for the shape of the extrapolation func-
tion ĵ(w). The uncertainty associated with the extrapolation
appears to be relatively small (60.001 in uVcbu), but this

TABLE L. Experimental measurements of inclusiveLb semileptonic decay rates, from LEP experiments.

Experiment No. of signal events Measurement

OPAL ~Acton et al., 1992! 556923.1
10.3 f (b→Lb)B(Lb→Ll 2X)5(0.2960.0560.11)%

ALEPH ~Buskulicet al., 1992b! 122618223
122 f (b→Lb)B(Lb→Ll 2X)5(0.3560.0560.09)%

DELPHI ~Abreuet al., 1993! 30610 f (b→Lb)B(Lb→Ll 2X)5(0.4160.1360.09)%

ALEPH ~Buskulicet al., 1992a! 2165 f (b→Lb)B(Lb→Lcl
2X)5(3.060.760.9)%

TABLE LI. Summary of results on the CKM matrix elements determined fromB semileptonic decays.
When two errors are given, the first is experimental and the second is theoretical. The measurement of
uVcbu usingB→D* l 2n̄ at zero recoil has an error associated with the unknown shape used in theq2 ex-
trapolation and a theory-related normalization error, as discussed in Sec. VI.E.4. The limit onuVub /Vcbu
corresponds to the CLEO II result using the ISGW model, which gives the highest value of the models
considered. Note that the 35% error inuVub /Vcbu corresponds to a 70% error in the rate.

Quantity Method for determination Value Total rel. error

uVcbu InclusiveB→Xcl
2n̄ 0.04160.00160.003 8%

uVcbu B→D* l 2n̄ 0.04060.00360.00160.001 8%

uVcbu Recommended value 0.04060.003 8%

uVub /Vcbu Inclusive end point 0.07660.00860.025 35%

uVub /Vcbu ExclusiveB→rl 2n̄ andB2→vl 2n̄ ,0.13
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result should be checked with larger data samples as they
become available. These two methods for extractinguVcbu
have not always agreed so well; part of the improvement can
be traced to the newer values for the theoretical quantity
F (1), which are lower than some earlier predictions.
We do not use measurements ofuVcbu from overall exclu-

sive rates~Table XXXIX! because the associated theoretical
error is much more difficult to evaluate, and because there is
a large experimental correlation between the measurement
errors for the overall rate forB→D* l 2n̄ and the rate at
zero recoil. It is interesting, however, that the values of
uVcbu obtained from total rates are systematically lower than
those obtained with the other methods. This result could be
related to the fact that predictions of overall rates depend on
form-factor slopes as well as their normalization atqmax

2 , and
the slopes are much more difficult to predict. Underestima-
tion of the magnitudes of the slopes would lead to predicted
rates that are too large for a givenuVcbu, or, equivalently, to
values ofuVcbu that are too small for a given rate. The dis-
crepancy between the values ofuVcbu obtained from total
semileptonic rates and from theB→D* l 2n̄ rate at zero
recoil merits further investigation.
For uVubu, we take as the central value the CLEO II inclu-

sive end-point measurement using the ACCMM model~Sec.
V.E!, and we define the theoretical error as the difference
between the results for the ACCMM and ISGW models. This
error must be regarded as only a rough guide to the uncer-
tainty. The larger value ofuVubu from ISGW is certainly ex-
pected, since the authors of that model intended to provide a
lower limit for the rate in the end-point region. Better theo-
retical calculations forB→Xul

2n̄ inclusive decays are
clearly desirable, as are results for exclusiveB→Xul

2n̄
channels. The CLEO II observation ofB→pl 2n̄ is a mile-
stone for these studies. It is encouraging that the observed
rate for B→pl 2n̄ ~Sec. VI.F! is consistent with that ex-
pected from the inclusive end-point value foruVubu and most
theoretical predictions for theB→pl 2n̄ rate. It is also in-
teresting that lattice QCD and HQET are being combined to
predict this rate, an approach that is likely to be refined in the
future.

The allowed region in the (r,h) plane is shown in Fig. 46.
As discussed in Sec. II.B, this region is determined by three
constraints:

~i! The allowed range ofuVub /Vcbu defines an annulus
between the extreme values of Ar21h2

5u Vub* u/uVcdVcbu50.3460.12. The uncertainty inuVubu is
much larger than that onuVcbu, so the error on the radius in
the (r,h) plane is dominated by the error onuVubu.

~ii ! The measurement of theCP-violation parameter
ueu5uh12u52.26960.02331023 ~PDG 1994! in kaon de-
cays determines the hyperbolic curves that extend from the
lower left to the upper right. ~Here we have used
ue8u!ueu.) We shall see below that this constraint is very
sensitive touVcbu and its uncertainty, so that it is more ap-
propriate to say that the curves are determined by bothueu
and uVcbu.

~iii ! The parameterDmB05(0.5160.06)31012 \ s21,
which measures theB0B̄0 oscillation frequency, allows one
to determineuVtdu5Al3@(12r)21h2#1/2, giving an annulus
centered at (r,h)5(1,0). This constraint suffers from large
theoretical uncertainties in predicting the mixing rate in
terms of fundamental constants.
The constraint fromuVubu is straightforward, but the other

two involve a number of inputs. We now review the data on
each of these constraints.
Using our value foruVcbu and the PDG 1994 value for

l5uVusu50.220560.0018, we calculate A5uVcbu/l2

5 0.8260.06. This constant enters into the extraction of the
(r,h) constraints from bothueu and theBB̄ mixing param-
eterxd .
Equations~21! and ~22! show thate depends on the pa-

rametersA, BK , mc , mt , hcc , hct , and h tt . We take
BK50.7560.10, doubling the quoted error on the value
0.7560.05 obtained from a lattice QCD calculation in the
quenched approximation~Gupta, 1995!. Although the au-
thors of this calculation believe that the error due to this
approximation is small, they have not yet included a corre-
sponding uncertainty in their result. It appears that the lattice
is very well suited to calculatingBK , and many theorists are

FIG. 46. The constraints in the (r,h) plane arising from measurements ofuVubu, B0B̄0 mixing (xd), andCP violation in kaon decays
(e). To extract the constraint on (r,h) from e, one also needsuVcbu, which enters to the fourth power. The dark region indicates the values
of r andh that are consistent with all of the current constraints, assuming61.5s bands.
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optimistic that the errors will continue to improve. For the
c-quark mass, we usemc51.460.2 GeV/c2; box diagrams
with c quarks are important mainly for values ofr near 1,
where thet-quark contribution is suppressed. For thet-quark
mass, we obtain an averagemt5(180612) GeV/c2 from the
CDF ~Abe et al., 1995! value of mt5(17668610)
GeV/c2 and the D0 value ~Abachi et al., 1995! of
mt5(199221

119622) GeV/c2. ~We have ignored possible cor-
relations in their errors.! Following the prescription of Buras
et al. ~1994!, we correct this average downward by
(761) GeV/c2 to obtain a running top-quark mass of
mt5(173612) GeV/c2 suitable for substitution into the rel-
evant formulas. We also take the values of the QCD correc-
tion factorshcc51.1, hct50.36, andh tt50.57 from Buras
et al. Further discussion of these parameters at next-to-
leading order is given by Herrlich and Nierste~1994, 1995!.
BecauseBK is reasonably well known, the uncertainty in

uVcbu is important in determining the constraint fromueu. The
reason is simple: the box diagram with two internalt-quark
lines is dominant unlessr is near 1, and the corresponding
term in thee calculation is proportional toBKA

4. The error
on uVcbu is thus magnified by a factor of four relative to that
onBK . At r50, for example, the uncertainty onh from this
diagram due touVcbu is about 29%, while that fromBK is
only 13%. Better measurements ofuVcbu will therefore lead
directly to a tightening of thee constraint.
The constraint fromBB̄ mixing, in contrast, depends on

the poorly known quantityf BABB, which we take to be
(200640) MeV. It may be quite some time beforef BABB is
known precisely, so betterxd measurements will not lead
immediately to a better (r,h) constraint. Even with the high-
luminosity B factories, it will be a long time beforef B is
determined fromB→t2n̄t .
What can we expect in the future? In the next few years

we should be able to determineuVubu from exclusive decays
such asB→pl 2n̄, B→rl 2n̄, andB2→vl 2n̄. Progress
in lattice calculations suggests that eventually there may be
reliable predictions for the decay rate for these modes in the
high-q2 region, much as HQET allows one to predict the rate
for B→D* l 2n̄ at high q2. Additional information will
come from form-factor measurements of semileptonicD de-
cays, which can be related to those for exclusive

B→Xul
2n̄ decays over part of theq2 range. Measurements

of B→Xsg may provide information on theb-quark motion
within theB meson; these results should help to reduce the
uncertainty onuVubu as determined from the inclusive lepton-
energy spectrum above theB→Xcl

2n̄ end point. The mea-
surement ofuVcbu from the rate forB→D* l 2n̄ at zero re-
coil will improve as data samples increase in the future, and
it should be possible for the experimental precision to reach
the current level of theoretical uncertainty on the constant
F (1) ~6% in the rate, 3% inuVcbu), which is used to extract
uVcbu from theB→D* l 2n̄ rate at zero recoil. We also note
the importance of precise measurements ofD* and D
branching fractions that enter into theB→D* l 2n̄ measure-
ment. Fortunately,B(D*1→D0p1) has already been mea-
sured to about 2%, andD0→K2p1 to 3.5%.
In our final (r,h) plot, we assume for purposes of illus-

tration that a total precision of 4.5% is achieved onuVcbu
~compared with the current precision of about 8%!. We also
assume that the theoretical error onuVubu will be reduced to
roughly the size of the current experimental error, which will
halve the overall uncertainty onuVubu. Figure 47 shows what
the constraints in the (r,h) plane would look like if the
errors improved in this manner, with the central values un-
changed.~We have not included any improvement in the
uncertainty onBK or mt .) Eventually, these results will be
compared with measurements ofCP violation in B decays,
which will determine the interior angles of the unitarity tri-
angle. Such measurements will provide crucial information
towards determining whether the observedCP-violating pro-
cesses can be explained in terms of the phenomenology of
the CKM matrix, or whether physics outside the standard-
model framework is required.

B. Summary of leptonic and semileptonic charm decays

Whereas studies of semileptonic bottom decays are largely
motivated by the desire to measure the CKM matrix ele-
mentsVcb andVub , the matrix elements relevant for semi-
leptonic charm decay,Vcs and Vcd , are determined quite
precisely from the unitarity constraint on the CKM matrix.
Therefore the important impact of semileptonic charm stud-
ies is on dynamics, not CKM matrix elements. The measure-
ments are used to test predictions of quantities such as decay
rates and form factors. Many of the models and theories used
for these predictions are necessary ingredients in extracting
CKM matrix elements from bottom decays. Both experimen-
tal and theoretical work on semileptonic charm decays will
play a role in the ultimate precision with which we determine
the elements of the quark mixing matrix.
We began our review of experimental results with a dis-

cussion of leptonic charm and bottom decays. Here only one
parameter, called the decay constant, is required to describe
the nonperturbative physics. The decay constants are also
used to describe other processes, such asD0D̄0 andB0B̄0

mixing, and hence are quite important. Unfortunately, lep-
tonic decays have small branching fractions and are experi-
mentally difficult to reconstruct. Although four experiments
have shown evidence for the decayDs→m1nm in the last
two years~see Table VI!, the statistical and systematic errors
are still very large. Most experiments normalize the leptonic

FIG. 47. A possible future scenario for the constraints in the
(r,h) plane after improvements in measurements of semileptonicB
decays. The uncertainty onuVcbu has been reduced from 8% to
4.5%, and the uncertainty onuVubu is reduced from 35% to 17%, as
discussed in the text.
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rate to that of another decay mode of theDs . As the statis-
tical precision improves, quantitative interpretation of the
measured decay constant will be limited by the uncertainty
on the absoluteDs branching fractions. BES has made a
self-normalizing measurement of theDs decay constant.
However, the statistical uncertainty is very large. CLEO and
ALEPH have set upper limits on the rate forB2→t2n̄t that
are at least an order of magnitude above the expected value.
It is important to continue to improve the measurements of
both theD and B-meson decay constants as larger data
samples are accumulated. Since theB decay constant is more
difficult to measure, we would benefit from more theoretical
work relating theB decay constant to the more easily mea-
suredD andDs decay constants.
The inclusive branching fraction forD0→Xl 1n has now

been measured by CLEO with just 5% uncertainty. There-
fore we can perform a significant comparison of the inclusive
semileptonic rate and the sum of the exclusive semileptonic
rates for theD meson.~See Table XXXIV.! The exclusive
decaysD→K̄l 1n and D→K̄* l 1n, plus their Cabibbo-
suppressed counterparts, account for (8465)% of the inclu-
sive rate. No evidence for higher mass resonances or non-
resonant final states has been observed. In contrast,
B→Dl 2n̄ andB→D* l 2n̄ represent only 60% to 70% of
semileptonic bottom decays, andB→D** l 2n̄ and
B→D*Xl 2n̄ account for part of the rest.
The ratioG(D→K̄* l 1n)/G(D→K̄l 1n) has now been

well measured, confirming the initial—and somewhat
surprising—experimental result that the rate to a vector me-
son in the final state is only a little over half the rate to a
pseudoscalar.~See Table XXIX.! Initially, these results were
not in good agreement with theoretical predictions. Since the
measured form factor forD→K̄l 1n was in good agreement
with theory, the inconsistency was traced to the lower-than-
expected rate forD→K̄* l 1n. However, by taking into ac-
count effects originally ignored, such as relativistic correc-
tions, theorists have managed to accommodate the observed
ratio of rates in quark-model calculations.~See Sec. VI.B.2.!
Lattice gauge calculations are also in reasonable agreement
with the measured ratio.
Theq2 dependence of theD→K̄l 1n decay rate has now

been measured by many experiments, most precisely by
CLEO. Because only one significant form factor is needed to
describe this decay, information on theq2 dependence of the
form factor can be extracted. This is the onlyD decay mode
in which the parameter that characterizes the slope of the
form factor has been measured, rather than assumed. The
measurements are in reasonable agreement with the model of
nearest-pole dominance.~See Table XXI.!
Significant progress has been made in reducing the statis-

tical errors on the three form factors inD→K̄* l 1n. ~See
Table XXIV.! Close to a thousand events have already been
used in a single study. Fermilab experiment E791 anticipates
publishing results based on at least twice this many events in
each of the two lepton modes. Although initial quark-model
predictions showed some discrepancies with the data, more
recent predictions are in good agreement.~See Table
XXVIII. ! A great deal of progress has been made on lattice
gauge calculations. The agreement with experiment is good
for the vector form factors for D→K̄l 1n and

D→K̄* l 1n, while the lattice predictions for the axial form
factors are somewhat higher than the measured values.
The methods developed to extract form factors in

D→K̄* l 1n decays have now been extended to the decays
Ds

1→fl 1n and Lc→Ll 1n. Although the experimental
results are statistically limited, the semileptonic decays
Ds

1→fl 1n andDs→(h or h8)l 1n appear to follow the
pattern ofD decays, both in terms of form-factor ratios and
in terms of the relative decay rates to vector and pseudosca-
lar mesons. The study of form factors in the baryon decay
Lc→Ll 1n is in its infancy, but should be pursued, because
theoretical predictions are often simpler forL-type baryons
than for mesons. The measurement of the ratio of semilep-
tonic decays ofJc

0 andJc
1 has led to an estimate of the

lifetime ratio, competitive and consistent with the direct
measurement of lifetimes.
Although we have barely seen evidence forD→rl 1n

and have not seen any evidence forD→vl 1n, these are
very important modes for understanding the dynamics of
transitions from heavy to light quarks. This information will
be helpful in extractingVub from exclusiveB decays in the
future.
The prospects for advances in the precision of charm mea-

surements are very good. CLEO II has recorded millions of
e1e2→cc̄ interactions. The experiment has installed a sili-
con vertex detector, which will allow the use of charm life-
time information to reduce the background in modes such as
D→K̄* l 1n and to improve form-factor analyses. Larger
data samples in the future will have a significant impact on
measurements such as form factors inDs

1→fl 1n and
Lc→Ll 1n, and studies of modes that have barely been
observed such asDs

1→m1nm , Ds→hl 1n, D→pl 1n,
andD→rl 1n.
Fermilab hadroproduction experiment E791 has a very

large data sample in hand. Results are expected soon on form
factors and decay rates for suppressed modes. Fermilab pho-
toproduction experiment E687 will run again in the next
fixed-target run as E831. They expect to increase their data
sample by a factor of at least 10. On a longer time scale,B
factories will also produce very large samples of charmed
particles. Discussions continue on a possible dedicated
t/charm factory. Therefore the future looks bright for studies
of leptonic and semileptonic charm decays: many measure-
ments are currently limited by the size of existing data
samples, but the prospects for significantly larger samples
are good.

C. B semileptonic branching fractions

Apart from the averageB lifetime, the inclusiveB semi-
leptonic branching fractionB SL is the best measured quan-
tity in B physics. The fact that the value ofBSL lies at the
extreme lower end of theoretical expectations has generated
much discussion. It is not clear how seriously to take this
situation. One view is that it merely indicates the difficulties
in calculating the hadronic rate, which is sensitive to QCD
corrections and quark masses. Alternatively, it could indicate
the presence of a new, unexpected contribution to the had-
ronic rate. Measurements of the semileptonic branching frac-
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tion are now on solid ground: the uncertainties are fairly
small, and the results are confirmed by different experiments
and methods. The traditional technique of using the single-
lepton spectrum at theY(4S) has reached the point where
the relative experimental error is only'3% on the latest
CLEO II measurement. Averaging over allY(4S) experi-
ments givesBSL5(10.5160.21)% in the ACCMM model.
However, the model dependence of these results is higher,
giving a 4% to 5% relative uncertainty~see Table VII!. To
circumvent this problem, a new technique using dilepton
events has been used in place of models to separate the pri-
mary from the secondary lepton spectrum. The model depen-
dence is substantially reduced, since models are only needed
to extrapolate from the lowest accepted lepton momentum
~0.6 GeV/c! down to zero, which is only 6% of the spectrum.
The recent CLEO II dilepton analysis gives

BSL5~10.4960.1760.43!%, ~180!

with a relative systematic error of 4%. The LEP measure-
ments ofBSL tend to be systematically slightly higher than
those obtained at theY(4S) ~a point that merits further in-
vestigation!, but are consistent within errors. Better measure-
ments of the charm content of hadronicB decays, although
difficult, will be important in determining the source of the
discrepancy between experiment and theory. The semilep-
tonic branching fraction provides an excellent reality check
of our understanding of the inclusive hadronic rate, and bet-
ter calculations and measurements should be vigorously pur-
sued.
Substantial progress has been made in predicting the

B-meson semileptonic decay rate using heavy-quark expan-
sions, and the inclusive approach may provide a measure-
ment of uVcbu with precision comparable to that from
B→D* l 2n̄ at zero recoil. The size of the uncertainty on the
inclusive calculation is currently a matter of controversy, but
it is clear that having two competing methods is very useful.
Turning to exclusive semileptonic decays, we have seen

thatB→D* l 2n̄ is the most importantB→Xcl
2n̄ process

for determininguVcbu, both because it is experimentally very
clean and because it has desirable features from a theoretical
point of view. The absence of leading-order (1/mQ) correc-
tions to the rate at zero recoil means thatuVcbu can be deter-
mined with rather small theoretical errors. In addition, this
mode provides a way to test many HQET predictions
through form-factor measurements, a program that is now
well underway.
A conspicuous difference betweenB andD exclusive de-

cays is the vector-to-pseudoscalar ratio, which inB decays is
given by G(B→D* l 2n̄)/G(B→Dl 2n̄). This ratio is
poorly measured at present~since the branching fraction for
B→Dl 2n̄ is not yet well known!, but it certainly differs
greatly from the analogous quantity inD or Ds decays,
where the ratio is significantly less than unity. Ifr2 is close
to the measured value of 1, theoretical predictions for the
vector-to-pseudoscalar ratio inB decays are completely con-
sistent with the measured value. Better measurements of
B→Dl 2n̄ are very desirable and should be forthcoming in
the relatively near future. It would also be useful to compare
theq2 dependence of the form factor for this mode with that
of the form factors inB→D* l 2n̄.

Whereas the inclusive semileptonic rate is nearly ac-
counted for by known exclusive modes inD decays, this is
not the case inB semileptonic decays.~The known
B→Xcl

2n̄ modes were summarized in Table XXXV.! To-
gether,B→Dl 2n̄ andB→D* l 2n̄ account for 60% to 70%
of the inclusive semileptonic rate. It is clear from ALEPH
and OPAL measurements that B→D1Xl

2n̄,
B→D2*Xl

2n̄, and otherB→D*Xl 2n̄ decays account for a
significant part of the rest. In these studies, the LEP experi-
ments have exploited the longB lifetime and used high-
precision silicon detectors to associate tracks to decay verti-
ces. If we sum the branching fractions forB̄0→D1l 2n̄,
B̄0→D*1l 2n̄, andB→D*1p2l 2n̄X ~multiplying the last
by 1.5 as an estimate of the total rate includingD* 0), we
obtain (7.961.1)%, or (76611)% of the semileptonic
branching fraction. With an additional contribution from
B→D2*Xl

2n̄ ~as yet poorly known!, we are beginning to
see a large part of the semileptonic rate, but the uncertainties
are still quite large.
We now turn toB→Xul

2n̄ decays. The challenge of un-
derstanding these processes is formidable, as we have dis-
cussed in Sec. VI.F. WhileB→rl 2n̄, B2→vl 2n̄, and
B→pl 2n̄ may well be a large fraction of the rate in the
end-point region of the lepton-energy spectrum, over the en-
tire spectrum there are no dominant modes, so an already
small rate is divided among a large number of exclusive
modes. There is considerable uncertainty associated with the
measurement ofuVubu from the end-point region of the in-
clusive lepton spectrum, since such a small part of phase
space is involved. The difference between the values of
uVub /Vcbu extracted using two different models~ACCMM
and ISGW! is 33%, corresponding to a 66% difference in the
rate! ~This difference may represent a somewhat pessimistic
view of the theoretical uncertainty, since the ISGW model
was constructed to give a lower limit for the rate in the
end-point region.! We have also seen that calculations based
on HQET can only predict the rate in the end-point region if
that region is defined to be quite large~Sec. V.B!. A measure-
ment of the inclusiveq2 spectrum in the region of high lep-
ton momenta may help to clarify these issues. This measure-
ment is difficult in an inclusive study, since one must
calculateq2 using only the lepton momentum and the miss-
ing energy of the event, which is used to estimate the mo-
mentum of the neutrino. Even so, the technique looks prom-
ising, at least at a crude level.
The CLEO II measurement ofB→pl 2n̄ represents a

milestone in the search for exclusiveB→Xul
2n̄ modes, and

observations of other such decays should not be too far in the
future. Mapping out these modes and studying their kine-
matic distributions is one of the most important long-term
goals in the ongoing program to understand semileptonicB
decays. Eventually, measurement of the rate for
B→pl 2n̄, B→rl 2n̄, or B2→vl 2n̄ at high q2 should
provide a reasonably good determination ofuVubu by com-
parison with the rate predicted from lattice QCD calcula-
tions. Measurements of kinematic distributions will provide
tests of the predictions forB→Xul

2n̄ decays, just as they
currently are forB→Xcl

2n̄ modes.
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D. Form factors for B semileptonic decays

Confidence in our understanding of the dynamics of semi-
leptonic decays will come from comparisons of form-factor
measurements with predictions. With the recent CLEO II
measurement of the form factors forB→D* l 2n̄, a step has
been taken in this direction. This measurement is the first to
fit all observable quantities~three angles andq2) and to in-
corporate their correlations. The analysis differs from
D→K̄* l 1n form-factor studies in two significant ways,
even though the quantum numbers involved are identical.
First, in theD→K̄* l 1n measurements, theq2 dependence
of the form factors is completely fixed by the assumption of
pole forms with given masses. Thus three parameters~pole
masses! are fixed, while the remaining two parameters
~form-factor ratios atq250) are determined by the fit. In the
B→D* l 2n̄ analysis, three parameters are determined from
the fit: two form-factor ratios and a form-factor slope, which
is closely related to the slope of the Isgur-Wise function. The
pole form for theq2 dependence is not used. Since theq2

range is quite limited, a simple linear form is assumed,
which is consistent with expectations. It is significant that the
analysis determines the form-factor ratios without fixing this
slope; similarly, it determines the slope without fixing the
ratios. As forD→K̄* l 1n, one would really like to allow all
five parameters to vary, but the three form factors have been
tied to each other using results from heavy-quark symmetry.
Thus the analysis does not go as far as one would like, either
in precision or in allowing all parameters to vary. Neverthe-
less, the observed agreement between HQET predictions and
experiment on the two form-factor ratios is certainly not re-
quired by the constraints imposed on the measurement. In
fact, most models are in approximate agreement in predicting
these form factors, indicating thatB→D* l 2n̄ is on rela-
tively solid ground theoretically. This mode will undoubtedly
be studied extensively in the future, as much larger data
samples are obtained.
Tremendous progress has been made in understanding

semileptonicB decays and in using them to measure the
magnitudes of the CKM elementsVcb andVub . Much work
remains to be done: we need higher-precision measurements
of B→Xcl

2n̄ modes, and we have just begun to explore
B→Xul

2n̄ decays. With the largeB data samples expected
at several laboratories around the world, these studies will be
an important part of the high-energy physics program over
the next five to ten years.
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