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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 elem¥ptsandV,, . These parameters are connected with

the physics of quark flavor and mass, and they have important implications for the breakddA of
symmetry. To extract precise values [f,| and |V, 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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a special standing. In both types of decays, the final-state I
particles include a single charged lepton, the clearest experi-
mental signature for a weak process mediated bythieo- — < I
son. Because these decays are relatively simple from a theo- )
retical perspective, they provide a means both to measure q
fundamental standard-model parameters and to perform de-
tailed studies of decay dynamics. q q

Historically, the semileptonic process of nuclgaidecay (a) (b)
opened the era of weak-interaction physics and presented <ﬁi
physicists with the mystery of the electron’s undetected part- _/ .
ner, the neutringPais, 198& The process underlying de- s —
cay is the W-boson-mediated weak transitiod—uW-, Q q W q;
W~ —e v, where the decay of d quark into au quark
transforms a neutronudd) into a proton (ud). B8 decay q q q 9;
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 dis_cqvered in cosmic rays. FIG. 1. Feynman diagrams for th&-mediated weak decay of a
With the rapid improvement of accelerators, weak decay$,eson containing quark®g: (a) semileptonic decay(b) leptonic

e

could be studied in detail. The procelss—> e~ ve, for ex-  decay,(c) hadronic decay, andd) hadronic decay. We have not
ample, showed that kaons could decay in a manner similar tehown the exchanges of gluons between the quarks, which signifi-
the B decay of nucleons: the strange quasj (n the kaon cantly modify these processes.
undergoes the decay—uW , W~ —e v.. Leptonic
decays—in which no hat_jrons appear i_n the final_state—_havauarks are light; the and b quarks are heavy; and tte
also playgd a ke;:‘ role in un(_jerstandmg weak |rjteract|0nsquark is enormously heavy, with a mass about twice that of
Trle st_r[qng 1.0 SUPpression of the I_eptonlc decay theW boson (n,,=80 GeVk?). At present, this progression
T —€ Ve relative tor —p v, was explained by weak- of masses is not understood.
Ifir;trfl:aadd;ﬁgt Theeorlillil dir;ﬁ/iﬁéeaz';? crgﬁgﬁrl:;moefnttr?eh(:\éitr%%n- The discovery of ther lepton showed that the quark dou-
and the muon are the sant6zapeket al, 1993: Rolandi, blets are paralleled by three generations of leptons:
1993, Brittonet al,, 1994. Ve v, v,
In the 1970s, the discovery of two heavy quarks, charm , wo | |- (2
(c) (Aubertet al, 1974; Augustinet al, 1974 and bottom
(b) (Herbetal, 1977, and a heavy leptons (Perletal,  rho masses of charged leptons also increase with generation
1975, posed a profound mystery: the generation puzzle. Th m.=0.0005 GeVeZ, m, =0.106 GeVEZ, m.=1.777
existence and properties of the new heavy quarks, togeth ee\//cz), but at present there are only upper limits for the
with indirect evidence for the top quark)(from B°B® mix-  neytrino masses. In particular, it is known tmag must be
ing (Albrechtet al, 1987, showed that there are two heavier _ . I, less than 5 to 7 ed (Particle D:;ta Grou
versions of the basic pair of quarka,fl) found in ordinary quite small, le o . P,
. 1994). If neutrino oscillations—transitions from one type of
stable matter. Recently, thie quark has been directly ob- ; .
L L . . neutrino to another—are proven experimentally, then non-
served inpp collisions (Abachi et al, 1995; Abe et al, . il have been established
1995. Thus there are three quark generations, Z€ero ”e“t.“”o masses wi . : .
The existence of three generations of quarks and leptons is
a striking phenomenon that is not understood. One of the
u c t goals of heavy-quark physics is to elucidate the relationships
q b 1) among the particles of different generations. Thquark is
o\ s ' especially interesting in this respect. Because it is lighter
than thet quark, theb can decay only into quarks of a
different generation, and it has/-mediated decays to both
where the upper member of each quark doublet has chard&st-generation ) and second-generationc)( quarks.
+ 2/3 (measured in units dfe|, where—|e| is the electron (Similarly, thes quark can decay only into a first-generation
charge, and the lower member has chargel/3. The cou- quark,u.) Even when large samples ofquark decays are
pling of the quarks toN* andW~ bosons results in weak- obtained, the mode—~bW" is expected to be dominant, and
interaction transitions between any upper and any lowegeneration-changing decays of thequark should be very
member of these doublets, when allowed by kinematic conrare.
straints such as energy conservation. Particles containing heavy quarks can decay semileptoni-
Because guarks are found only in bound states, the definzally in a manner analogous to nuclgadecay. Figure (&)
tion of quark masses is problemati@asser and Leutwyler, shows the underlying quark-level transition for the semilep-
1982. Roughly speaking, howevenmn,~0.004 GeVt?, tonic decay of a meson containing a heavy quark, which we
my~0.007 GeVt?, ms~0.3 GeVk?, m.~1.3 GeVk?,  denote generically in this review by the symigdl The pro-
mp~4.8 GeVk?, and m,~180 GeVk?. Thus, on a scale cess isQ—q'W*, W*— /" v [Fig. (@], whereas for lep-
set by the proton massn;,=0.94 GeVt?), theu, d, ands  tonic decays the transition ®q—W* — /" v [Fig. 1b)].
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The symbolW* indicates that th&V boson is generally vir- from a charged lepton of one generation to a neutrino of

tual, except in the case of decays of thguark, whose mass another have not been observed. In contrast, quark transi-
is greater than that of the/. (Although we have labeled the tionsq—W*q’ have strengths that depend on which quarks
lepton charge as negative, this is true only for decays of th@ré involved. Although quark transitions within the same
borc forb or ¢ decays, the lepton charge is positive. generation are highly favored, there are also transitions

Examples of hadronic decays, in which the decay products cﬁcrossh generations. Flgrlthehdecay ?f a cha;]rgﬂﬁ quarkq
theW* are also quarks, are shown in Figcjland Fig. 1d). toroa grtfcl)rrgl]:rtZ/ 3unarV\?hérEa\? coiusp :rr:g :;(tar::v ;/ecr:)?;( IIS(;. .
The weak interactions underlying these processes ard pb h Ogthq’q‘ litud q’f} ’th 9 ’b /,p_
straightforward to describe theoretically, but complicationsnum er. ,,_lis € amplitudes for the processesc/ v
arise because the quarks are bound inside hadrons by tﬁgdb_)u'/ v are proportional to/c, andVy, respectively,
; 7+ )+
. : . . and the amplitudes fat—s/ " v andc—d/ " v are propor-

strong force. These interactions, which are described by th L toV*. andV*
theory of quantum chromodynami¢QCD) (Gross and Wil- onat o Vs andVeg-

yorq X y i~ . : The 3X3 matrix of these constants, known as the
czek, 1973; Politzer, 1973are very difficult to predict using Cabibbo-Kobayashi-MaskawdCKM) matrix (Kobayashi
perturbative methods because the strong coupling is large ahd Maskawa 1973
the typical energies in these decays. ’

A key feature of leptonic and semileptonic decays is their Vig Vus Vb

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 the v system
and a more complicated hadronic current for the quark tran
sition. In leptonic decays, the hadronic current describes th
annihilation of the quark and antiquark in the initial-state
meson, whereas in semileptonic decays it describes the evi
lution from the initial- to final-state hadrons. Because stron
interactions affect only one of the two currents, leptonic an
semileptonic decays are much more tractable theoreticall > 4
than hadronic decays, in which the decay products of thé* € v,V Was explained by the factor k. Although
W* are also hadrons. A further complication of hadronicthe quark couplmg's to thw.boson are non'unlversal, the
decays is that the hadrons in the final state can intera&epdar;[ut:e Tlom u_nlv_ersalfltyhls gzﬁtralngd 'E the stamljard
strongly with each other. Leptonic and semileptonic decay odel by the unitarity of the matrix. For example,

: : - V.4l =0.9744+0.0010 implies that eithdV,4 or |V, (or
therefore provide a means for studying the strong interac-" ud - us ub
P ying g both) must be nonzero, withV,,|?+ |Vd?+ |Vyp| 2= 1.

tions in a relatively simple environment. Perhaps more im- . . ubl N
y P b The structure of the CKM matrix has major implications.

portant, the effects of strong interactions in these process%_ hth . ] ks. th ) . h
can be understood sufficiently well that the underlying weak it t ree generations o quarks, the matrix contains aphase
that, if nonzero, leads to violation &P symmetry. That is,

couplings of quarks to th& boson can be determined, a ' X g
there are amplitudes that are not invariant under the com-

point that we discuss in the following section. X . ) L ) X
In heavy-quark decays, semileptonic modes are generall mgd operation of part|cle—_ant|part|cle CO”JUQ?‘“@(""W
arity reversal of the coordinate systef)( Besides its im-

much more accessible experimentally than leptonic modes, ; ) : .
portance in understanding the structure of particle interac-

simply because semileptonic branching fractions are largetf, AN . :
(The reasons are explained in Sec. IV.Ahe very large tions, CP violation is necessary to e_xplamthe predominance
Hf matter over antimatter in the universe. However, sources

charm data samples now available are just beginning to r o
veal leptonic decay signals for th2, meson €5), whereas of CP violation beyond the standard model appear to be
uired to produce a large enough effect. The extremely

no such decays have yet been seen for bottom hadrons. ThifA

there is much more information on semileptonic than |ep_|nterest|ng phenomenology &P violation has been dis-

tonic decays, and the proportion of our review devoted to th&ugsed by many authors; here we referenpe only some re'cent
two types %f processeps rgflects this difference. reviews (Jarlskog, 1989; Nelson, 1992; Nir, 1992; Winstein

and Wolfenstein, 1993
A. Semileptonic decays and the Cabibbo-Kobayashi- Experimentally,CP violation is so far seen only as a tiny
Maskawa matrix effect—about a part in a thousand—in kaon decays. While

these observations are consistent with predictions based on

Because semileptonic decays are both relatively simpléhe standard model, there is no proof that the CKM matrix is

and experimentally accessible, they are the primary tool fothe true source o€ P violation in these decays, and alterna-
addressing one of the fundamental questions of the generéive theoriegbeyond the standard modelould equally well
tion puzzle: what are the couplings of the quarks to Wie explain the existing data. As we shall discuss in Sec. I1.B., it
boson? These couplings appear to be deeply connected to thee significant that|V,,|, though small, is measured to be
origin and values of quark masses. For comparison, the lepronzero ([V,,|~0.003)—otherwise the standard model
ton transitions”~ —W* v, (or W* — /"~ v) are observed to would predict noCP violation. SizableC P-violating asym-
have a single, universal weak-coupling strengthwhich is  metries are predicted by the standard modeBirdecays
the same for all three generations. Furthermore, transitionghich, nevertheless, are rather difficult to observe. Currently,

V= Vcd Vcs Vcb , (3)
Via Vis Vi

is a generalization of the Cabibbo rotation known since the

é%Os (Cabibbo, 1963 This rotation, characterized by

Sinfc~0.22, was introduced to describe the semileptonic de-
ays of strange hadrons, whose rates are suppressed by a
actor of about taf¥-~0.05 relative to that expected from

he decays of nonstrange particles. In addition, the slight

§uppressiog oh—pe~ v, relative to the rate expected from
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major projects at nearly all of the world’s high-energy phys-taining a heavy quark and two light quarks. Many authors
ics laboratories, including SLACBaBar Collaboration, have contributed to the development of HQET, whose his-
1994, KEK (Belle Collaboration, 1994 CERN(CERN Re- tory is traced in the extensive review by Neub@®949. A
ports, 1992, 1993 DESY (Lohse etal, 1994, Cornell number of the separate ideas underlying HQET emerged
(CLEO Collaboration, 1994 and FermiladCDF Collabora-  over a long period and can be found in the papers of, among
tion, 1994, have been initiated to search fOIP violation in  others, Shuryak1980, Nussinov and Wetze{1987, and
B decays. The intriguing problem &@P violation and the  \g|oshin and Shifman(1987, 1988 Two papers by Isgur
question of whether its origin lies truly within the CKM 44 Wise(1989, 1990aplayed a major role in synthesizing
framework are central questions of particle physics. and extending this development, and they are among the
MOSt of _the kn_own CKM el_ements have been measure ost frequently cited papers in particle physics over the last
using semlleptonlg decay®article Dat_a Group, ;99.4The few years. Their work led to a rapid expansion in the study
value of |V, (=0.9744:0.0010) is determined from of HQET; among the key papers are those of Eichten and

nuclear 8 decay, in particular from special transitions for . :

) o ) . Hill (1990a, 1990) Falk et al. (1990, Georgi (1990, and
which the uncertainties due to hadronic effects can be mini= . . : .
mized. The value ofV,d (=0.22050.0018) is obtained Grinstein(1990. Several conference reviews are also avail-

from kaon semileptonic decays and, with somewhat Iargeable' such as those by Wigk993, 1994 and Mannel1993.

th tical f h ilentonic d Al The ideas of HQET are discussed and used in many places in
eoretical errors, from nyperon Semileptonic decays. Aly;q review, including Secs. II.C, V.B, VI.A.3, VIE., and

though uncertainties arising from the _ha_1dron|c current m|gh I.E5. We present some of the basic ideas of HQET in the
be expected to severely limit the precision of CKM determ|-rest of this section

nations, one can exploit special strong-interaction symme- A simple argumengVoloshin, 1994 indicates that within a
tries that constrain the hadronic current and therefore permﬁadron containing a heavy quark, the heavy quark moves

Con Tt symmetios of the ston interactans.aiso, pay alIeIIVItCaIY. The momenturn of the heavy quapt,
y 9 Play al) st balance that of the light constituents of the hadron,

important role in allowing a precise determination|wf,). o
The CKM elements associated with charm dec®gand ~ Plont”
Vg4, can be determined independently of charm decay mea-  [Pql = |Pignl ~Aqco: (4)
surements. To do this, one assumes three-generation unitar
of the CKM matrix and uses the fact that the CKM element
for B decay are extremely smalsee Sec. II.B. (Alterna-
tively, | V¢4 can be determined from the production of charm
particles in neutrino or antineutrino scattering from nuglei.
An important consequence is that measurements of char
semileptonic decays can be used to test the absolute scale
theoretical predictions for decay amplitudes. The study o
charm semileptonic decays is therefore focused more on un- lpol  Aqco
derstanding the dynamics of the hadronic current than on |VQ|:m_QNm_Q’ ®)
measuring CKM elements. This procedure cannot be used in

B decay, however. The magnitudes of the CKM element$© that in the limitmg>Aqcp, the heavy quark behaves
V,, and V., must be determined frorB semileptonic de- essentially as a stationary source of a color field. Further-
u C

cays, and the scale of theoretical predictions for the decal ore, the heavy quark’s spin, which interacts with the sys-

rate cannot be tested but must be assumed in order to extr g}m through a color magnetic moment proportional to
IV, and|Vey. 1/mg, 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 quark

B. Decay dynamics and heavy-quark effective theory with velocity v and spins. In the heavy-quark limit, the
configuration of the light constituents in the hadron will not

The studies described in this review have two primarybe affected by the replacement@tv,s) with another heavy
goals: first, to measure the magnitudes of the CKM elementgquark Q' (v,s") of different mass and spin, as long as the
V¢, and V,,, and second, to understand the dynamics ofvelocities of Q and Q' are the same. Thus four-velocity
leptonic and semileptonic decays, in particular the effect ofather than momentum is used to describe the dynamics of
strong interactions on the underlying weak process. Thesgystems containing heavy quarks. These conclusions have
goals are related, because the determination of CKM eleimportant implications for both the spectroscopy and decays
ments relies on a good understanding of the decay proces®f heavy hadrons.

Our focus on particles containing heavy quarks is natural The heavy-quark symmetry limit provides a good descrip-
not only because they are being intensively studied by curtion of a real physical system if the light constituents have
rent experiments, but also because their decay dynamics asefficiently small momenta that they cannot probe distance
significantly different from those of particles containing only scales of the order iy . In practice, the heavy-quark sym-
light quarks. In the last few years, a new theoretical approacimetry limit is the starting point for an expansion in the gen-
known as heavy-quark effective thediyQET) has emerged eral framework of HQET. In HQET, the properties and de-
for analyzing so-called heavy-light mesaoimesons contain- cays of hadrons containing a heavy quark are analyzed in
ing one heavy and one light quaylas well as baryons con- terms of a systematic expansion in the varidbleng, where

U\)ﬁereAQCD~02 GeV is the scale governing the running of

Sthe strong-coupling constants with momentum transfer.

For momentum transfers arount,cp or below, the strong

coupling is large; as the momentum transfer increases, the

strong coupling decreases. In heavy-light hadrons, the typical

rﬁ)1tomentum transfer to the light constituents is of order
ocp and the size of the hadron isAlgcp. Thus
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E can be due to a number of QCD effects such as the kinetitonic decays are discussed in Sec. IV, which is relatively
energy of the heavy quark or the chromomagnetic interactiotrief due to the small number of available measurements. We
energy. In the exact heavy-quark symmetry limit, both thereview theoretical and experimental aspects of inclusive
masses of the initial- and final-state heavy quarks in a decagemileptonic decays in Sec. V and exclusive semileptonic
are taken to be infinite. In practice, for the symmetry to bedecays in Sec. VI. In our conclusions, we discuss the impli-
useful, the higher-order terms in the HQET expansion mustations of these measurements and indicate important areas
be small, at least in the regions of phase space of interesdf research for the future.
The decays best suited to treatment using HQET involve Three broad themes underlie our discussion. The first is
b—c/ v transitions, since both the initial- and final-state that semileptonic decays offer a number of different ways to
hadrons contain a heavy quark. Examples of such decays adetermine the values ofV.,| and |V,,, and that the
B—D/ v, B—=D*/ v, and A,—A./ v. Note that, strengths and weaknesses of these methods derive not only
compared withA ocp, the strange quark cannot be regardedfrom experimental issues, but also from their sensitivity to
as heavy, sinceng=0.3 GeVkt?. Thus HQET is not as suc- the detailed physics of the decay process. For example, in-
cessful in treating charm semileptonic decayss/*v or  clusive and exclusive methods provide important alternative
c—d/ " v. approaches that have different advantages and disadvantages.
In contrast to calculations based on hadron models, th&econd, the effort to understand the dynamics of semilep-
HQET expansion is derived directly from the fundamentaltonic and leptonic decays is advancing rapidly. The model
theory of QCD. Although the terms in the expansion can belependence of theoretical predictions is being reduced, and
difficult to evaluate, the systematic and rigorous nature othe development of HQET and nonperturbative methods,
HQET means that uncertainties are easier to identify angduch as lattice QCD, is leading to significant gains in under-
estimate than those for calculations based on hadron modelstanding. Finally, continued progress ultimately depends on
Predictions for the dynamics of semileptonic decays arexperimental studies using very large data samples. Fortu-
expressed in terms of form factors, which we shall discussately, the continued operation and upgrades of the Cornell
extensively. The amplitude for a semileptonic decay can bé&lectron Storage Ring and the constructiorBefmeson fac-
constructed from the available four-vectors in the decay, suctories at the Stanford Linear Accelerator Center and at the
as momenta and spin polarizations, and one or more forrKEK laboratory in Japan, as well & physics programs at
factors, which are Lorentz-invariant functions gf, the = CERN, DESY, and Fermilab, ensure that our knowledge of
square of the mass of the virtdal. These functions describe this physics will continue to expand.
how strong interactions modify the underlying weak decay, In preparing this review we have used many articles,
and nonperturbative techniques are needed to calculate themhich we reference throughout the text. Several comprehen-
(In leptonic decayg? is fixed, so the only quantity that re- sive review articles were particularly useful, and we recom-
quires nonperturbative calculation is the “decay constant.” mend these for alternative treatments of many subj&tis-
However, heavy-quark symmetry can significantly simplify stein, 1992; Stone, 1993; Ali, 1994; Morrison and Richman,
the description of the decay by reducing the number of inde1994; Neubert, 1994cThere are also many shorter review
pendent form factors. The form factors are related by heavyarticles that have appeared in conference proceedings, such
guark symmetry to a minimal number of “universal” form as those by Bortolettd1992, Artuso (1993, and Poling
factors, sometimes called Isgur-Wise functions. The prograni1993. The literature on semileptonic decays is enormous,
of testing heavy-quark symmetry and its corrections, whichand although we have attempted to provide extensive refer-
can be predicted using the HQET expansion, is a central go&nces, we ask for the tolerance of our many colleagues
in the study of heavy-quark semileptonic decays. It is imporwhose papers are not listed.
tant to recognize that heavy-quark symmetry does not predict
the g° dependence itself of the universal form factors. This
dependence must be determined separately using nonpertur-
bative techniques, such as lattice QCD calculations or QCOI. THEORY OF LEPTONIC AND SEMILEPTONIC DECAYS
sum rules. These techniques are beginning to provide impor-
tant quantitative information on thg? dependence of the In this section, we present an overview of the theory of
form factors and therefore play a role complementary tdeptonic and semileptonic decays, emphasizing general re-
HQET. 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
C. Plan of the review CKM matrix, focusing on the heavy-quark sector. In the final
S ) ) ] section we discuss the dynamics of semileptonic decays from
Our review is organized in the following way. In Sec. Il 5 qualitative, physical point of view. Detailed discussions of
we introduce many of the theoretical topics, including decayneoretical predictions are presented later, in sections on lep-
matrix elements, the CKM matrix, and semileptonic decay;gpic decaygSec. IV.A), inclusive semileptonic decaySec.

dynamics from a simple, qualitative point of view. Detailed \/g) and exclusive semileptonic decag®ec. VI.A).
discussions of theoretical predictions are presented in the

later sections on leptonic, inclusive semileptonic, and excluA. Matrix elements for leptonic and semileptonic decays

sive semileptonic decays. In Sec. Il we briefly discuss the

general features of the experiments that have obtained theseThe standard model successfully accounts for flavor-
measurements. Theoretical and experimental studies of leghanging quark transitions in terms o¥/a-A charged weak-
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current operator7* that couples to th&V boson according but it cannot be calculated in a simple manner. In Sec.
to the interaction LagrangiafRenton, 1999 VILA.1 we shall writeH,, in terms of form factors, which

enable us to isolate the effects of strong interactions on the

S L amplitude. To extrac¥y o from a measurement of the semi-
L=~ E(Z#WM + W), ©) leptonic decay rate it is important to gain an understanding
- of the hadronic current. Some of the theoretical methods
where for quark transitions used for this purpose are discussed in Secs. VI.A.2 and

VI.A.3.
_ 1 _ .
;7uzz VijJi/J%:Z Ui7“§(1— )V d; . (7) The matrix element for leptonic decay of a pseudoscalar
1] ]

meson is extremely simple, since the only four-vector avail-

The indices andj run over the three quark generations, spable to be contracted with the leptonic currétis (up to a
that the field operators; (i=1,2,3) annihilateu, ¢, andt  constant factgr g, the four-momentum of the meson
(or create their antiparticlgsand thed; annihilated, s, and (Renton, 1990

b. Thus the amplitudes for the process#&s-W™u; and _ G

u;—Wd; are proportional td/;; , whereas the amplitudes A(Magg—7/"v)=i EVquML“%- (12)
for uyu—W"d; andd;—W"u; are proportional ta/; .

The coupling of leptons to th@V is also governed by a Because the two initial-state quarks must annihilate, the ma-
V-A Charged current. The ana|og to the CKM matrix for trix element is sensitive to the so-called decay constant
leptons, however, is the unit matrix, because neutrinos aréu . Which measures the amplitude for the quarks to have
assumed to be exactly massless in the standard model. Lef€™ separation. Predictions for'th'i's process are therefore de-
tonic and semileptonic decays result from temediated pendent on _knowledge of the initial hadronic bound state.
interaction between a quark current and a leptonic current, 1 '€ calculation of meson decay constants, one of the goals

Generation-changing transitions between quarks are afP! lattice QCD, is discussed in Sec. IV.A.
lowed because the CKM matri is nondiagonal. The CKM
matrix can be regarded as a rotation from the quark mass
eigenstatesd, s, andb, to a set of new states!, s', and B. The Cabibbo-Kobayashi-Maskawa matrix
b’, with diagonal couplings tai, ¢, andt. The standard

notation is We now review the properties and phenomenology of the

Cabibbo-Kobayashi-Maskawa(CKM) matrix (Cabibbo,
d’ Vuda Vus Vub d 1963; Kobayashi and Maskawa, 1973mphasizing the
heavy-quark sector. The literature contains many discussions
of the CKM matrix, including a summary of results by the
b’ Vie Vis Vi b Particle Data Grouj§1994), as well as numerous review ar-
ticles (Rosner, 1992; Burast al, 1994. Our purpose here is
To obtain transition amplitudes, one must sandwich theo present the basic phenomenology of the CKM matrix so
qguark and lepton current operators between physical statethat the role of semileptonic decays in constraining its ele-
For the leptons, this calculation yields directly an expressiorments is apparent. Although we discuss the nature of these
in terms of Dirac spinors. The hadronic current, howevergconstraints below, the numerical results will be presented in
cannot be so easily evaluated, since the quarks are embedd&g conclusions of this review.
in hadrons, and nonperturbative, strong-interaction effects Within the standard model, the values of CKM matrix el-
are important in describing the physical states. ements, like fermion masses, are fundamental input param-
For processes with energies much less thanwtheass, €ters and cannot be predicted. In a comprehensive theory of

one can obtain a useful phenomenological form of the deca§lu@rk flavor—beyond the standard model—these parameters
amplitude by using an approximate form for tepropaga- would be explained in terms of other physics or, at the very

. 2 2 . least, related to a smaller set of constditsnopouloset al,,
tor a_nd the. relauonG,:/\/f 9 /(éMW)' The amphtgde for 1992; Andersonet al, 19949. Nevertheless, the standard
semileptonic decay gg— Xqq/ v of a mesonM into a

. . model provides a key insight: the values of both fermion
mesqu then takes the fortHagiwaraet al, 1989; Gilman masses and CKM elements originate in the unknown cou-
and Singleton, 1990

plings of the fermions to the Higgs fiel®enton, 1990 The
B Ge Yukawa terms in the Lagrangian that couple the Higgs field
M (Mqgg—Xqgq/ v)=—i—=VqolL*H,, (9)  to the quarks are not initially diagonal in quark flavor, since
\/E this condition is not required for gauge invariance. To deter-
where the leptonic current can be written in terms of Dirac™ine the quark masses, one must therefore diagonalize the
spinorsu, andu, matrlpes of Yukawa couplings. The CK_M matrix is a product
. of unitary matrices that accomplish this task, and it is there-
LA=u,y*(1-ys)v,. (10)  fore unitary by construction.

By using the unitarity condition and removing unphysical
guark phases, one can sh@#obayashi and Maskawa, 1973;
Nachtmann, 1990; Rosner, 199that the three-generation
HM=<X|G’ ¥u.(1—v5)QM), (11 CKM matrix contains four independent, real parameters.

s' Vcd Vcs Vcb S . (8)

The hadronic currenid , in Eq. (9) is related to the matrix
element of the operatal, given in Eq.(7),
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These parameters can be selected in many ways, but witobmplex element. A standard parametrization for the CKM
three generations there must be exactly one phase factematrix used by the Particle Data Gro(p94 is the set of
e'’ that cannot be absorbed into the definitions of the quarkanglesé,,, 6,3, 613, and 8,3, specifying the rotation

fields. As a consequence, the CKM matrix must contain a

—is
C1C13 S12C13 Sie 13
is is
V| TS1as C1cSasS1s R C1Los S155818' R Spts | (13)
is is
$12523— C12C23512€' 713 —C12853— S12Cp3515€' 713 Cpglis

wherecy,=costy,, S1,=Sind;,, etc. The phaséy; produces  fore of order\?. (As a consequence, tlBzmeson lifetime is
CP violation and would not appear if there were only two Jong) Thus it is natural to writeV,,=A\?, whereA is a
generations.[For the case ofn generations, there are constant of order unity. Measurements also tell us that
1/2n(n—1) angles and 1/2(—1)(n—2) observable |V ,/V.~0.08, or|V,,~0.003. This suggests that we
phases(Jarlskog, 198P] This formidable-looking matrix write V,,=AN3(p—i ), where we choose to incorporate the
takes on a simpler form if we use the fact thatphase in this elemeijitn accord with Eq(14)].

|V,p|=0.003 is very small, so that, is extremely close to From the unitarity of the third column, the magnitude of
unity. We can then neglect terms proportionakig relative  V, is equal to unity up to corrections @f(\*). The or-

to terms of order unity, which gives thogonality of the second and third columns then gives
Vis=— V= —AN2. Finally, orthogonality between the first

7I613 - . pe . -
€12 Sz S1® and third columns specifieg,q=AN3(1—p—i»). This pa-
Vi~ ~S12C23 C1C23 S23 . (14  rametrization is very convenient for understanding how vari-
S158p3— C1C35198 13 —C18p3  CoCia ous measurements constrain the CKM matrix and is com-

pletely adequate for our purposes. For discussions in which
fhigher accuracy is required, the expansion can be carried out
urther, as discussed by Burasal. (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,,, andVy:

Empirically, there is a hierarchy in the magnitudes o
CKM elements, which we have already begun to exploit byf
using the smallness ¢¥/,,|. This hierarchy motivates a par-
ticular expansion of the CKM matrix, first given by Wolfen-
stein (1983, in the small parametex =sinf-=0.22, where

0c is the Cabibbo angle: VgVt VeaViy+ VigVi =0, (16)
Via Vus Vup in which each term in the sum is of ordg?. In the param-
Ve Veg Ves Vep etr_ization given aboveY.,, Ved, and\(tb are real, and by
usingV,q=Vyp=1 andV 4<0 we obtain
Via Vis Vi
ub Vig
+ =1. 17
1 VgV VgV
1— Z)\2 A A)\g(p—i 77) | cd cb| | cd cb|
2 This relation, which has been emphasized by Bjorken and
— 1 ) Chau and Keung@1984), can be represented by a triangle in
-\ 1- 57\2 AN the complex planéFig. 2). In terms of the Wolfenstein pa-
5 _ ) rameters given in Eq15), the coordinates of the vertices of
AN*(1=p—in) —AN 1 the triangle are0,0), (1,0), and (o, 7). One can show that in
%) (15) order forCP violation to be permitted in the standard model,

the area of this triangle must be nonzero. In particlgg,
The known values of CKM elements can be used to motivateind V.4 must be nonzero and complex relative \tgyV.,, .
this form, in which only four independent parameters re-More quantitatively, allC P-violating amplitudes in the stan-
main: A, \, p, and ». The 2x2 upper left portion of the dard model are proportional to the quantifiarlskog, 1989
CKM matrix—the matrix associated with Cabibbo rotations o . .
of the d and s quarks—is nearly unitary, in accord with Jep=[IM(VijViViVigl,  i#k, j#1, (18)
experiment.(For example,/|V,q|°+|V,4?=0.999.) In the or, in the Wolfenstein parametrization,
expansion given above, the magnitudes of the off-diagonal Jome AZ )6 (19
elementsV s and V.4 are equal ton, and the diagonal ele- CP=A A
ments, though nearly unity, have corrections that make the Three of the four CKM parametersAs p, and »—can be
2X2 sector approximately unitary. Even thoulgh-c tran-  constrained by information obtained froBrdecays. By us-
sitions involve only one generation change, the magnitude ahg Eq.(15), it is easy to see that measurement$\&§| and
V.p is measured to be quite small—about 0.04—and is there}V,,,| from semileptonid decay can be used to calculate
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(p-1) L
Vuﬂia Vid B 2
VoaVep | VoVep | =78 52 Me(5.78) n00d VigVie2MaF (v), (23
v whererg |s theBO-meson lifetimefg is the B-meson d_ecay
(0,0) \ (1,0) constant, % is the B-meson bag constant{(1), 7qcp is a

QCD correction factor, and the functidf(y;) is defined in
Eq. (22). (LEP experiments have also performed direct mea-
surements ofAmgo; when these are used there is no depen-
glence onrg.) We can write Eq(23) in the more convenient
form

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 we
known elements of the CKM matri¥/,, and V.

2
7QcD

0.55

Xg= (3.9 10%) AZ\S[(1-p)?

s

1.5 pg[ 200 MeV

+77]F(yy). (24)
SinceV,s and V4 are well known, measurements of semi- ind(1=p) 2+ 72 .
leptonic B decays allow us to determine both and the 1hUSXa can be used to determing(1—p)°+»°, which

length of the upper left side of the CKM triangle. corresponds to the length of the upper right-hand side of the
The parametee from CP violation in the K°K® system CKM triangle. Eventually, it should be possible to determine
can also be expressed in termsAf p, and 7 (Inami and fg from theB™— 7~ v, decay rate, but many more data are

Lim, 1981; Gilman and Wise, 1983; Buras al, 1984, required to observe a s_ignal in this mod_e. For the prgsent,
one can takdg from lattice QCD calculations, which give

typical values ranging from 120 MeV to 230 MeV. It is also
= AN 5[ — pecF(Ye) very desirable to measure (the quantity inBg mixing
6\2m2 AMy /My e analogous taxy). The hadronic uncertainties in predicting
2 4pq the ratioxq /X | Viq|?/|V,¢|? are less than those fay alone.
T 7eF (Yo .y + AN (1= p)F(y0)], @D This measurement is difficult, however, sinceis expected

2012 . to be much larger thary .
wherey;=m;/My, (i=c,t), fy is theK decay constant, and The combined constraints ofy, p, and » arising from

/k is a phenomenological bag constant parametrizing Nonghese measurements are discussed in the conclusions.
perturbative QCD effects. The factorg., 7, and 7, are Finally, we note that, becau$¥, =|V.|, measurements
relatively well-known QCD corrections that depend on thesf v/ are useful in predicting branching fractions for elec-
heavy-quark masses, and the functiéfly;) andF(yi.y;)  tromagnetic penguin decaps—sy. Theb—s transition oc-
are defined by curs through a virtual intermediate state-QW* ~, where
the largest contributions come fro@=t or Q=c. The
6 6y? Iny; W* is then absorbed b, producing ans quark, and the
1-y; (1-yp? (1-y)3) CKM elementV,, enters at this vertex whe@=t. The pho-
ton can be radiated from any of the charged particles in the
process. The exclusive decBy—K* y and the inclusive de-
_ cay B— Xy have both been observed by CLEBmmar
(Y= DAyj=yi)  2(1-y)(1-y)) et al, 1993; Alamet al, 1994. The branching fractions for
these decays are consistent with the standard-model predic-
+(Yi<—>y1)} (22)  tion using|V,=|Vy|, although the statistical uncertainties
on the measurements are large. Details on the extraction of
|Vi] from B—K*y and B—Xgy measurements can be
where the notationy;«y;) means that each of the preced- found in Ali and Greub(1993.
ing two terms is included with andj interchanged. The  Although we shall describe individual CKM measure-
largest uncertainty in using these relations has been in th@ents in detail later in this paper, it is useful to consider now
value of 7 ; typically, one assumed a rangéc=0.5t0 1.  the major sources of uncertainty that affect them. Generally,
Recently, however, lattice QCD calculatiofGupta, 1995  one extracts the magnitude of a CKM element in semilep-

have obtained the much more precise valuetonic B decays from a measured branching fraction using the
J=0.75£0.05. Although the error does not include all formula

possible uncertainties, such as that due to the quenched ap- ABe~ )= 2
proximation, these are expected to be relatively small in this (Bog—Xq'a”" ¥)= "7y V'l “7s. (25
case. This result indicates that lattice QCD calculations willwhere yy,, is a constant obtained from models or theory and

|Vcb|/|vus|2:A and |V:b/Vchcb| = \/pz+ 772- (20

| GEM{, Rz

le

Fiy)=2| 1+

yiy; [ (y?—8y;+4)Iny; 3
F(yi,yj):%[ ] i j

contribute substantially to our knowledge .&fy . 75 is the lifetime of the initialB meson, or an appropriate
Measurements of thB°B® mixing rate allow one to de- average of lifetimes. Theoretical uncertainties are introduced
termine|V,q4| through the relatiorfinami and Lim, 1981 primarily through yy,,, but also in less obvious ways. The
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branching fraction may have been obtained by fitting a mea- 12 — T T T T ——
sured distribution to theoretically motivated shapes. An ex-
ample is the inclusive single-lepton spectrumBndecay,
which is fit using theoretical models. Model uncertainties __
also enter in the conversion from a measured to a produced®. g
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 tl

lifetime has moved systematically upward, the calculated
value of|V,| has decreased.

[(Gevre?

C. Dynamics of semileptonic decays EQ (GeV)

We now present a qualitative picture of the dynamics off!G. 3. AMonte Carlo simulation of the Dalitz plot for the process
the semileptonic decayl —X/~ v, whereM is a pseudo- B—D*/ v, using HQET-based form factors from Neubert
scalar mesoia D or B) containing a heavy quark. Much of (19949. The form factors are largest at high, which increases the
our discussion concerns the case in which the hadronic sy§ensity of points towards the top of the plot. At a fixed value of
tem X is a single meson, usually a pseudoscalar or a vectdt the range in lepton energies from left to right corresponds to the

' variation of co®, , wheref, is the polar angle of the lepton in the

. 1 . .-
particle: Although we later discuss measurements of seml\{v* rest frame, from-1 to + 1 (see Fig. 5 The increase in density

leptonic decays of charm and bottom baryons, we shall no cross the Dalitz plot from left to right can be traced to thefcos

specifically address the dynamics of such decay_s here. \A?ﬁstribution, which is asymmetric due to th&A coupling. This
refgr the_ reade_r to Sec. VI.G and references therein for thecE'oupling enhances the amplitude for the negative-helicity state of
retical discussions of these decays.

e . . the W* relative to the positive-helicity state. Special cases occur at
A powerful tool for describing the dynamics of semilep- 42 \here thew* (or the D*) is unpolarized, and ag?=0,

tonic decay is the Dalitz plot, which maps the probability for yhere it is in a pure helicity-zero state.
different kinematic configurations over the allowed region of
phase space. Figure 3 is based on a Monte Carlo simulation 5
of a sample oB—D* /" v decays, which we have gener- (M2~0)<q?<2ME, + 2myE, 27)
ated using HQET-based parameters given by Neubert 4 7T 2E,~M’
(19949. (These predicted values are similar to the measureg{,hi ) . .
: . ch defines the boundary of the physical region.
values fr?m CI.‘E% seg*igc;\él.ﬁ.m g“s plot, eacf;] point Becauseq? is such an important quantity, we digress
represents a single—b "/ v decay. because we have se- briefly to discuss how it is determined experimentally.

lected Dalitz—plot yariables(energies or squared masges Broadly speaking, there are two possible approaches. In an
Bxclusive procesgwhere X is a particular hadronic final
statg, one can measurg? by identifying X or its decay
products, measuring the energy ¥f and transforming the
energy to the rest frame of the decaying partile Equation
(26) is then used to comput¥. The determination of thi
rest frame is not something to be taken for granted, because
there is an unobserved particle, the neutrino. In fixed-target
charm experimentsy? is determined only up to a quadratic
ambiguity, because the charm-meson direction, but not its
Q?=m.=(p,+py)?=(P—py)2=M2+m’—2MEy, energy, is determined by high-resolution tracking detectors.
(26) For B mesons produced in the proc&S&4S) — BB, theB is
whereP is the four-momentum d1 andEy is the energy of Eroduced nearly at rest in a symmetric-energy colliding-
) : eam machine so, to a good approximation, the rest frame of
X in the M-meson rest frame. For a given lepton energy.

E, . the allowed range cd? is given by the B coincides with tha_t of the detector. _

& Much less common is a second approach to measuring
g° that can sometimes be used for inclusive measurements.
Multibody, nonresonant final states have not been observed in In such measurements, the systémanges over all allowed

; 4 . hadronic states but none are actually reconstructed. Gfus

semileptonic decays, and the known resonant exclusive modes ) f .
come close to saturating the inclusive semileptonic rateB Ite- canr_lot be_ measure(_j with the technique used for exclusive
cays, the two modeB— D/~ » andB—D* /"~ » account for about studies. With hermetic detectors, however, one can measure a
two-thirds of the semileptonic rate. Part of the remainder appears tB1iSSing-momentum vector for the event that can, to some
be due toD** production, but there is still room for nonresonant approximation, be associated with the neutrino. Théan
final states, and we shall see that in certain kinematic redioms  be calculated from the lepton and neutrino momenta. This
g?) they could play an important role. approach suffers from poorer resolution, both because par-

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 chosEn, the energy
of the lepton measured in the rest frame of the initial meso
M (whose mass is also labeléd), and g2, the variable
mass-squared of thé/* :
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Ex=my and q%axz(M —my)?, 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 withgcp, as in a
b—c/ " v decay, then the light degrees of freedom are al-
most completely undisturbed thﬁqumax: 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

V magnetic moment of the heavy quark is proportional to
2 2 1/mq . These observations are among the key ideas in HQET,
= which we discuss further in Sec. VI.A.3.
9 qmax

The region of phase space around g3g, 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 lik® —K*/*v orB—D*/ " v are largest
at g2, and decrease ag® 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
q2 = q2 . and becomes significantly smaller toward the bottom. We

min note, however, that the probability distributiong# does not

_ _ - (© _ _ peak atg?,, but somewhat below, because af_, the
FIG. 4. Kinematic configurations for the semileptonic decay 8f a amount of phase space goes to zero

meson: (a) B meson before decay(b) decay configuration for At the minimum value qu2, qzmm:ma, the lepton and

2_ 42 .
G’ =Gmax, Where the form factors are largest for producing ar neutrino momenta are parallélig. 4(c)]. Except for the case

D* meson in the final state; an@) configuration forq?=qZ;,, . 2 _0i d . . In log?
where the form factors are smallest. There may well be significan{_ 7, Gmin=0 IS @ very good approximation. In log~ con-

production of nonresonant final states in the lgfvregion, espe- figurations, the daughter quatk recoiling against thev*
cially in b—u/"~ v decays, where the recoil velocity is high. receives a large kick and initially moves rapidly with respect
to the spectator quardy. For these particles to form a bound

. . , state, gluons must be exchanged in order to transfer momen-
ticles other than the neutrino, suchlgg’s, may not be ob-  , tg the light degrees of freedom of the meson. As a con-
served, and because in colliding-beam detectors the COMPQequence, the?=0 configuration is typically the least fa-
nent of the missing momentum along the beam direction i%orable for the formation of a mesofiThere are, however,
not always well ryea}su.red.. Nevertheless, even a crudely megqnortant spin-related effects that we shall discuss later in
sured inclusiveq” distribution can be of interest, as in the thjs sectior). Theoretical calculations are usually difficult at
case ofo—u/"» decays. o low g2, because the hadronic system is highly disturbed, and
Our goal here is to understand qualitatively how thej; i a1 q2=0 that one might expect significant production of
Dalitz-plot variablesy? andE , are related to the underlying nonresonant final states to occur, in analogy to QCD jets.
phys_ics of the decay. Distributions _of these variablgs are de- g semileptonic decays in which both initial and final
termined by two effects: the dynamics of the formation of they arks are heavy, the form factors can be related to those for
hadronic systenX and the spin structure of the decay. We g|astic scattering of a meson containing a heavy quark. Such
now analyze these effects, starting with the variaifle a form factor gives the amplitude that a meson will remain
Figure 4 compares the kinematics of decays at high angiact if its heavy quark is suddenly given a kick with respect
low values ofg”. The initial meson, which contains & {5 the light degrees of freedom. As in the case of decay,

qga”f and a spectator quagl is shown in Fig. 4a). At high gluons must be exchanged between the struck heavy quark
q° [Fig. 4b)], the masses of thé&/* and the daughter hadron ang the light degrees of freedom if the meson is to remain

take up most of the available energy, so W is produced jnact. It is clear that the form factors describe nonperturba-

nearly at rest. The lepton and the neutrino are then produceg,e QCD effects, and it should not be surprising that they are
nearly back-to-back, and the daughter quark receives little Ofjitficult to calculate.

no momentum kicK. The “zero-recoil” configuration, where  Tpe importance of the variation of the form factors with
g° in a particular decay depends partly on the kinematic

2This situation contrasts with that in a scattering process, wheréange of q°. For example, theq” range is larger in
the minimum kick occurs af?=0. In a scattering process this is, b—u/"v decays than ib—c/ "~ v decays, because the
however, still the highest value @f, which is either negative or quark is much lighter than the. This point is discussed in
zero. Sec. VI.LA.2 and Sec. VI.A.3.
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l
the spin of the particleX. Because th&V* behaves like a
‘m .

result is given in Eq(110 in Sec. VI.A.5]. As can be seen
at qzmax, because the back-to-back lepton-neutrino systerﬂ-he angle is measured with respect to the axipointed opposite
B— D/ v rather than foB—D* /"~ v, the density of points

Having discussed the physics that controlsdqRalistribu-  as the polar angle of the lepton in thi¢* rest frame, with
energy spectrum is strongly affected by three aspects of th@longpyx) in the W* rest frame are given a higher energy
charged lepton and the neutrino share the available energy
decayss—s/ " v andc—d/ " v also produce predominantly and

—mz. (30)

figuration leading to the highest lepton energy—is allowedpecause

The observedy? distribution can be strongly affected by -
spin-1 particle’ the decayD —KW*, for example, must be a 0
P-wave process, where&— K* W* can occur in ar§, P, l
or D wave. As a consequence, the decay rate wKen a ;
pseudoscalar meson contains a fadfmy]®. [The complete z
from Eq.(26), |px| =0 atg?=q?,,, so the|py|® factor sup- v
presses the rate at higlf, where the large form-factor val-
ues would ordinarily lead to a large decay ratalterna- FlG..5. The polar anglg, is defined in the .rest frame of the
tlvely’ one can eas”y see that such a decay must be forblddéN*, in which the Charged |ept0n and the neutrino are back-to-back.
has one unit of angular momentum along its line of flight, the momentum vector oK, the daughter meson. Due to the

d thi | 9 bg led bg r’]Lorentz boost between th&/* and M rest frames, leptons with
and this angular momentum can.not € cancele yt €mall values of6, have higher energy in th® rest frame than
daughter pseudoscalar mesoff. Fig. 3 were made for leptons with large values of,, at fixedg?.
:{n thelupper (rjeglon ngd bﬁ 5|gn|f|c|a|1ntly refduced. Lh's efl- The argument we have given ignores the quantum num-
ect also tends to reduce the overall rate for pseudoscalgfe s of the mesoix, but these are quite important in deter-
final states re_latlve to vector final states, for which the d‘?ca¥nining the lepton-energy spectrum in an exclusive decay. In
can proceed in a wave orD wave as well. The dramatic particular, thev-A effect described above is important when
26 for D—K/*v. Finally, we note that the? distribution  effects are best understood by relating, via a Lorentz trans-
will be different if the final-state meson has orbital excita-formation, the distribution oE, (in the rest frame of the
tion; under such circumstances the typical valug®tan be  parent mesoM) to the angular distribution of the charged
pushed significantly lower. lepton in theW* rest frame. We define the anghe (Fig. 5
tion, we turn now to the factors that influence the distributionrespect to the direction of tHé/* momentum vector in the
of E,. We can see directly from Fig. 3 that if phase spaceM rest frame.(In the M rest frame py» = —px.) Ignoring
were populated uniformly, then the lepton-energy spectrunihe Chargsvd—lepton mass, its energy in W& rest frame is
would be peaked toward the high end. However, the leptonsimply ENY/=1/2\/q2. However, leptons going forward
dynamics:(1) the V-A coupling,(2) the quantum numbers of in theM rest frame, due to the boos'g, than those going back-
sider each of these in turn. 1 ) _

A direct consequence of th¥-A coupling is that the E/Zz[(ETaXJr EMM 4+ (ET*—EMcod, ], (28)
differently for charm and bottom decays. The processe¥here
b—c/ v andb—u/" v producec andu quarks that are 11
predominantly helicity \=—1/2 in association with a Er/nax’m'n:m{i(MZJF q%—m) = M|pyl (29
charged lepton that is almost purely helicky= —1/2. The
A=—1/2 s andd quarks, but they are in association with a (M?— g2+ m2)2
charged lepton that is almost purely= +1/2. As a result, Py| = \/ > X
the collinear configuration in which the charged lepton re- 4M
coils against the daughter quark and the neutrino—the comas g? increases, the lepton energy tends to increase as well,
for b-quark decays but forbidden by angular momentum con-
servation forc-quark decays. Thus, in the caselofor b) E
decay, the lepton-energy spectrum peaks at a higher energy 2
than the neutrino spectrum; the reverse is truecfaiecays.

(M?+g?—m3)
4M '

The range of lepton energies observed in khaest frame,
however, decreases asq? increases, because
(EP®~ET"™ =|px|=|pw+| decreases as the boost becomes
smaller. Atg®=gq?,,, the W* and theX system are each at
Yest in theM rest frame and the lepton energy is the same for

light—either an electron or a muon. In that case, tfiev system h .
hasJ,=—1 along the/~ » axis in theW* rest frame, which ex- &l anglaeis 6,. Both of these features—the increase in

cludesJ=0. More formally, we shall see that certain form factors 1/2 (E/ + EF) Wit_h g° and the diminishing range in lep-
cannot significantly affect the decay unless the charged lepton itOn energies—are simply phase-space effects and can be seen
heavy, as for'=r. directly from the shape of the Dalitz-plot boundary in Fig. 3.

(EP*+EP") = (3

SEven though thaV* is virtual, anyJ=0 component in its wave
function can be neglected when the charged lepton is sufficientl
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FIG. 6. InB semileptonic decay, thé-A coupling at theb—c (or 00 3
b—u) vertex produces & quark that is predominantly helicity F, (GeV)

A=—1/2. In the simple model shown here, the helicity of the me-
sonX is then determined by whether tleequark combines with a
spectator quark that has= +1/2 or helicity A\=—1/2. If X is a FIG. 7. The lepton-energy spectrum for-u/~ v decays as cal-

spin-zero meson, only=1/2 spectator quarks can contributeXIf ¢ jated by Scoré1993. For reasons discussed in the text, the spec-
has spin 1, both helicities of the spectator quark contribute, leading., o, B—p/~v andB~—w/ ¥ are peaked at higher energies
to X helicities ofA =0 and\ = —1, but notA = + 1. Itis easy t0 Se€  han that forB— 7/~ ». The dark solid curvétotal) gives the total
that thisV-A effect, combined with overall angular momentum con- 46 for all exclusive modes that are expected to be important in the
servation, results ina harder energy spectrum for the charged 'ept%(hd-point region and includes radially excited @havave mesons
than for the neutrino, as observed in the rest fram#lof up to a mass of about 2 Ged// Also shown for comparison is the

is cl h dict the ob dl lepton-energy spectrum from a simple free-quark decay calculation.
Itis clear that to predict the observed lepton-energy SPeCrpe shape of the spectrum in the end-point region from such a

trum, one must understand the physics underlying the distrizzicyjation is not expected to be reliabidore sophisticated cal-
bution of cog, . This distribution is connected to both the ¢yations of the inclusive lepton-energy spectrum are discussed in

V-A couplings and to the quantum numbersXofin b- or  sec. v.B) Used with permission of D. Scora.
c-quark semileptonic decay, the daughter-quark helicity is
predominantlyh = —1/2. If this quark combines with the
spectator quark to form a pseudoscalar meson, as ishape of the spectrum is independent of whether the decay-
B—D/ v, B—x/ v, orD—K/" v, the helicity informa- ing meson is a particle or an antiparticle.
tion is lost, since the helicity of the meson must be zero. Finally, the lepton-energy spectrum is affected by tffe
Because the initial meson has spin zero, angular momentudistribution. 1f g2 is forced to be high by the behavior of the
conservation forces th&/* to have helicity zero as well, and form factors,E, will also tend to be largdsee Eq.(31)].
dN/d coss, = sir?6, , independent of the value qf. Conversely, in decays in whicK is a spin-0 particle, the
If, however, the daughter quark and the spectator form &.wave effect suppresses high- decays, softening the
spin-l meson, as in DHK*/-FV, B—D*/"v, or |ept0n-energy spectrum.
B—>p/71/, then the heI|C|ty information is not lost. It is As a genera| rule, iB (D) decays the prOCGQ%HV/V
manifested as a higher probability for the vector meson tQends to have a hardésofte) lepton-energy spectrum than
have helicityn = —1 than\ =+ 1. Roughly speaking, arap- p_.p’/;, whereP andP’ represent pseudoscalars avid
idly recoiling A = — 1/2 daughter quark can combine with the represents a vector meson. Endecays, the difference be-
spectator quark to form R=—1 orA =0 meson, as Shown ean the spectra is a consequence of both/feenhance-
in Fig. 6. (ThIS.deSCI’IptIOh is not approprlate_ when the ment of high-energy leptons iR—V/ v and theP-wave
daughter q_uark is nonrelativistic, or wh_e_n the' is Mass-  effect inP— P’/», which tends to lower its averagg and
less, as discussed belgpwlhe probabilities for different v the average lepton enerav. An important conse-
vector-meson helicities also apply to & because, to con- consequently ge fepk ay- ,/,,—p
serve overall angular momentum, the helicities of W& quence_gf thes? argu/r_ngnts s that, tiR>u/ v_decays,
and the vector meson must be the same. B—p/ v and.B H({)/ v are expected to contribute more
The predominance okysx=—1 over \ys=-+1 affects to the e_ng—pc_)lnt region of the Iepton-energy spectrum Fhan
B— /" v. Figures 7 and 8, from a theoretical calculation

the lepton spectrum differently fdr- andc-quark decays. In )
b-quark decay, the process\V*  —/ v produces a DY Scora(1993, illustrate these features of the lepton-energy

A= —1/2 charged lepton; fohy«=F1 this lepton has a SPectra, which are essentially model independent.
(1%cos9,)? angular distribution in thav* rest frame. The ~_The simplified arguments we have made do not hold at
Lorentz boost then typically produces a hard lepton spectrurfi’= 04, OF atg?=0. At g3, the daughter vector meson is
for \yw+»=—1 and a soft lepton spectrum fory«=-+1.  atrest. Its helicity is therefore undefined, and both the vector
Thus, forB decays to a spin-1 particle, the lepton spectrum ismeson and th&v* are unpolarized. As a result, the @ps
harder than the neutrino spectrum. Ebrdecay, the process distribution becomes uniform at higif. At small values of
W* *— /"y produces a = +1/2 charged lepton, so decays g2, the lepton and neutrino become parallel in terest

to a spin-1 meson lead to a softer energy spectrum for th&ame, and their combined spin projection along their direc-
lepton than for the neutrino. Similar arguments show that theéion of motion is zero. The helicity=1 components are ab-
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05 ' beams of other hadrons. In practice, most studies of charm
' LT e ek decay — | semileptonic decays are performedehe™ colliding-beam
K{E’t?(l - and fixed-target experiments. Data on bottom semileptonic
2r A K- decays come almost entirely froei e™ experiments operat-
ing at a resonance, eithee'e —Y(4S)—BB or
15 . ete”—Z—bb. In this section, we discuss some of the fea-
, L tures of experiments that have contributed to our knowledge
1} ' L . of charm and bottom semileptonic decays. We divide our
discussion into sections describing charm experiments, bot-
05 - 4 tom experiments, lepton identification, and the branching
2 fractions and lifetimes that are assumed throughout this pa-
L - ‘ . . . . per. More details are given in the sections describing mea-
0 01 02 03 04 05 06 07 08 09 1 surements of individual decay modes.

E, (GeV)

A. Charm-hadron experiments

FIG. 8. The lepton-energy spectra foD—K/*» and Early studies of semileptonic charm decays came from

D—K* /" v decays as calculated by Scdf®93. In contrast toB e"e” colliding-beam experiments operating at or above the
decay, the mode with a vector meson has a softer lepton-energy(3770) resonance at the SPEAR storage ring at SLAC. The
spectrum than that with a pseudoscalar meson. Used with permigrocesses/(3770)—D°D® and (3770)~D "D~ occur so
sion of D. Scora. close to threshold thdd mesons are the only hadrons pro-
duced, without any accompanying pions. Using this tech-
-nique, the Mark 11l experiment at SPEAR recorded about

sent, and there is no lepton forward-backward asymmetry i . ,
theW* frame. The helicity of the vector meson must also be?’0 000DD pairs. Many subsequent experiments have stud-

zero in this configuration ied charm decays using the continuum procese™ —cc.

We now summarize our understanding of the Dalitz plot' "€ BES experiment in Beijing is analyzifi, mesons pro-
for B—D*/ v in Fig. 3. Near the top of the plot, where duced_ at a center-of-mass energy of 4.0 GeV. The CLEO
g® is large, theD* is moving very slowly and is nearly experiment at t_he CESR storage ri@ornel) and ARGUS.
unpolarizedA = —1, 0, and+ 1 are present in approximately at the DORIS _rmg(HamburQ have performed many studies
equal amounts. The distribution of apsis then uniform  Of charm semileptonic decays by using continuum produc-
because th&V* is also unpolarized. The form factors are tON ator near thé/ (4S) resonance, where they are studying
largest in this region, accounting for the high density ofB mesons. For examP"?' tTe7CLE_O collaboration .has a
points. Asq? decreases, the=—1 component of th®* sample of nearly four milliore™ e~ —cc events. Table | lists

begins to dominate the#=+1 component, which explains the charm and Eottom data samplefséée‘ ﬁolliding-bgzam
the excess of points on the right side of the Dalitz plot com-Experiments. The term CLEQ i refers to the CLEO detector

pared with the left side. At the lowest value gf, the after the installation of a Csl calorimeter and other improve-

charged lepton and the neutrino are parallel in the lab framépents' Because this upgrade vastly improved the de_tector
leading to maximunD* recoil, and both th®* andW* are and because the largest data samples have been obtained af-

forced into a pur. =0 state. There is no asymmetry in the ter the upgrade, there are very few CLEO | results that are

R o : till competitive.
cosd, distribution atq®>=0: its distribution at this edge of S ; _ o
phas/e space #N/d cos, = sirg, . This effect can be seen The major advantag_e offered lay e _ann|h|lat|on Is that .
in Fig. 3 in the depletioh of poihts at high and low lepton the fraction of hadronic events containing heavy quarks is
energies for small values P relatively large. In the CLEO experiment, teée™ collision

Although these simple arguments are useful for a qualita-energy is usually set to thE(4S) mass, 10.58 GeV. The

tive discussion, a detailed calculation of the form factors isY(4S) cross section is about 1.07 nb and is exceeded

required to give they? dependence of each helicity ampli- slightly by the continuum production of charm:

+a~ _co)~
tude. Conversely, it is by measuring thé and angular dis- o(e’e _)CC)Nl'Z nb. Thes?‘ are both rgasonably Iarge
tributions that one can obtain information on the form fac-COMpPared with the total continuum hadronic cross section,

pared with UL
tors. We shall discuss the form factors and helicityaie & —qag)~3.3nb, whereqq represents the sum of

amplitudes in much more detail in Sec. Vi(gee, in particu- YU, dd, ss andcc. The continuum events at this energy
lar, Fig. 25. have a very jetlikg(collimated topology, in contrast to the

much more spherical distribution of tracks BB events.
Charm production in fixed-target experiments presents a
IIl. GENERAL REMARKS ON EXPERIMENTAL situation that is complementary to that @ie™ collisions:
TECHNIQUES the production cross sections are higher, but the fraction of
hadronic events containing charm is much smaller. For ex-
Hadrons containing charm or bottom quarks can be proample, charm production cross sections for protons incident
duced in a large variety of experimental environments:on a nuclear target arédppel, 1992 20 ub to 40 ub for
e*e™ annihilation; collisions of hadrons, photons, or neutri- proton momenta in the range 400 Ge\tb 800 GeVt, but
nos with nuclear targets; and collisions of hadrons withthese events represent only about ®f the total cross

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



906

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

TABLE I. Summary of charm and bottom samples producecim®™ colliding-beam experiments. The
numbers given foZ bosons refer to hadronic decays only.

Experiment Js [ 7dt Produced charm
Mark Il 3.77 GeV 9pb? 28 000D°D°
20000D*D"
4.14 GeV 6 pb? 3000DDy
BES 4.03 GeV 9pb? 6 000D D
CLEO Il ~10.5 GeV 3.0f? 4x10¢° cc
ARGUS ~10.5 GeV 05101 0.7X10° cc
LEP 91 GeV 1.6<10° Z’s 220 000cc
per experiment per experiment
SLD 91 GeV 10 10° Z's 14,000cc
Experiment Js J Zdt Produced bottom
CLEO II 10.58 GeV 2.0t 2x10° BB
ARGUS 10.58 GeV 0.2 f? 2x10° BB
LEP 91 GeV 1.6<10°F Z's 350 000bb
per experiment per experiment
SLD 91 GeV 10 10° Z's 22 000bb

section. Photoproduction, in which a high-energy photorD* semileptonic decays are easier than those ofDe
beam interacts with a nuclear target, has a lower charm crogsecause th® * lifetime is about 2.5 times longer.
section, but the ratio of charm-to-total cross sections is more Most vertex detectors are based on silicon microstrip de-
favorable. The pioneering Fermilab experiment E691 meavices, which can be quickly read out and which have position
sured a charm photoproduction cross section of aboytB,5 resolutions for charged particles in the rangerd to 20 um,
or 0.5% of the 10Qub total hadronic cross section. Table Il about an order of magnitude better than conventional track-
lists the data samples and the number of fully reconstructethg devices based on wire chambers. The vertex detector is
charm decays for fixed-target experiments at Fermilab and atlaced a short distance downstream from the target and is
CERN. followed by a large spectrometer with components for mo-
The challenge for fixed-target experiments is therefore tanentum measurement and particle identification. The E691
suppress a very large background from light-quark producexperiment, shown in Fig. 9, was able to use a loose trigger
tion. To achieve this goal, experiments exploit the relativelyand reconstructed a few hundred events in a typical semilep-
long charm-hadron lifetimes (18%s to 10 '2s), which, tonic D-meson decay mode. Recently, the photoproduction
together with the relativistic-boost factor, enable charm parexperiment E687 and hadroproduction experiment E791
ticles to travel measurable distances from the primary protboth at Fermilabhave accumulated large samples of charm
duction point before they decay, producing a distinct, sepadecays and have demonstrated charm signals in hadronic de-
rated decay vertex. With precision particle-tracking detectorgay modes corresponding to about 10 and 20 times the E691
(vertex detectons the presence of such secondary decay versample, respectively, with comparable signal-to-background
tices can be detected, allowing charm decay events to batios. In the WA75 experiment at CERN and E653 at Fer-
distinguished from the light-quark background. Studies ofmilab, fewer events were recorded, but a specialized muon

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

Year Events Fully reconstructed

Experiment completed recorded/10 charm decays
Photoproduction:

E691 1985 100 10 000

E687 1992 500 100 000
Hadroproduction:

WA75 2 350

NA32 (ACCMOR) 1986 17 1300

WA82 1989 10 3000

E653 1988 10 1000

E769 1988 500 4000

E791 1992 20 000 200 000
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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 deteat®kdDs), '
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 Il detector. The beamline is

trigger was used to enhance the number of leptonic anaorizontal and contains the continuously circulating electron and
semileptonic decavs. and an emulsion target provided Vers;ositron bunches, which are focused at a collision point at the cen-
P . ys, get p er of the detector. An important feature of CLEO Il is the Csl-
clean separation of charm decays from the light-quark back- | calori hich id I h d : ffi
ground. crystal calorimeter, which provides excellent photon detection effi-

. . . . ciency and energy resolutiqd% for 100 MeV photons A double-
In semileptonic decays at fixed-target experiments, th Y 9y % P %

; - %ided silicon strip detector will be installed in 1995.
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 deca
products. Usually, the solution that results in the lovger
momentum in the laboratory frame has the least bias and th
best resolution for the measurement of kinematic variables i
the decay.

RS S 03.03
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ottom semileptonic decays have been observed, but so far
hey have been used only to measure the production cross
ection(Abe et al, 1993. By using a high-resolution vertex
etector, however, the CDF experiment has been able to
make important contributions in other areas Bfphysics,
such as studies of individu@-hadron lifetimes and certain
hadronic modes, angp colliding-beam experiments may
B. Bottom-hadron experiments eventually contribute to our understanding of semileptonic
decays as well. In fixed-target experiments, the bottom pro-
Semileptonic decays of bottom hadrons have been studieghiction cross section is typically only 18 of that for
almost exclusively bye*e™ collider experiments operating charm, and these experiments have not yet made a significant
at the Y(4S) or Z resonances. The larged-meson impact on bottom physics.
sample—over two milliorBB events—has been collected by  The Y (4S) resonance has been the most productive
the CLEO II detector(Kubotaet al, 1992 operating at the source of information oB-meson semileptonic decays. The
Y (4S). Figure 10 shows the main features of the CLEO llresonant cross sectiomry 45~ 1.07 nb, is reasonably large
detector. The ARGUS experimeltflbrecht et al, 19892  compared to that for continuum processesf,~3.3 nb).
accumulated about 200 000(4S)— BB events before ter- The procesd (4S)— BB occurs very near threshold, and the
minating operation. The CLEO experiment is ongoing, anddecay of twoB mesons, each nearly at rest, results in a
the luminosity of the CESR ring should continue to increasespherical event topology. The presence of tracks from two
well beyond its 1994 peak value of about 250  overlappingB decays results in combinatoric backgrounds,
cm ?s ', Largeb-hadron samples have also been obtainedut the knownB-meson energy provides an important con-
by the four LEP experiment$ALEPH, DELPHI, L3, and straint, even in semileptonic decays. The spherical event to-
OPAL) running at theZ resonance. Each of these experi- pology is often used to suppress background from continuum
ments has about 1.6 million hadrordcdecays, correspond- events, which usually have a much more jetlike structure.
ing to about 350 00— bb events. Even with this suppression, continuum processes are the
At the Tevatron, thep collider at Fermilab, the bottom- dominant background in many analyses. CLEO therefore
quark production cross secton is high, 50— but it is  takes about two-thirds of its data on tN¢4S) and one-third
only about 0.1% of the total cross secti@®palding, 1998  at a center-of-mass energy 60 MeV below ¥e4S) in or-
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der to obtain pure continuum samples for background studing ratio and the measurement of the procBss X7 v,
ies. By performing the same analysis on the pure continuumut recently they have expanded to exclusive decays.
sample as on the sample obtained atY{dS) 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&- Lepton identification

tant for studies ofb—u/"v processes, because high- . . .
momentum leptons are produced in the continuum. Lepton identification and the problem of hadrons faking

Most CLEO and ARGUS results are based on the assumﬂ?pton signatures are important issues in studies of semilep-
tion that B(Y(4S)HB§)=1OO%, with equal branching tonic decays. Muons are identified by their ability to pass

fractions for charged and neutiBl mesons. The absence of through several nuclear-interaction-lengths of material. This

nonBB decays of theY (4S) is supported by studies of technique places a lower momentum cutoff on accepted

. CN muon candidates of around 1 to 2 GeV for currefite”
dilepton events, which indicakGronberget al, 1999 that experiments and a somewhat higher value for fixed-target

B(Y(4_S)—> nonBB)<5% (95% C.L)_. The very large de- experiments. In CLEO and ARGUS, this cutoff is around 1.4
cay width of theY(4S) compared with the lower-masé  Gevjc and has a direct impact on many measurements.
resonances, which are beld8 threshold, also supports this There are two major sources of hadrons misidentified as
assumption. The equality of th&'(4S) decay rates t0 myons. Charged pions and kaons can decay in flight, produc-
charged and neutr® mesons is less clear; tH& andB~  jng real muons, especially if the hadron has low momentum.
masses are equal to within about 0.4 MeV, but Coulomhp, fixed-target experiments, hadron decay in flight is a seri-
corrections may result in slightly different charged and neuys problem, due to the length of the spectrometers. There-
tral branching fractions. fore muon candidates are required to have a momentum
In Y(4S) decays the magnitude of timeson momen- 5pove a certain minimum, for example, 8 GeVih most
tum vector is known |pg|~330 MeVk), but its direction is  gg53 analyses and 10 GaVin E687. The second major
not. In semileptonic decays, this means that one does nQyrce of background, punchthrough, is due to high-
precisely know the correct Lorentz transformation to themomentum hadrons that penetrate the material in front of the
B-meson rest frame. Fortunately, tBemesons have a low mon detectors, producing a fake muon candidate.
velocity (83~0.06), and for most purposes the lab frame is @ E|ectrons are identified primarily by the match between

good approximation to thB rest frame. the deposited energy in an electromagnetic calorimeter and
An interesting difference between the CLEO and ARGUSthe momentum measured by a charged-particle tracking sys-

the superconducting solenoid provides a field of 1.5 T; ingev/c have been used in analyses. Backgrounds arise from
ARGUS the field is only 0.8 T. A higher field is an advantage .0 pgjitz decays ang—e*e™ conversions in material. The
for studying decays with high-momentum tracks, such agecond background is a particular problem in fixed-target
B—mm. It can be a disadvantage, however, at the low-gxperiments, where the amount of material upstream of the
momentum end of the spectrum, where it results in a lowep|ectromagnetic calorimeter can be in excess of 10% of a
(@nd varying track-detection efficiency. This situation oc- ragiation length. In many analyses, the most serious back-
curs in the decayg—D* /v, D*—D, where the maxi-  grounds are not from fake leptons, but from leptons from
mum pion momentum is only about 225 MeV/ _ sources other than the decay of interest. We shall consider

The LEP experiments at CERN use the proc&$s-bb.  many examples in the discussions of individual measure-
The ratio ofbb to other hadronic decays is comparable toments.
that at theY (4S): R,=B(Z—bb)/B(Z—hadrons}22%. The probability as a function of momentum for a hadron
The b hadrons are a mixture d@,, By, B, andb-baryon to fake a lepton signature is best determined using data.
states, which are thought to be produced with roughly théMonte Carlo simulations are often unreliable for this pur-
fractions 0.4, 0.4, 0.12, and 0.08. The high momentum impose) One method is to use tracks tagged as a particular
parted to théb quark and the harb fragmentation result in  hadron species by using clearly identified decaysKgs,
events with jetlike topology and separatediecay vertices. D's, or A’s and to determine the fraction of these tracks that
Here theb-hadron energy is not constrained to the beamare misidentified as leptons. A second technique sometimes
energy, but the presence of displaced vertices and the abilitysed by CLEO and ARGUS is to count the number of tracks
to isolateB decay products within a single jet provide pow- identified as leptons iy’ (1S) events, where it is known that
erful tools for reducing combinatorial background. very few leptons are produced, apart frarfi Dalitz decays

At LEP, semileptonic decays have been extremely usefund photon conversions. These studies show that, for typical
for taggingb hadrons, particularly for the study bfbaryons  cuts, the probability of a hadron’s faking an electron in
using A-lepton correlations,BB mixing, and forward- CLEO is 0.05% to 0.2%; the probability of a hadron’s faking
backward electroweak asymmetries. LEP experiments hava muon is about 1.4%. For some studies, the momentum
also observed the semileptonic decays of bottBthand the  dependence of these fake rates must be taken into account. A
A, . Studies of semileptonic decays for their own sake havealetailed discussion of lepton identification in the ALEPH
concentrated primarily on the-hadron semileptonic branch- experiment is given in Buskuliet al. (19941.
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TABLE IIl. Measured values of lifetimes and absolute branchingcharged mesoM o, respectively. The decay constdny is
fractions (Particle Data Group, 1994used in this review to ex- g measure of the probability amplitude for the quarks to have
tract other branching fractions and decay rates from measuregy separation, which is necessary for them to annihilate. In

guantities. The uncertainties on tig* branching fractions are ) L . C
not those from the Review of Particle Properties, which are incor-the heavy-quark limitfy is given by the nonrelativistic

2 _ 2 -
rect, but from the CLEO |l measuremefButler et al, 1992. quark-mod.el formulaf.M—12| #(0)|*/M, wherey(0) is the
The quantity~(X,) represents an averagehadron lifetime, ob- ~wave function of the light quarg and heavy quark at zero
tained from inclusive LEP and CDF results. relative separatiofRosner, 1990

An asymptotic scaling law, which can be derived in HQET

Quantity Value (Neubert, 1994x, predicts thatff,lM approaches a constant
B(D°—K™=7") (4.01+0.14)% asM becomes large. Since the total decay rate of a heavy
B(D*—=K n*#") (9.1x0.6)% meson scales ad°, the leptonic branching fractions become
B(D*°— D% (63.6+-4.0)% small asM becomes large. Hence the leptonic branching
B(D*°—D0) (36.4+4.0)% fractions for theD and B meson are expected to be very
B(D**—D%") (68.1+1.6)% small.

B(D** D" =9 (30.8+0.9)% The factorm? in Eq. (32) is a consequence of helicity
(DY) (0.415+0.004)< 10 2 5 sqppression. For smath,, both \_/ecto_r and axial—vgctor cou-
#D") (1.057+0.015)x 10 2 s plings ajc a ve_rtex favo/rid_ecays in wh|ch the re.s.ulltmg fermion
7(BY) (1.50-0.11)x 102 5 ?nd antifermionthere/’ _v_) have opposite helicities. There-

E 1) ore the favored helicity configuration for the decay
(B7) (1.54+0.11)x10 7123 MQa—>/’*§ violates conservation of angular momentum
7(Xp) (1.537-0.021)< 10 S whenM o5 is a spin-zero particle. This effect leads to a sup-
Amgo (0.51:+0.06)x 1012 % 71 g

pression of the decay rate whem 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
To compare measurements from different experiments, weum rules, and quark potential models. Theoretical predic-
have corrected some results using a consistent sBtafid  tions are summarized in Table IV. Rosr{@890, Colangelo
D* branching fractions and charm- and bottom-hadron life-et al. (1991), Dominguez (1992, and Shigemitsu(1994
times. Such quantities are used, for example, in the normakach summarize a subset of these predictions and give more
ization of semileptonic branching fractions and in the con-details on the assumptions and methods used. Theoretical
version of branching fractions to partial decay widths. Theexpectations fof, are in the range 170 to 240 Me¥;,_is
values used throughout this review, except where indicatedsxpected to be about 10% larger. The theoretical predictions
are those listed in the 1994 edition of tReview of Particle for f5 range from 120 to 230 MeV. Some of the early pre-
Propertiesby the Particle Data Grouf994 and are sum- dictions offz from QCD sum rules were significantly lower
marized in Table Ill. The measured values ®rlifetimes  than the predictions of lattice QCD. Several new analyses
have increased significantly over the past few years and mayased on QCD sum rules in the heavy-quark effective theory
well continue to do so. For this reason, we shall indicate howBaganet al, 1992; Broadhurst and Grozin, 1992; Neubert,

D. Assumed branching fractions

to correct the measurements for such changes. 1992 find that radiative corrections significantly increase the
value of fg.

IV. LEPTONIC DECAYS Using a value of 200 MeV for th®*, Dy, andB decay
constants, the central values of the CKM matrix elements

A. Theory of leptonic decays from the Particle Data Group(1994 (|V.4=0.21,

_ . |V.d=0.97, andV,,|=0.003), and the measuré&", Dy,

The simplest decays of charged mesons to describe thegnd B lifetimes, we obtain the leptonic branching-fraction
retically are the purely leptonic processes shown in Filgl.1  predictions shown in Table V. The leptonic decay rates for
The effects of the strong interaction can be parametrized iy are expected to be larger than those Bt because
terms of just one factor, called the decay constant. In contrast;_|2 is much larger tharfV42. In addition, the decay
to semileptonic decays, whegg (and hence each form fac- D.—>7"v, has less phase-space suppression than
value of g* q=M?, whereM is the mass of the initial the small value of|V,,2. Therefore the leptonic heavy-
meson. The most general matrix element for the decay of gyark decays that are easiest to detect experimentally are
charged pseudoscalar mesidiy; to ~~ v was given in Eq. De—u'v, andDg—1"v,.

(12). The corresponding decay rate, ignoring radiative cor- [ e know V4o, @ measurement of the decay rate for a

rections, is purely leptonic mode allows us to determine the decay con-
_ G2 m?\ 2 stantfy,. The CKM matrix elements relevant for leptonic
I'(Mgg—7 v)= %|VqQ|2ff,|Mm§( 1- W) , (320 decays of theD* and D are determined quite well from

unitarity constraints, so a measurement of the leptonic decay
where fy, is the decay constan¥/,q is the CKM matrix  rate for these particles provides a measurementyofind
element, andn, and M are the masses of the lepton andes.
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TABLE IV. Predictions for theD*, D, andB decay constants.

Reference fo (MeV) fDS (MeV) fg (MeV)

Lattice calculations

Abadaet al,, 1992 210+15 22715 205+40
Alexandrouet al., 1994 170+30 185+33 180+ 50
Allton et al, 1994a 290+47
Allton et al, 1994b 218+9 2409

Baxteret al, 1994 18532 212748 160733
Bernardet al,, 1994 208+38 230+36 18738
Bhattacharya and Gupta, 1994c 241+19 266+ 15

Bitar et al,, 1994 215+53 288+ 64

Duncanet al, 1994 18831
Hashimoto, 1994 1713

QCD sum rules

Aliev and Eletskii, 1983 176+ 25 135+15
Dominguez and Paver, 1987 224+21 27717 178+25
Narison, 1987 173+16 21720 18724
Shifman, 1987 165+15 200+ 15 115+ 15
Reinders, 1988 170+ 20
Baganet al, 1992 195-245
Dominguez and Paver, 1992 1257
Neubert, 1992 170+30 190+50
Schilcher and Wu, 1992 176+13 193+13 128+28

Potential models

Krasemann, 1980 150 210 125
Suzuki, 1985 117 129 75

Sinha, 1986 287+40 356+ 50 229+ 32
Cea, 1988 182 199 231
Capstick and Godfrey, 1990 240+20 29020 155£15
Colangeloet al,, 1991 180+ 27 200+ 30 230+ 35

The decay constant also appears in numerous heavy-flavénactions forB leptonic decays, it is unlikely that tH& decay
transitions, such as those in mixing af@d® violation. Of  constant will be determined experimentally in the near fu-
particular interest is thé decay constanfz, which cur- ture. Although there are large uncertainties in the theoretical
rently limits our ability to extrac{V,4| from measurements predictions forfg, an experimental determination of tie
of B°B® mixing. [See Eq(23) in Sec. Il] Given the current decay constant could be used as input to the models to re-
size of B-meson data samples and the expected branchinguce the theoretical uncertainty on tBedecay constant. For
example, HQET predicts thdty/fp~0.69 when terms of
order 1mg are neglectedNeubert, 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,

TABLE V. PredictedD*, Dg, and B leptonic decay rates and
branching fractions assumingp="fp =fg=200 MeV, [V

= 0.21,|V.J=0.97, andV,,| =0.003.

Decay mode Rate(s™?) Branching fraction 1994c)
D" —etv, 7.1x10° 7.5x107°
D*—u'*v, 3.0x 10° 3.2x10°4 . )
D* 1ty 6.8% 10F 7 2% 1074 B. Experimental results on leptonic decays
Di—e v, 1.6X 10° 7.5x1078
+ —3
Ds—uv, 6.8<10° 3.2¢ 107 1. D" and D, leptonic decays
D—7ty, 6.1x 10 2.9x10 2
B e 7 4.1% 10 6.3x 10~ 12 Until recently, only limits existed for leptoni® " and
B‘—>,u‘?e 1.7% 10 2.7%10°7 D decays. ForD™ decays, the Mark Il Collaboration
BiHTigﬂ 3.0¢ 107 6.0 105 (Adler etal, 1988y set an wupper limit of

B(D*—u'r,)<7.2<x10 % (90% C.L), corresponding to
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FIG. 11. Distribution of muon momentum perpendicular to the di-
rection of flight of theD ) for the WA75 experiment for candidates 0 =
consistent with(a) the decay of a charm particle to a single charged 0 0.1 0.2 0.3
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- Mass Difference AM (GeV/C2)

lation. Redrawn from Aoket al. (1993.
FIG. 12. Distribution of the mass differencEM=m(uv,y)

an upper limit of 290 MeV orfy . For D¢ decays, the EMC — m(uv,) for candidates for the decay sequerid§ —D.y,
Collaboration(Aubert et al,, 1983 set an upper limit of 3% DS—>,¢+VH in the CLEO Il data. Points with error bars represent
on B(DS—>M+VM), muon data. The dashed histogram corresponds to the background

Several experiments have now observed the muonic dec@;timated with electrons, plus a small component represented by the
Ds—>M+V,L- The first indication ofDg—u " v, was pre- shaded histogram due to differences in the electron and muon misi-

sented in 1992 by the CERN WA75 Collaborati¢Aoki dentification rates. The difference between the points and the

et al, 1993. In this fixed-target experiment, #a~ beam is dashed histogram is ascribed m;H,u,JrVM candidates. The solid
: : gistogram corresponds to the best fit of signal and background com-

online trigger. The distribution o, the momentum of the ponents to the muon spectrum. Redrawn from Acestal. (1994.

muon transverse to the line of flight of the decaying charmed
hadron, is shown in Fig. 14) for candidates consistent with
the decay of a charged particle to a single charged particl

andt_ i? I;ig. 11b) f[ort candri]datez con?isltentT\r/]vitT_ a n?l#r"’;:tanalysis. CLEO searches fpry combinations from the de-
particle decaying to two charged particies. 1he fine ot Tig cay chainD} —Dgy, Ds—u " v, . The neutrino momentum

is determined directly by scanning the emulsion. The kine- : L .
) . . is estimated from the missing energy and momentum in the
matic upper limit onp{* is 0.98 GeV¢ for Ds—>M+VM and 9 9y

. . P hemisphere of the muon and is used, along with the mea-
0.93 GeVE for D" —u"v,, whereas thep" spectrum for e, andy momenta, to determine the candidatg and
semileptonic decays cuts off at 0.88 GeV/Figure 11a) D? masses. The distribution for the mass difference
shows that, in the charged topology, six eveofsl44 events AR/I=m(,Lw ¥)—m(uv,) is shown in Fig. 12. Signal
total) are observed witlp{*>0.9 GeVt, but none is ob-  ,\ ants shouﬂld peak ah(lILD;‘)—m(DS)~141 MeV

served above this threshold in the neutral topold&ig. e i D '

11(b)]. (Two-body leptonic decays can be observed in the ,Most of the entries in Fig. 12 are due to other sources of

charged topology but not the neutral topologyhe esti w's and y's. Since the branching fraction fd —e* v, is
s . " expected to be much less than that *y,, candi-
mated contribution fronD* — u* v, is 0.6-0.2 events. Us- b v,

. S 0 N e date events that satisfy the same selection criteria, but with
ing their signal forD™— u" v, X for normallzatlo+n, WATS  an identified electron rather than a muon, are assumed to be
detellingféag a branﬁcghlng fraction foDs—u"v, Of  gominated by backgrounds. Electron déaaljusted for dif-
(3.9°14 0= 1.4)x10" and a Ds decay constant of torences in electron and muon misidentification raE®

fp = (225+45% 20+ 41) MeV. In both results, the last ermor epresented by the dashed histogram in Fig. 12. The differ-
is the systematic error on the normalization, which dependgnce between the distributions for muons and electrons is fit
on measurements of thB® and D, cross sections from to a combination of a Gaussian peak at 141 MeV«38
NA32, the branching fraction foDs—~K"K™ 7", and the event$ and a broad distribution due t®s—u*v, or
inclusive D° branching fractiort. D"—u'v, decays combined with randomy's (52+14

The CLEO Collaboratior(Acostaet al, 1994 measures events. The branching fraction is measured relative to the

theDs—pu " v, decay rate relative to that f@s— ¢ ", so0 ¢t decay mode:

B(Ds— " v,)/B(Ds— ¢pm*)=0.245+0.052+ 0.074.
(33

&he normalization is more straightforward than in the WA75

“We have updated the central value and the third error for current
measurements &(D.—K K~ 7") andB(D°—X/ " v). CLEO extracts a decay constant of
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I — ground estimation, and th@, lifetime. Unlike the measure-
Primary | ments offDs described above, the BES measurement is not

vertex - normalized to otheP decay modes and does not depend on
1+ Ds — knowing theDg production rate.

= | | Table VI lists the measurements Df* andD decay con-

~ stants, along with ther” andK* decay constants for com-

4 T* parison. Both the CLEO and BES values ﬁQ{S 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
D, 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 &,— ¢ 7. 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 extractDthe
decay constant, although a number of assumptions are re-
quired. Bortoletto and Stoné€l990 have used published
CLEO measurements of the branching fractions for
B°-D* DS, B*—D°D;, B°-D D, and
B°—D**/"», and of the g® distribution for
FIG. 13. Two views of a candida®s—r"v,, 7" —p"v,v.event  B-D**/ ", to extractf . Their method assumes factor-

in the E653 emulsion. Each point along the reconstructed traCk&ation for the hadronic modes, which is expected to be a
corresponds to a measurement in the emulsion. Note that the Ve”il'easonable approximation sincé these decays cannot occur
cal and horizontal scales are not the same. Zaeis correspondsto . : . ;
A , o via so-called color-suppressed interidemission diagrams.
the beam direction. Redrawn with permission of E653 CoIIabora—Under the factorization hypothesis, the hadronic decay rate
tion. ’ . .
for B°~D* "D/ can be related to the semileptonic decay

rateB°—D**/ v atq?= m:

+
fDS=(344i37i52)\/—B(D83§7W) MeV. 34 D(B°=D*"DJ)=48(£,y)6m?f} |Ved?

The current world average forB(Ds—¢w") is XdF(BO_’DH/ V)‘

0.037+0.005=0.004(see Sec. VI.B.5 do? | 22
Additional evidence for purely leptoni®¢ decays has Ps

been provided by the E653 Collaboratiqd993. Like  wherez=m3/m3, y=q%m3, andé({,y) is a function that

WA75, Fermilab E653 is a fixed-target experiment with anhas been calculated by Rosn@990. For qzzmés, S is

emulsion target and muon trigger. In a partial data sampl@, 41 14 increase the statistical precision of the result, HQET

(one-third of the totgl 23 events are observed with high predictions are also used to relate the decay rates for

Pt t.hThebE653 E:ollat;q{rhanon expdl%lts fche pow;a.r Io;e:nuIansW_)DoD; andB°—D D to that forB°—D* "D . The
In the o s:irva lon ot Inree can 'f"(mf partial data s¢ decay constant extracted from all three hadronic modes and
for Dg—7"v, decay in which7"—u"v,v,. In these

i i 0 *+ o=
events, both th® and ther™ decay in the emulsion. Figure the semileptonic modB™—D* /" v is
13 shows two views in the emulsion of one of these candi- 0.037
dateD.— 7" v, decays. E653 will normalize the yield to the fp =(253+41) / BDogn) MeV. (37)
Ds— ¢uv, signal in the same data sample to extract branch- ) s o
ing fractions forD¢—u* v, andD¢— 7" v, and to measure The ARGUS Collaboration uses a similar method to extract a

fo. value forfp_from their measurements of inclusive and ex-
S

The BES Collaboration has fully reconstructed threeclusiveD{*) production(Albrechtet al, 1992b. Their result
events in which one of th®, mesons decays leptonically for the decay constant averaged oerandD} mesons is

: (36)

(Bai et al, 1995a. By normalizing to the total number of 0037
events in which at least o is fully reconstructed, they f o) = (228+ 24) /'—+ MeV. (38)
extract a value for the decay constant of s B(Ds—¢m")
fp_ = (430" 139+ 40) MeV (35) As more data are obtained, the validity of the assumptions of
. M

factorization and HQET can be checked on many modes, and
where the first error is statistical and the second is the comthe statistical uncertainty on the decay constant can be re-
bined systematic uncertainty from tagging efficiency, back-duced.
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TABLE VI. Summary of measurements of the decay constants fobthendD,. For comparison, we also
list the 7+ andK* decay constants. The CLEO result is quotedB6D— ¢7*)=3.7%, the current world
average. The 9% uncertainty Q}‘E(Dsﬂd)’ﬁJr) is not included in the error oh35 quoted in the table. E653
also has evidence fdd— u* v, but has not yet extracteth .

Decay constant Experiment Reference ValvieV)
fr PDG 94 Particle Data Group, 1994 130.7+0.4
fx PDG 94 Particle Data Group, 1994 159.8+1.5
fDS WA75 Aoki et al, 1993 225+ 45+20+41
fDS CLEO Il Acostaet al, 1994 344+ 3752
fo, BES Baiet al, 1995a 4307 130+ 40
fo Mark Il Adler et al, 1988b <290(90% C.L)

2. B~ leptonic decays guark expansions. It has been shown that spectator-model

The decayB~— 7~ v, is the most accessible of the lep- predictions correspond to the lowest-order term in such ex-

tonic B~ decays because the largenass reduces the helic- Pansions. - . " . . .
ity suppression. However, all leptonB~ decays are sup- Several inclusive quantities are of interest: semileptonic

pressed by the factofV,,|2~(0.003f, which puts the branghing fractions and decay rates; Ieptoq-energy spectra;
expected branching ratio more than an order of magnitud@nd, in the case dd-meson decays, the rate in the end-point
beyond the reach of current experiments. CLEO has searchéggion of the spectrum, wherB—X./"v is suppressed

for events consistent with the decaB —7 v,, relative toB— X,/ v. The semileptonic branching fraction

T —/ " v,v.. If such a decay occurs, then, apart from theis defined by

lepton, all_of the tracks and calorimeter energy in an

Y (4S)— BB event must be produced in the decay chain of

the otherB meson. Furthermore, if this other decay chain is 7 3 D(M—X/"7)
purely hadronic, then the total observed enefgycluding B = ,
the lepton should be consistent with the beam energy, and I'(M—all)

the total momentum can be used to compute a beam-energy-

constrained mass that should be consistent wittBtmeeson

mass. CLEO has performed a joint fit to the distribution ofywhere/ is either an electron or a muon, but not botRe-
these two variables to 3E)btain the preliminary upper limit g,se ther-lepton mass is large, the cagée=r is treated
B(B"—7 »,)<2.2x10°° (90% C.L) (Alexanderetal,  sgparately.Usually, the branching fraction measured by ex-
19943. An analysis by ALEPHBuskulicet al, 19953 uses  periments is an average over more than one species of heavy
a similar approach, but also requires the lepton fromhe L4100 M, because measurements of the lepton alone are
decay to have a large |mpac_t3pararr_1eter. ALEPH obtains thgot syfficient to distinguish between different types of had-
limit B(B =T v,)<1.8X10 °. While f_ar' above the rgtg rons carrying the same heavy quark. At fi€4S), for ex-
expectec! in the standgrd model, these limits place res_trlctlorgmp|e,ﬁSL is measured as an average ofer andB® me-

on certain models with charged Higgs bosons, which caRgns  aithough their semileptonic branching fractions have
significantly enhance the leptonic decay rate. also been measured separately, but with poorer statistical
precision.

Precise measurements.afg, are valuable partly because
they allow us to determine what fraction of the semileptonic
rate can be accounted for by known exclusive channels. The
A. Introduction semileptonic branching fraction is difficult to predict, how-

ever, because the dominant contribution to the denominator

In the inclusive approach to semileptonic decays, one coni Eq. (39) is from hadronic decays, and calculations of had-
siders the sum over all possible final-state hadrons, ignoringenic rates suffer from uncertainties related to both perturba-
the detailed breakdown among the individual decay modetive and nonperturbative QCD effects. As we shall see, the
that contribute to the semileptonic rate. Experimentally, it ismeasured value offg,_ for the B meson is lower than that
necessary to observe only the lepton, eliminating the diffiforedicted by most calculations. The numerator in E39)
culty of reconstructing what are often very complex decaymay also be difficult to calculate using inclusive methods, if
sequences of the daughter hadrons. Theoretical calculatiotide semileptonic rate is distributed over only a small number
of inclusive properties have certain advantages of simplicityf exclusive final states. In this case, the duality between
as well, since calculations in which the heavy quark is asquark final states and the physical hadronic final states may
sumed to decay as a free parti¢hgth the light quark acting be only approximate. _ _
merely as a spectafoprovide a good starting point for pre-  Separate measurements.@f, for Qu and Qd mesons
dictions. Recently, there has been great interest in refiningllow one to extract the ratio of the lifetimes of the charged
calculations forb-hadron semileptonic decays using heavy-and neutral mesons. For example Dameson decays,

(39

V. INCLUSIVE SEMILEPTONIC DECAYS
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. T'(D%all) I'(D%—al) I'(D*—=X/"v) difficulty. The end-point region, a tiny part of phase space in
P (D" —all) = I(D'—X/"») T(D*—all which the lepton energies are very high, is of great impor-
0 tance in the determination ¢¥,|.

s
=—7q, 40
N/ 40 B. Theoretical predictions for semileptonic decays

where we have assumed that the charged and ndbitraé- In the simplest possible estimate.df, , the heavy quark

sons ha"? the same semileptonic parti.al widths. This aSg yeated as a free particle, ark, is given by the fraction
sumption is expected to be very good, since the lepton car; =

. : : decays in which the virtualV produces are™ v, pair. If
not interact strongly with the final-state hadrons, and the tWQ e ignores the masses of the final-state fermions and gives
mesons differ only in the isospin of the light quafkom-

) ) . ) L equal weight to each final staf@king into account col
parison of 74, /.% 3 with 7, /o from direct lifetime mea- d g ( g or

i ) 5 this fraction is.%Z5, ~1/5 for D mesons and#%5 ~ 1/9 for B
surements provides a test of this assumptjom contrast, 1 osons. The measured values. 6%, , however, are very

the isospin of the_Iight quark can, in principle, substantigllydiﬁerem for theD* and D°, showing that spectator-model

affect the hadronic rate. In the spectator model, the light;5|cyations are inadequate for charm mesons. The result for
quark’s flavor is assumed to be irrelevant, so the model pregg ig yery close to the measured value, but the agreement is
dicts 7, /7o=1. This prediction is consistent with measure- ,.cigental: there are large phase-space corrections due to

ments ofB mesons, where the lifetimes are known 10 be the, 5 ticje masses, and accurate calculations of the semileptonic

same within about 10%. ID decays, however, the lifetime 54 hadronic widths and?s, must take into account strong-
ratio is about 2.5, showmg that nonspectator eﬂ‘ectsf are 'arg_‘ﬁﬁteraction effects as well. In this section, we review the
Measurements of hadronic decays indicate that this effect is;o1,s of the inclusive calculations, focusing mainly on the

Jon . N .

primarily due to a suppression of the" hadronic rate as @ e of the8 meson. Here, nonspectator effects are expected

result _of interference between amplitudes related by interyy pe small, a prediction borne out by the similar values of

changing the spectataf quark and thed quark from the e B and B~ lifetimes. With the development of heavy-

W decay. o - ) quark expansions, inclusive calculations are evolving rapidly,
An important application of7, is that it can be used 10 and the reader should consult the literature for the latest re-

compute the total semileptonic decay widtht'sy,  gyts.

= Zs 1w, Wherery is the measured lifetime of the h'adron _ The partial width for the weak decay of a free qu&ko

M. In charm decays, one can test whether the semileptoniarmions of nonzero masses was obtained by Coeteal.

decay widths of different mesons are the same, as discuss?fgsal The rate forQ—qW*, W* —f,f,, wheref, and
above. InB decays, one can also compare the inclusive semif2 are fermions anang<my, ’is '

leptonic decay width to theoretical calculations to determine

|Vepl. The measurement ¥, using this method has at- — 5 o [ Mg My M,
tracted much interest, becausg;, and vz have been mea- I'(Q—qfyf2)=ToNc|Vqql |Vf2f1| ! me’ M’ mal’
sured with very good precision, and some theorists believe QR Q(41)
that the theoretical uncertainties can also be made very 2.5 3 ,

small. Wherel'y=Ggmg/192°. The color factoNc is equal to 3

Recently, heavy-quark expansions have been used to prfer hadronic decay and 1 for semileptonic decdyj;, is the
dict the shape of the spectrum fB— X,/ v, although re- CKM element for'W* —f,f, for decay to quarks but is equal
liable predictions for the end-point region remain a source ofo 1 for semileptonic decay; andx,y,z) is given by

(1_2)2d_s(5_x2—y2)(1+22—s){[s—(X—y)z][S—(X+Y)2][(1+Z)Z_S][(l_z)z_s]}llz- (42

2's

I(x,y,z)=12J

(x+y)

When all the final-state particles are massléss|(0,0,0)=1; for any other values of the quark massds,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=1(0, x, 0)=1(0, 0,X)=1—8x*+8x—x8—24x* In x. (43
The b-hadron semileptonic branching fraction is given by
I'(b—ce v) 1
2T (b—ce v)+T(b—cr v)+T(b—cud+cus)+I'(b—ccs+ced) 2TR+ARc+Re’

(44

L=

5The Cabibbo-suppressed semileptonic rates oxhandD ™ could differ very slightly, resulting in a small difference in their inclusive
rates. TheD®— 7~ /" v rate, for example, might exceed the sum of the rate®forsemileptonic decays ta°, », andz’, simply due to
phase space.

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



J. D. Richman and P. R. Burchat: Leptonic and semileptonic decays 915

where we have ignorell— u decays, the contribution of rare and
processes such as penguin decays, and the small phase-spage
difference betweee and u semileptonic decays. The terms St
in the denominator of the second expression are

=[14.4+0.45scalg £0.8 as)]% (heavy masses
(50

where the scale uncertainty is evaluated by allowingo

:M :F(b_’CUdJFCUS) vary betweenm,/2 andm,. The light (heavy masses, in
" I'(b—ce ) ° T(b—ce ) GeV/c?, arem,=4.6 (5.0, m;=1.2 (1.7, mg=0.15 (0.3,
B andm,=my=0 (0.16).
_I'(b—ces+ccd) (45) Although the result for light quark masses is consistent
° I'(b—ce v) with the measured value of5_ within errors, there is not

yet consensus as to whether the assumptions required to push
the theoretical prediction down to the measured value are
m.=0.3 GeVk2, and m,=my=0, we obtainR.~0.20, realistic, or whether the estimates of the uncertainties are
R./3~1, andR.J/3~0.31, which lead to%s =16%. The reasonable. In addition, there are uncertainties on the size of
measured value is around 10% to 11%, so with these massB§ssible additional corrections due to both perturbative and
the free-quark spectator model, ignoring QCD correctionshonperturbative QCD effects.

We can use Eq941) and(42) to estimate these ratios. For
example, with my,=4.8 GeVt?, m.=1.5 GeVLk?

substantially overestimates tHg semileptonic branching
fraction.
Two key issues must be resolved befotg, can be reli-

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-

ably computed: determining the appropriate values for thdatively than those in phenomenological models. Chay,
guark masses and calculating the QCD corrections to th&eorgi, and Grinstein(1990 first applied HQET and the
hadronic rate. We summarize the main results on perturbativeperator product expansion to the problem of semileptBnic
QCD caorrections, which were first obtained by Altarellial.  decay. Their analysis demonstrated that the lowest-order
(1982 and Altarelli and Petrarcé1991J). [A useful synopsis term in a 1, expansion corresponds to the result from a
of this work has been presented by Bigi, Blok, Shifman, andree-quark decay model, assuming timag is suitably de-
Vainshtein(1994, who also extend it using a heavy-quark fined. Furthermore, they showed that there are no nonpertur-
expansion, as discussed belpfhe exchange of hard gluons bative QCD corrections of ordekocp/m,. Thus one can
between quarks in the decay modifies the color structure ofvrite

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

c? +2¢2 ”
n=—a (46)
where the Wilson coefficients, andc_ are given by
d+
a +
= s(m) } 7 47
ag(My)

with d,=-6/23 andd_= 12/23. Therenormalization
scale u is a nonphysical artifact of the calculation, which
includes only the effect of virtual gluons in the momentum
rangeu to M. Softer gluons, with momentum below this
cutoff, are in principle dealt with by an additional factdr

so that the nonleptonic rate is proportional #3. For ex-
ample,

0

7d, (48)

_ me
I'(b—cud)=3T,l| —,0,
m,

where we have usd¥ ¢ 2~1 and wherd', is defined after
Eqg. (41). For u=my, the values arep~1.1 andJ~1.15,
giving a net enhancement factor for—cud of about 1.27.

In practice, due to the approximate nature of the calculation

the factor#J still has some dependence on the sqale

Altarelli and Petrarc&1991) estimate uncertainties associ-
ated with the possible variation j and o5 and present two
values of #5; depending on whether light or heavy values of
the quark masses are used:

Fq=[12.2+0.45scalg 0.8 ag) 1% (light massep
(49)
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I'(B—X)=T'(b—x)+(1/m3). (51)

Bigi et al. (Bigi and Uraltsev, 1992; Biget al,, 1992; Bigi,
Blok, Shifman, and Vainshtein, 1984have argued that the
(i’(l/mﬁ) corrections are likely to be small, with a natural
scale set by 1 Ge%lmﬁ, 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 for.%g, satisfies the bound

P =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 Bagant 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 authorBaganet al, 1994. The rate in the
b—ccs channel is increased, leading to

Hg=(11.8+0.8+0.5+0.2+0.2" 99 %, (53

the first error is from the uncertainty on
m,=(4.8+0.2) GeVk?, the second from the uncertainty on
ag(m;)=0.117+0.007, the third from the uncertainty on
A1=(—0.5+0.1) Ge\?, which parametrizes the kinetic en-
ergy of theb quark inside the hadron, the fourth from the
uncertainty orl”(b—ccs), 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

where
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As1=11.0% with similar errors. This analysis shows thatquark,my=m; or my=m,. To compute the lepton-energy
the perturbative QCD corrections are quite important andspectrum, the decay distribution in thequark rest frame is
that they tend to push the valués, down towards the mea- boosted to theB frame. The lepton-energy spectrum for
surements. Thé— ccs rate is increased by 35% in this cal- b—q/ "~ v in the b-quark rest frame is given by
culation by taking into account the effect of tbejuark mass
in the QCD radiative corrections.

There has been much speculation on th(i difference bedl“(mb,x) Gﬁmg X2(Xn—X)2
tween the measured and calculated valueszf . Some =

[(1=x)(3—2x)

- 3 _yv)3
theorists have argued that the QCD calculations are simply dx 96w (1-x)
not precise enough to indicate a real problem; others have 20
suggested specific mechanisms to increase the hadronic rate. +(1=xn)(B=x) ]| 1= Z—G(x€)|, (56)

Enhancement of the—ccs channel, discussed above, has
also been suggested by Falk, Wise, and Dunidi294).
CLEO has measured the average number of charm quarkgherex=2E/m;, xmzl—(mq/mb)z, ande=mq/m,. The
perB decayn.=[B—cX+2(B—ccX)]/[B—X], obtaining  function G(x, €) is discussed by Altarellet al. (1982, Jeza-
n.=1.07+0.08 (Muheim, 1994. In the Bagaret al. calcu-  bek and Kuhn(1989, and Czarnecki and Jezabgll©94 and
lation, n,=1.28+0.08. Thus the measurement does not givencorporates the effect of gluon radiation on the lepton-
one great confidence that the problem is solved, but neitheznergy spectrum. We shall refer to this model extensively in
does it indicate a strong contradiction. The problem7§,  the discussion of fits to the lepton-energy spectrum in
is perhaps best rephrased as the joint problem of understand-hadron decay. The ACCMM model also predicts the spec-
ing .%s_ andn,. trum for charm semileptonic decay

It is also possible thaZs, is being reduced by unexpected
hadronic decays that have no final-state charm particles. For 2.5 o )
example, large contributions fromb—s+gluon, arising 9 (Me,X) _ GEME X“(Xp—X)
from physics at the TeV scale, have been suggestedan, dx 16w (1—x)
1994 as a possible enhancement to the hadronic rate; the

mechanism invoked might also explain thé=1/2 rule in S . o
kaon decays. The difficulty in explaining the observed valueWhICh IS u_sed in the pargmetrlzatlon of the §econdary lepton
y pectrum in the same fits. A controversial issue is whether

of %5 remains an unresolved problem, but steady progres ) : S
is being made towards better calculations and measuremen g€ ACCMM model provides a reliable description of the

“>u/" v lepton-energy spectrum in the end-point region.

1 ZaSG
3. (x,€)

. (57

We turn now to predictions of the total semileptonic rateThis guestion has significant impact on the determination of
and the shape of the lepton-energy spectrum. These quan J.i| (see Sec. V.E Another early approach to inclusive

ties have less uncertainty thafs,, since knowledge of the semileptonicB decays was that of Bareiss and Paschos

hadronic rate is not required. The ACCMM modgltarelli, .
Cabibbo, CorbpMaiani, and Martinelli, 198Pwas one of (1989, who con_S|dered both the lepton-energy spectrum and
)}he decay rate in the parton model.

the first to incorporate bound-state effects in the initial heav Recently. much attention has been devoted to applving the
meson, which can significantly affect the spectrum. This phe; Y pplyINg

nomenological model is used extensively by experimentalist'smavy'quark expansion to the lepton-energy spectBigi

in fitting single-lepton momentum spectra, and it has becomet al, 1993; Falketal, 1994; Manohar and Wise, 1994;

a benchmark for theoretical calculations as well. In theﬁGUbert’ 1994g in particular to the end-point region. Al-

ACCMM model, the momentum of the heavy quadk that though the spectrum can be calculated over much of the mo-

o . . _ mentum range, the end-point region remains problematic.
of Fhe spectator qya}kwnhm the Qecaylng meson is de Manohar and Wisé¢1994 conclude that the predictions of
scribed by a distributionp(p), which is assumed to be . . .

the heavy-quark expansion near the end point are valid only

Gaussian: if they are smeared over a region of size 500 MeV, which is
larger than the difference in the end points fier-c/~ » and
4 5 b—u/"».
¢(p)= N e PP, (54) The ACCMM model has now been analyzed in the context
TPF of HQET (Balllie, 1994; Csaki and Randall, 1994The

model is found to be inconsistent in certain respects with
The Fermi-momentum parametes determines the width of HQET results, but for a suitably definddtquark mass, the
#(p), and the normalization is such that the integral ofdifferences between the predicted spectra are in general quite
#(p)p? over all momenta is equal to 1. The spectator quarkémall. The exception is the end-point region, where neither
is assumed to have a definite mass, but theb quark is a  approach is on solid footing. . _ _
virtual particle of variable massy,, constrained by energy ~ Accurate prediction of the semileptonic rate is of great

and momentum conservation to be importance for the determination d¥%.,|. Using heavy-
guark expansions, Shifman, Uraltsev, and Vainsh{&895,
Luke and Savag€1994, and Ball, Beneke, and Braun
ma=ma+mZ,— 2Mg\mZ+ p. (55) 91994

(1995 have obtained predictions for the rate and have ana-
This somewhat peculiar result means that in this model théyzed the uncertainties in the calculations. Shifnearml. ob-
free parameters ang:, mg,, and the mass of the daughter tain the result
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- GEmp 2as( 5 25 Ham 1G BE o 24,3
F(BHXC/ V)Zw|vcb| ZO(X)_3_7T T —Z Zy (X) 1—2—mt2) —zl(x)m—§+6(as,as/mb,1/mb) )
(58)
|
wherex=m./my, and by Ball, Beneke, and Brauf1995. They use a pole mass of

m,=(5.05-0.06) GeVt? and a mass difference of
mp,—m.=(3.43+0.04) GeVE?, giving

B(B—X./ v)

1.5 pg Y
= +
and z{"’(x) has been tabulated by Cabibbo and Maiani [Ved (0'04L0'003< 8 S) Z[ 0.109
(1978. This function, which incorporates the one-gluon per- (63

turbative QCD corrections, has the valugg$’(0)=1 and  (The second error quoted in their paper correponds to the
zgl)(l)w0.41. These QCD effects are calculated analo-experimental uncertainty org, and is removed hereln
gously to the QED radiative corrections to muon decay. NonSec. V.D.4 we present the decay-rate predictions of all these
perturbative QCD effects are contained in the parametersalculations and the values pf,| obtained using the mea-
w, andug, which are matrix elements of the bottom-quark sured value of%s, (see Table XI below

kinetic energy and chromomagnetic-moment operators, re- There is not yet a consensus on the size of the errors on

spectively. The value ofig can be related to th&* —B  |Vcy| that arise from theoretical uncertainty. Rapid progress
mass difference: is being made, and it is likely that many of these issues will
be clarified in the relatively near future.

Zo(X)=1—8x%+8x5—x8—24x* In x,

Z1(X)=(1—x)%, (59 12

3
Mézz(mg*—mgwo.ss GeV, (60)

but «. is much more difficult to determine. Using QCD sum ©: Inclusive charm semileptonic decays

rules, Shlfmaretzal.obtaln 0.35<u%<0.8 GeV with apre-  historically, measurements of the inclusive semileptonic
ferred value ofu7=0.54 _Ge\?. These authors consider this ranching fractions fob mesons were of interest because of
range to be an overestimate of the uncertainty; even so, {he large difference in thB® andD* lifetimes. Early mea-
results in only about a 3% uncertainty [W,|. The factor  gyrements of the ratio d@° andD* inclusive semileptonic
my, that appears in the semileptonic decay (atet notin the  pranching fractions by Mark I{Schindleret al, 1981 and
branching fraction has long been a source of difficulty. pELCO (Bacinoet al, 1980 at SPEAR indicated that the
These ‘authors argue that one can takg =(4.850.1)  p* jifetime is significantly larger than thB° lifetime. Di-
GeVic” from a QCD sum-rule analysis of th¥ system. rect measurements of the lifetimes confirmed these results.
Moreover, the actual direct dependencengyis notmy : the Most inclusive studies of semileptonic charm decays have
product ofmpze(m2/mg) that appears in the decay-rate for- been carried out witle*e~ colliders rather than fixed-target
mula results in less sensitivity tan,, assuming that experiments. Inete~ experiments, single leptons from
mp— M, is constrained. With HQET, this mass difference cancharm decay can be isolated from background processes by

be related to bottom- and charm-meson massesugnd reconstructing the other charm hadron in the event or by
Mg+3Mgs Mp+3Mps associating the Iep?on with a slow pion frob* decay. In
My— M= — the fixed-target environment, the efficiency for even partially

4 4 reconstructing both charm hadrons in an event is very low.

1 1 The background from noncharm events is generally so high
+'“i<2m BTN +0(1Umd1Umd),  (61)  that the combination of a lepton and a slow pion is not a
¢ b sufficiently distinctive signature to isolate inclusive semilep-
leading to m,=(1.3=0.1) GeVt®> for m,=(4.8 tonic charm decays.
+ 0.1) GeVk? These values yield the following relation  Until recently, the most precise values of the inclusive
between|V,| and theB— X/~ v branching fraction: semileptonic branching fractions were those measured by the
1 =112 Mark Il collaboration at SPEARBaltrusaitiset al,, 1985.
|Vcb|=0-0415< 1.49 pj Z[B(BHXC/ v) (62) CLEO now has a measurement of the inclusive branching
7B 0.106 fraction for the neutraD meson that is more precigkubota

The conclusion of Shifman, Uraltsev, and Vainshtein is tha€t al, 1999. In addition, E653 has measured the ratio of
the uncertainty inV,,| obtained with this procedure is less rates ' (D°—K™u*»,)/T(D°—=Xu*v,) (Kodamaetal,
than 5%, and they regard this estimate as very conservativé994, from which they extract the inclusive branching frac-
The analysis presented by Luke and Sav4t@94 is  tion using the precisely known rate f@r*—K™/" .

similar in approach, although their conclusions regarding the The Mark Ill measurement used about 50 DD events
uncertainty are quite different. The quoted uncertainty inproduced just above threshold at ti#€3770). Events were
|V.p| is about+ 20%, although this range is meant to corre-selected in which one of th® decays was fully recon-
spond to a larger range thanlo. Another detailed HQET- structed in a hadronic mode, yielding approximately 1700
based analysis of the semileptonic rate has been performé*D~ and 3400D°D° events. The numbers of identified
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electrons observed recoiling against the reconstrubtedr 3000
D* decays were used to extract the branching fractions, 80000

B(D"—Xe" ve)=(17.0£1.9+0.7)%,

B(D°—Xe'v,)=(7.5+1.1+0.4%), (64) 60000 2000
and the ratio of branching fractions

B(D"—Xe"ve) o5 40000

m—Z.S,OAi 0.1. (65) [ 11000
The Mark Il measurements are consistent with the ratio of 20000 [-*, |
measured lifetimeéParticle Data Group, 1994 :»mlj;xm%

‘a:“"“:!mu

(D) 0 B 0

— oy, —2.55-0.05. (66) 0 025 050 075  1.00

7(D%) '

sin2a.

For the measurement &(D°— Xe" v,), CLEO useD°
mesons fromD* t —D%t where theD* * decay is identi- FIG. 14. CLEO measurement of the° inclusive semileptonic
fied through the slow pion. This method was pioneered bypranching fraction. The soft pion from the decy *—D%7 " is
HRS (Abachiet al, 1988 and was used in CLEO’s measure- used to tag ®° sample; within this sample, one counts the number
ment of the absolute branching fraction K -t of events with leptons. The upper set of data points and the associ-

(Akerib et al, 1993. The method depends on two character-ated background curve give the distribution ofsirwherea is the
istics of D* +.,produ<':tion and decay. WherD¥t is created in angle between the thrust axis of the event and pions with momenta

- — . . intherange 225-425 M Th n ith | | f
ete” annihilation abovecc threshold, its momentum is In the range 225-425 Met/ The excess events with low values o

. in? due td**—D% " d , Si th ft pion i I
nearly parallel to the thrust axis of the event. Second, beo " ¢ are dus D m Cecays, Since the SOt pion 1S Usually

* + 0_+ ; produced with a small angle relative to thé * direction.(The left
cause theQ value Tc the deca* L —D" " is small, the axis applies to this set of datalhe two lower sets of data points
angle between the™ and theD* ™ (in the Iaboroatory frame  correspond to the subset of events in which an electron is found
is also small. Therefore the numberDf " —D%7" decays  within a 37° cone centered on the slow pigfihe right axis applies
can be determined from the excess of slow pions with @o these data pointsThe open circles give the background level
small lab anglex with respect to the thrust axis of the event. within the lepton sample. This background is determined with
The branching fraction foD%— Xe" v, is determined from  wrong-sign candidates, as described in the text.
the fraction of events containing a slow pion with small
that also have an electron with the same charge as the pion,For  the E653 measurement, the decay chain

in the vicinity of the pion. _ _ D**—D% " with the subsequent decay of tz° to a

In the CLEO analysis, only charged pions with momentumyyon and at least one oppositely charged hadron was used to
greater than 225 Me¢/and less than 425 Me/are used. identify 232 semimuonicD® decay candidates. The ratio
The lower momentum cut eliminates events wiifi’s from F(DOHK‘MWﬂ)/F(DOHXMW#) was then extracted
B decays, in which the thrust axis is not a good measure ofom the joint distribution of these events in td decay
theD* direction. The distribution of is shown in Fig. 14 or  yariables calculated from the measured momenta of the
all charged tracks with momenta between 225 and 42%harged particles and ti flight direction(as determined by
MeV/c (top set of solid data pointsand _for thc_)se with an  the positions of the primary and decay verticeBhe two
electron of the same charge as the pion, with momentunyariaples are the minimum mass of the parent particle that
above 0.7 GeW, within a 37° cone around the pighottom  gji5ws momentum to be conserved for the candidatde-
set of solid data poinis Background estimates are also cay, and the momentum component of the charged hadron

shown in Fig. 14. For the normalizing events, charged paryansyerse to th® flight direction. The measured ratio of
ticles with the same charge as the tagged, but in the

opposite hemisphere, are used to determine the background [(D°—K :“+Vu) — 0.472+0.051+ 0.040 (69)
shape(histogram in top part of Fig. 34For the background F(DO—>X,U,+V#) ' ' '

under the leptonic signal, events in which the reconstructeﬂ
electron has charge opposite that of the slow pion are use
(open data points at bottom of Fig. )14 here is clearly an
excess of slow pions at low gm. The peak near sta=1
(@=~90°) is due to particles that are fairly uniformly distrib-
uted in cog. In the analysis, the signal sizes and efficiencies ~ B(D°—X/"v)=(7.86-1.19% (E653. (69
are determined separately for eight 25 MeM¥ide momen-

tum ranges for the slow pion. The result from this analysis i%

s a total fractional error of about 14%. The fractional error
B(D°—K~ /") is only about 5%. The world average
for B(D°—K~/"v) from Eq. (126) is used to extract an
inclusive branching-fraction measurement of

In summary, the weighted world averages of all measure-
ents of inclusive branching fractioBarticle Data Group,

B(D°—Xe' vy)=(6.64+0.18+0.29% (CLEO II), 1994, including the E653 and CLEO results, are
(67) B(D* X/ " 1)=(17.2-1.9%
consistent with the Mark Ill measurement, but with a signifi- nd
cantly smaller statistical uncertaintyThis CLEO result has a
been updated since the preprint version of this anjicle. B(D°—X/*v)=(6.85+0.31)%. (70
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60 I decays, since leptons from charm decays are often a signifi-
cant background. However, the form factors and relative
40 — +

branching fractions for the dominant semileptoficdecay
+ + - modes,D—K/"v andD—K*/* v, have now been mea-

+ sured sufficiently welsee Sec. Vjlthat one can obtain the
expected lepton-energy spectrum by summing the spectra for
the individual exclusive modes.

0 . +| * D. Inclusive bottom semileptonic decays and |V,
I ' The inclusive semileptonic branching fraction flerhad-
rons has been measured both at Yie4S), where theb
Electron Momentum (GeV/c) hadrons are a mixture &, and By mesons, and at tha,
whereBg mesons and baryons are produced as well. The
FIG. 15. Background-subtracted, efficiency-corrected electron MOpargest data samples are obtained by measuring only the lep-
mentum spectrum for a mixture &° andD* decays reconstructed ton, without using any tagging procedure to determine the

by DELCO. Redrawn from Bacinet al. (1979). species of decayinlg hadron. Thus, at th¥ (4S), the quan-
tity measured with the highest statistical precision is

Events
N
[«]
[
——

Using the values of th® " and D" lifetimes listed in Table

Ill, we calculate the inclusive semileptonic decay rates to be . Zg =fo. 7 3+ .7, (73

I'(D*—X/"v)=(16.3-1.8)x10¥s ! wheref, andf_ are the fractions of neutral and charged
mesons, and
and B
0 ~ 0 %2 =B(B°—=X*/"v)

I(D°—X/"v)=(16.5+0.8)x100s ! (7D 7 sL g

with an average of and

- =B(B- X%/~

I'(D—X/"v)=(16.5-0.7) x 10105 L, (72 Se=B(B"—=X"/"v). (74

The fact that theD® andD* semileptonic widths are mea- Here/ ™ represents eithexr or u~ bL!t not their sum. At the
sured to be equal means that the source of the lifetime difY (4S), fo=f_~1/2, but these fractions have not been pre-
ference between thB° andD ™ mesons lies in the hadronic CiS€ly measured. Experiments at deneasure
width. The inclusive semileptonic branching fraction for the 5y =t 3 +_.55 + 1, 75 + o £, (75)
D™ is close to the value of 1/5 one would expect from the ] i _
simple spectator model, while that for tB€ is significantly ~ Wherefs andfy, give the fraction obs andb-baryon states,
smaller. However, it is believed that the difference in had-fespectively, 7’3, is the semileptonic branching fraction of
ronic widths is caused by the suppression ofEhehadronic  the Bs; and(.# &) is the averagéweighted by production
decay rate due to destructive interference between amplfractions of the b-baryon semileptonic branching fractions.
tudes for internal and extern&V emission. The branching The production fractions of differert hadrons at the are
fraction of around 7% for th®? is closer to what one would not well known; expected values ard,=f_=0.4,
predict from the expected enhancement in hadronic decayls=0.12, andf,~0.08.
due to hard-gluon exchange discussed in Sec. V.B. We com- Below we describe three types of measurements:
pare the sum of exclusive semileptofiicdecay rates to the (i) Measurement of the inclusive single-lepton momentum
inclusive rate in Sec. VI.D. spectrum. This technique determings; with the smallest
Although the preliminary CLEO measurement of the in- statistical error, but with significant model dependence from
clusive semileptonic branching fraction f&° is the most the fitting procedure, which is used to separate the contribu-
precise to date, it has not yielded a measurement of the iffions from primary and secondary leptons. However, this
clusive electron momentum spectrum. The best published irmeasurement gives the most precise determination of the
clusive lepton momentum spectrum for semileptonic charnshape of theB— X/~ » momentum spectrum in the upper
decays was measured by DELCO in 1979, with an approxipart of the momentum range.
mately equal combination db® andD* decays produced (i) Measurement of#5; using charge and angular corre-
just above threshold at thg(3770) resonancéBacinoet al,  lations in dilepton events at the(4S). This technique de-
1979. This is an ideal environment for measuring the inclu-termines .75 with the least model dependence, because
sive spectrum because there is no smearing of the momefrodels are needed only for a relatively small extrapolation
tum spectrum due to a Lorentz boost, as there iscdor ~ from the minimum momentum for identified leptons down to
production significantly above threshold. Ae@nkov Z€ro momentum.
counter was used to identify electrons with high efficiency (iii) Separate measurement.af and.7g, . By recon-
down to momenta of a few hundred May/yielding about  structing oneB meson in anY (4S) event, it is possible to
600 candidate events. The efficiency-corrected, backgroundag the charge of the other. Using this technique, CLEO has
subtracted spectrum is shown in Fig. 15. Knowledge of thisseparately measured 2, and.%g, , but the statistical errors
spectrum is important for several studies of semilept@ic are much larger than those for the average.
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920 J. D. Richman and P. R. Burchat: Leptonic and semileptonic decays

We then discuss the determination|uf,,| from measure- 0,20 fmrepeermpeememm e R
ments of theB-meson semileptonic branching fraction. i i

1. Measurement of .Z using the inclusive lepton spectrum

The challenge for inclusive measurements is to determine 0.15

what part of the observed lepton-momentum spectrum is due
to leptons fromb-hadron decayprimary leptong and what

part is due to leptons from charm deda@gecondary leptons

or other sourceg¢misidentified hadrons, photon conversions,
JIy decays, etg. 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 uncertaintyin the analysis is in the determination

of these shapes. [

Experiments at th& (4S) (ARGUS and CLEQ use theo- 0.00
retical models, either inclusive or exclusive, to describe the
primary-lepton spectrum. The ACCMM modé&RAltarelli Lepton Momentum (GeV/c)
et al, 1982 discussed in Sec. V.B is the standard inclusive
model used for this purpose. It has free parameteeser- FIG. 16. The inclusive lepton spectrum from CLEO II, with a fit
mined from the fit corresponding to the-quark mass, the based on the ACCMM inclusive model. The fit is useql to extract the
Fermi momentum of thd quark, and the spectator-quark component of the spectrum dueBoe- X/~ decays(primary lep-
mass. Alternatively, one can use exclusive models to predidPnS- Which is shown as a dashed curve. Secondary leptons from
the shape of the primary-lepton spectrum by summing th® ¢ Y/ " » decays are shown as a dot-dashed curve; their spec-

- T . rum is much softer. Finally, there is a very small contribution from
predicted distributions for exclusive modes. Because the . lent fromB X,/ » decays (dotted curvee This
ISGW model (Isgur, Scora, Grinstein, and Wise, 1989 primary. 'eptons v w Y yo I ;

o ._method has very little sensitivity tB— X/~ v processes, which
make_s p_red'Ct'onS for nearly all mOdes eXpeCt_ed to Comr'_bére best studied in a specialized analysis of the end-point region.
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 fr@ds-D/ " v tracted. The electron spectrum has been radiatively corrected
and B—D*/ " v, with some fromB—D** /" v. Here, according to the prescription of Atwood and Marciano
D** refers to a mixture ofp-wave and radially excited (1990, so the electron and muon data can be directly com-
charm mesons. The contribution from these higher-maspared. The agreement between the electron and muon spectra
states is important primarily in the lower part of the momen-is extremely good.
tum spectrum. The data shown in Fig. 16 are fit with the ACCMM model.

It is important to recognize that, when using a theoreticalThis model is able to describe the spectrum well, giving
model to extract#s , one is sensitive only to the shapes y?/Ng=0.9. The primary B— X,/ v) component of the
predicted by the model; however, the calculation|,| spectrum accounts for most of the large hump above
from the value of %, involves not the shapes but the nor- 1.0 GeVk; its contribution is determined essentially by the
malization. This latter step can be performed with the samdalling edge of the distribution above 1.5 GeV/The con-
or different models. tribution of secondary leptons rises rapidly towards low mo-

The shape used to describe the secondary-lepton spectrumenta and dominates below 0.8 GeVA third component,
in these fits, although somewhat more complicated to obtairfrom B— X,/ ~ v decays, is also included in the fit. It is
is based on data. The inclusive charm decay lepton spectrurbarely visible at the bottom of the plot, and it is clear that the
measured by DELCO (Bacino etal, 1979 wusing fit has very poor sensitivity t8— X,/ v decays. It is im-

" (3770)—DD decays at SPEARsee Sec. V.§is fittothe  portant to note thafV,,| is not determined from this fit.
ACCMM model. The lepton spectrum in th# rest frame is  Rather, a special analysis of the end-point region is required,
then boosted according to the momentum spectrunD of in which strong cuts must be used to suppress continuum
mesons measured at th¥(4S). Future measurements backgroundsee Sec. V.E Otherwise, the fluctuations in the
should be able to use a charm decay lepton spectrum ollarge continuum subtraction performed for the analysis of the
tained by summing the spectra for the known exclusivefull spectrum would overwhelm the tinB— X,/ ~ v signal.
charm semileptonic modes, which account for most of the The ISGW model describes thig— X/~ v rate in terms
inclusive rate. of contributions from B—D/"v (27%, B—D*/ v

Figure 16 shows the electron and muon data from CLEQ60%), andB—D** /"~ v (13%), whereD** represents sev-

Il (Barteltet al,, 1993b, which has the largest event sample. eral p-wave and radially excited charm mesons whose sepa-
The muon spectrum cuts off below 1.3 GeVdue to the rate rates are predicted by the model. Unlike the ACCMM
iron absorber in front of the muon detectors, but the electroimodel, the ISGW model has no free parameters, and it does
spectrum is measured down to 0.6 GeV/Backgrounds not describe as well the shape of the CLEO Il spectrum,
from continuum processeg—/*/ ", photon conversions, giving x?/Ng=1.5. The ISGW fit was also poor in the
7% Dalitz decays, and3— X7 v, decays have been sub- CLEO | data(Hendersoret al, 1992.

0.10

1/2N(Y(4S)) x dN/dp (GeV/ey'

0.05
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020 . - ing ISGW. TheD** fraction of theB—X./ v rate has
- . risen from 11% in the ISGW model to (2121.6+8.0)%.
i o e i The systematic error is obtained by varying D&/D frac-
A 1 tion and the mixture oD** states. However, we caution
. against taking thiD** fraction too literally, since it is ob-
tained in the framework of a particular model that does not
e By 1 include all possible contributions to the leptonic rate, such as
] B—Dx/ " v, where theD 7 system is nonresonant. Figure
,,,,, bocogty 17 shows the fit to the CLEO Il data with the ISGW
i model; the largeD** contribution is explicitly shown.
] Similar analyses have been carried out by other experi-
i ments operating at th¥ (4S), including ARGUS, CUSB,
and the Crystal Ball. The results are listed in Table VII. All
1 of the measurements lie below 12.5%, the minimum dis-
] cussed by Bigiet al. The difference between the CLEO I
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% leyEhe sys-
) ] ] ~ tematic errors on the individual CLEO Il measurements are
FIG. 17. The inclusive lepton spectrum from CLEO II, with a fit yominated by uncertainties on lepton identification and
based on the ISGW model. In this modified version of the ISSW 4 cying efficiencies. While the dilepton measurement dis-
model, theD*/D ratio Is fixed at 2.3, bu.t théd fracm.)n 'S cussed in the following section is able to reduce model de-
allowed to float. This degree of freedom improves the fit signifi- . o
cantly, and theD** fraction increases with respect to the value pendence in the determination gfs, , the shape of the lep- .
predicted in the ISGW model. ton spe;ctrum in f[he upper part of the mor_nentum range is
determined best in the single-lepton analysis.
LEP experiments(ALEPH, DELPHI, L3, and OPAL

The difficulty in the ISGW fit can be traced to an excess ofmeasure”s, by fitting the spectra op and py (the lepton
observed low-momentum leptons relative to the number premomentum transverse to the jet axia single-lepton and
dicted. A modified version of the ISGW model, ISGY  dilepton events. At th&, the number of single-lepton events
has therefore been created. In ISBWthe D** fractionis is used to determine the branching fraction bbb,
allowed to vary, but théd*-to-D ratio is fixed at the value whereas the ratio of dilepton to single-lepton events can be
(2.3 predicted by ISGW. The fit to the CLEO data using used to determine.%s .. The shape of the primary
ISGW** gives x?/Ng=0.9, significantly better than that us- B—X/~ v spectrum is usually taken from CLEO or

—fit

----- B—D(D*)lv ]

[ e 1)

010

1/2N(Y(4S)) x dN/dp (GeV/c)™!

0.05

] s B T

Lepton Momentum (GeV/c)

TABLE VII. Single-lepton measurements of the inclusive semileptonic branching fractién
Hq=B(B—X/"v), averaged over thB mesons produced at th&(4S) (B, andB). Results are given
separately for each of the models used to extrdgt. 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 stateXg only, which is extracted from the same fit. This value is ap-
propriate for computingV,|, although it is not very different from#zs, . Sources of error in these mea-
surements are discussed in the text.

Experiment ACCMM ISGW ISGW**
ARGUS 10.2-0.5+0.2 9.8:0.5
(Albrechtet al., 1990bH
CRYSTAL BALL 12.0+0.5+0.7 11.9-0.4+0.7
(Wachset al,, 1989
CUSB Il 10.0+0.4+0.3 10.0:0.4:0.3
(Yanagisaweet al., 1991
CLEO | 10.5+0.2+-0.4 9.9+0.1+0.4 11.2-0.3+£0.4
(Hendersoret al., 1992
CLEO 1l (prelim.) 10.65+0.05+0.33 10.42-0.05+0.33 10.980.10+0.33
(Barteltet al, 1993h
Average 10.51+0.21 10.22-0.20 11.05-0.28
CLEO 1l (prelim.) BHXC/’; 10.48+0.07£0.33 10.410.07+0.33 10.87%40.10+0.33

(Barteltet al,, 1993h
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TABLE VIII. Measurements from LEP experiments of the inclu-

sive b-hadron semileptonic branching fractioB(X,— X/~ v), 0.12 t

whereX,, is a hadron containing b quark. At thezZ, the popula- = 0.10 N

tion of b hadrons includes not onlg, and By mesons, but also a g ' i

smaller fraction ofBg mesons and baryons. The first error is 8 008

statistical, the second systematic, and the third also systematic from 5 ]

the decay model. B 006 _

Experiment Reference B(Xp— X/ v)% T} 0.04 1

£ ’ B

ALEPH Buskulicet al, 1994a  11.39+0.33+0.33+0.26 g

DELPHI DELPHI Collaboration, 11.06+0.39+0.12+0.19 0.02 7]
1995 Y% A

L3 (prelim)  Venus, 1993 11.73+0.48+0.28+0.31 B S e B S P

OPAL Akerset al, 1993 10.5+0.6+0.4+0.3 0 Ell . 2/ 3

ectron Momentum (GeV/c)
LEP average 11.2-04

FIG. 18. The primary-lepton spectrum from the CLEO Il dilepton
ARGUS, so that model-related uncertainties in these experianalysis. In this analysis, a high-momentum lepton is used to tag a
ments are propagated into the LEP resu[fis uncertainty  second lepton as either primary or secondéry.the single-lepton
is part of the third error in the LEP results given in Table analysis, this distinction is made using model-dependent Titse
VIII.) The results from LEP experiments are consistent withcurves correspond to fits using the ISGWmodel (solid curve,

those at thex' (4S), although they are systematically higher. ISGW model(dashed curve the ACCMM model(dotted curve
As in the single-lepton analysis, the ISG¥Wand 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.

2. Measurement of .%g, using charge and angular
correlations in dilepton events

The ARGUS CollaboratiorAlbrecht et al, 1993h has
introduced a second method, using dilepton events, that al-
lows one to separate the contributions of primary and 5ecCOI'I’E|ati0n, resulting from momentum conservation, such
ondary leptons without relying on model-dependent shapedhat they tend to be in opposite hemispheres. In contrast,
This technique, which has now been used by both ARGUgeptons from differenB mesons have uncorrelated angular
and CLEO(Gronberget al., 1994; Baristet al, 19958, sub- distributions.[The twoB mesons are produced nearly at rest
stantially reduces the need for models in the determination ot theY (4S); see Sec. II.B|. By requiring both leptons to be
Ps. in the same hemisphere, one effectively removes events in
The first step is to require that one lepttthe “tagging  Which the two leptons come from the decay chain of a single
lepton”) have high momentum, so that it must nearly alwaysB meson.(In the CLEO analysis, the lepton opening-angle
be primary. For example, witp,>1.4 GeVk, only about Ccut is momentum dependent.
2.8% of these leptons are secondary. The lepton spectrum Because a lepton whose charge is opposite to that of the
extracted is that for the other lepton in the event, for whichtagging lepton must be primary, while one with the same
no such cut is applied. charge as the tagging lepton must be secondapyto the
Assuming that the tagging lepton is always primdgy Mixing correction, one can measure the number of primary
small correction for secondary tags must be mattere are
three possibilities for the other lepton. These possibilities and

the corresponding lepton charge correlations are, assuming ~ 0lo—~———T—— 11—
no B°B® mixing, o : 1
(i) the other lepton is primary and from the decay of the % I 1SGw
otherB meson, resulting in opposite-sign leptons*™); =
(ii) the other lepton is secondary and from the decay chain € [ Aeamt
of the other B meson, resulting in same-sign leptons f; 008~ *\ 1
(/*/For/m/7); or B , ]
(i) the other lepton is secondary and from the decay i, " |
chain of the sameB meson in the event, resulting in g b,
opposite-sign leptons/(* /7). z’“w‘(_&%q 1
Thus, if one can eliminate events corresponding to the 0.00 [fo—s—e—s—s—o——— —— T%T‘L.’a.
third scenario, then a lepton with charge opposite to that of 0.0 0.5 1.0 5 20
the tag must be primary, whereas a lepton with the same Electron Momentum (GeV/c)

charge as the tag must be secondary. This discussion ignores

mixing, but theB°B° mixing rate is well measured, and it is

not difficult to correct for this effect. FIG. 19. The secondary-lepton spectrum from the CLEO Il dilepton
If the two leptons are from the decay chain of the sdne analysis. The curves correspond to fits using the ISGW model

meson(the last case listed aboyehere is a strong angular (dashed curveand the ACCMM modeldotted curvi
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TABLE IX. Measurements of the inclusive semileptonic branching fracii@s), 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— Xev) (%), p.>0.6 GeVk B(B— Xev) (%)
ARGUS (Albrechtet al, 1993h 9.1+0.5+0.4 9.6:0.5+0.4
CLEO Il (Barishet al, 19950 9.85+0.16+0.40 10.4%0.17+0.43
Average 10.19+0.37

and secondary leptons in each momentum bin. Figures 18ency, theD** is identified using only the characteristic
and 19 show the primary- and secondary-electron momersoft pion from D* " —D% ", without reconstructing the
tum spectra obtained from the CLEO analysis. There is @©° decay. (For a discussion of this partial reconstruction
lower cutoff in the electron identification efficiency, how- technique, see Sec. VI)EThis mode yields 7119139 B®
ever, and a small extrapolation, based on models, is require@gs_ An additional 82253 B° tags are obtained from a

to obtain the total semileptonic rate. In the CLEO Il mea-partial reconstruction ofB°—D** 7. The fraction of
surement, the minimum momentum in the measurement igyents in each charge sample with a lepton in the momentum
0.6 GeVk, and the extrapolation to zero momentumrange 1.4 GeW to 2.4 GeVt is used, together with an
amounts to only (6.10.5)% of the semileptonic rate. The gyranolation to low momenta based on the 1S&Whodel,
central value is based on the average of the ACCMM andy getermine the charged and neutral semileptonic branching
ISGW predictions, and the error is based on the differencg sctions. Table X summarizes the measurements from
between these two models. CLEO and ARGUS. These values are consistent with mea-

Table IX lists the values of7g obtained from the gyrements based only on the inclusive lepton spectrum. The
ARGUS and CLEO Il dilepton analyses. These results are is| g0 || values yield a ratio

agreement with the value of’5 obtained from the single- B
lepton analyses. The reduced sensitivity to models has been B(B™—X/ v)
achieved at the expense of some statistical power, but in the m
CLEO 1l result the statistical error is still smaller than the

systematic error. This method also very much reduces theonsistent with the world average lifetime ratio but with

=0.93+0.18+0.12, (76)

sensitivity to any possible noBB decays of theY (4S), rather large errors.
which are assumed to be negligible in the single-lepton
method.

4. Determination of |V,,| from inclusive measurements

To calculatg V| from %, , we first convert the branch-
ing fraction to a decay rate using the appropriBtéfetime

The semileptonic branching fraction has been measurednd then normalize to a theoretical calculation, which pre-
separately for charged and neutBamesons by CLEO and dicts the constany,:

for neutralB’'s by ARGUS. OneB meson from théeY (4S) 7
DsL
Vel = .
Vel =\ >

3. Measurement of . % for B® and B~ with tagging

decay is fully or partially reconstructed so that its charge can 77
be determined. The semileptonic branching fraction is then

obtained from the fraction of such events in which the othefrgpe x| gives values ofV,,| based on measurements of
B meson produces a lepton. To obtain as large a taggeds. = The uncertainties ofV/y| arise from several sources,
sample as possible, CLEO has used a large number of dec@)fich are listed in Table XiI: the experimental error on
modes. I—iad_ronlc d_ecayi are recqnstrugte_d in eight modes,_ | the model dependence in the measurementgf, the
Dm~, D*m~, Dp~, D*p~, Da;, D"a;, ¢K, and yncertainty on the lifetime, and the theoretical uncertainty
K*. These decays yield 83%42B~ and 515-31B° tags.  on y,. Apart from the uncertainty on the lifetime, the ex-
A large sample of additionaB® tags is obtained using the perimental uncertainty ofV.,| from the single-lepton analy-
semileptonic decayB’—D* "/~ ». To obtain high effi- sis, including the model dependence of the branching frac-

TABLE X. Measurements of the inclusive semileptonic branching fractions of charged and riz e

sons.
Experiment B(B°—X/"v) (%) B(B™—X/" 1) (%)
CLEO (Hendersoret al., 1992 9.9+3.0+0.9

ARGUS (Albrechtet al, 1994a 9.3-1.1+1.15

CLEO Il (Athanaset al,, 1999 10.9+0.7=£1.1 10.x-1.8+1.4
Average 10.22+0.96 10.x*2.3
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TABLE XI. Measurements ofV.,| 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 |V, calculated from the CLEO Il measurement®f-X./~ v using the inclusive lepton spectrum. In

this case, the ACCMM and ISGW values of|V,,| were calculated using not only the valuesygffrom

these models, but also the branching fractions extracted from fits using the predicted lepton-energy spectra
[B(B— X,/ v)=(10.48-0.34)% for ACCMM and (10.870.34)% for ISGW*]. In contrast, the

CLEO 1l values of|V.,| based on the Shifmast al. (1995, Luke and Savag€1994, and Ball et al.

(1995 values ofy, were calculated using the branching ratio extracted by fitting the single-lepton spec-
trum with the ACCMM model. The fourth column gives the values|\df,| calculated using the average

of the CLEO Il and ARGUS values fd8— X/~ » [(10.19+0.37)% 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 valuB(X,— X/~ v)=(11.2-0.4)% from the LEP experiments. The first error pfy,| is
experimental, the second theoretical. To correct th¥gg values for a different value ofg, multiply by

V1.54 pskg.

Ye CLEO Il (1/) CLEO I/ARGUS avg. (2)) LEP avg.
Model (ps ~* [V¢pl/1072 |V¢p|/1072 |V¢p|/102
ACCMM 40+8 4.1+0.1+x04 4.1+0.1+0.4 4.3-r0.1+0.4
ISGW** 42+8 4.1+0.1+0.4
Shifmanet al,, 1995 41.3+4 4.1+0.1x0.2 4.000.1+0.2 4.2¢0.1+0.2
Luke and Savage, 1994 25to 51 3.7t05.2 3.6t05.1 3.8t054
Ball et al, 1995 43.2+4.2 4.000.1+0.2 3.9+0.1+0.2 4,1+0.1+0.2

tion (but not y.), is about 2.5%. The corresponding cal error of 20% in the rate is assumed, leading to a 10%
uncertainty in the dilepton analysis is 2.2%. The error assotheoretical error ofV,|. We assign this error when quoting
ciated with the lifetime is the source of some difficulty. If results using the ACCMM or ISGW* models. As discussed
one used only the uncertainties on the individually measureth Sec. V.B, HQET is being used to obtain a value| |
charged and neutrd lifetimes (about 0.1 ps the resulting  from the inclusive spectrum with a more precisely defined
error on|V,| would be about 3%. Our view, however, is that error. Shifman, Uraltsev, and Vainshteiishifman et al,
one should not completely ignore the inclusiBelifetime 1995 argue that the theoretical uncertainty pry,| using
measurements, which have much smaller errors but whictheir results is 5% or less. Luke and Sav&ty@94), however,
include some contamination frombaryons. Since this con- quote a somewhat larger uncertainty, which they express as
tamination is thought to be relatively small, we take the un-an allowed range. There is not yet a consensus on the size of
certainty on theB® andB ™ lifetimes to be+0.07 ps, which  these theoretical errors, but rapid progress is being made on
contributes a 2.3% uncertainty ¢W,|. The combined un- this question.
certainty in|V,,| from all errors except that oy, is about As our final value ofV,| from the inclusive semileptonic
0.001. branching fraction, we take the average over different mod-
It is difficult to assign errors to predictions ¢f based on els of the values ofV.,| from the CLEO Il single-lepton
quark-model calculations. Traditionally, a nominal theoreti-analysis.(We do not use the Luke and Savage result, where

TABLE XIl. Sources of error onV,,| using the inclusive semileptonic rate. The experimental error is
based on the CLEO Il error or¥g , apart from model-related effects. The model-dependent error on the
branching fraction is based on the difference between the CLEO Il ACCMM and ISGValues for

B— X,/ v. There is a correlation in the errors introduced when a given model is used to extract both
P and |Vgy|, but we ignore this effect here. The model-dependent error/aap 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%4\as|. As discussed in the text we take a 0.07

ps uncertainty in the lifetime. The error on 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).@®3 on

|Vcb|-

Source (8TITY%  (8|Vepl/|Vep|) % (8| Vep)/1073
Error onB(B— X/ v) (1/ analysi$ 3.2 1.6 0.6
Model dependence @(B— X,/ v) (1/ analysi$ 3.8 1.9 0.8

Error onB(B— X/ v) (2/ analysi$ 4.4 2.2 0.9

Error on lifetime (rg) 4.5 2.3 0.9

Error onvy, 10 to 20 5to 10 2t0 4
Total error(either 1 or 2/) +1( expt)=3(thy)
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only a range is givei.For our final theoretical uncertainty, the end-point region. However, in addition to the question of
we use a value that is smaller than the traditiond).004  possible nonresonant contributions to the observed rate, large
associated with the quark-model predictions but larger thamincertainties exist in the calculations of the rates for resonant
the £0.002 uncertainty claimed by some of the HQET-basednodes. Thus the factorgy, in Eq. (25) are difficult to cal-
calculations. Thus culate, much more so than the corresponding factors for
|V¢p| =0.041+ 0.00% expt) + 0.003 theory). (79 B—=X/T v. Due to the small value of the-quark mass, the
Omax €gion cannot be used to provide a relatively solid nor-
malization point for the form factors, as it does in
b—c/ v decays. In addition, the range of recoil velocities
available to the light final-state mesons produced in
E. Lepton end-point region in semileptonic B decays B— X,/ ~ v decays is much larger than that for charm-meson
and determination of [V,,| final states(see Table XVII below. The larger range pro-
duces a much larger variation in the form factors and hence
) ) X reater uncertainty. Consequently measuremen are
and challenging measurements Bnphysics. The curve in gurrently quite m)(/)del depqenderilt, and there irggl?l]:bstantial

Fig. 16 representing the—u/"" v rate shows clearly how |4 ation among values obtained using different models. In
little these processes perturb the total spectrum below thgo f,ture. lattice QCD calculations of the— /" » or

end-point region. In fa_ct, over all lepton energies, simpIer_)w/f; decay rate at higly? may provide an alterna-
free-quark models predict théRosner, 1992 tive method. Useful information on the form factors may

This value of| V.| agrees well with the value obtained from
the B—D*/~ v measuremeriisee Eq(160].

The determination ofV,,| is one of the most important

F'(b—u/"v) V|2 a_ls_o be obtain_ed from measurementdef sy decays, pro-
————=(18510 2.44\/— ~(1.2 to 1.6%, viding constraints on the theory.
I'(b—c/v) cb We turn now to the measurement of the rate in the end-

(79) point region. Although the measurement is properly de-
where we have used the typical valyg,,/V.p|~0.08. The scribed as “inclusive,” the analysis is rather different from
key to measuringV,| is to take advantage of the large that of the inclusive lepton spectrum described in Sec. V.D.1.
lepton momenta made accessible by the small mass of thEhe reason is that continuum processes produce high-
daughteru quark. By working in the region at and beyond momentum leptons, which constitute an enormous back-
the lepton-momentum-spectrum end point 8 X,/ v  ground unless suppressed by kinematic cuts. The signal effi-
processes, one gains enormously in sensitivity tcciency of these cuts is much more sensitive to the shapes of
B— X,/ v decays. kinematic distributions(especially to that ofg?) than the

Although the advantages of working in this end-point re-very loose cuts used in the analysis of the inclusive lepton
gion (2.3<p,<2.6 GeVk) are decisive, there are also dis- spectrum. This sensitivity introduces another source of
advantages. The major difficulty is the need to convert thenodel dependence into the results, beyond the overall scale
measured rate for this tiny portion of phase space into &iny-
value of|V|. This calculation can be performed using ei- The primary characteristic used to remove continuum
ther inclusive or exclusive models, but both have substantiagvents is event topology: continuum events are usually much
uncertainties. Inclusive models are expected to be fairly remore jetlike thanY(4S)—BB events, which are quite
liable if one considers a large enough part of phase space, bgpherical. In the CLEO Il measuremetiBartelt et al,
their ability to predict theB— X,/ ~ v spectrum in the end- 19933, which has the highest statistics, the event shape is
point region can be questioned. The ACCM(ificlusive  described quantitatively using the variabR,=H,/Hg,
model predicts a significantly larger rate in this region thanwhere theH; are Fox-Wolfram momenté-ox and Wolfram,
the ISGW (exclusive model, in which a small nhumber of 1978. TheR, variable ranges from @completely spherical
modes B—p/ v, B-—w/ v, andB—m/ " v) produce to 1 (completely jetlike; for the end-point analysis CLEO
about 70% of the leptons with>2.3 GeVEk. Figure 7, dis- requiresR,<<0.2. The other important variable in suppress-
cussed in Sec. I.C, shows thaB—p/ v and ing continuum events is the magnitugg of the missing-

B~ —w/ v, with their hard lepton-momentum spectra, aremomentum vector. A large value @, is indicative of a
expected to be particularly important. Thus, in this region ofbo—u/"~ v process; the analysis requirgs,.s>1 GeVlc,
phase space, there may not be enough hadronic final stategich is 90% efficient for the signal but suppresses con-
for an inclusive model to work well. However, it is possible tinuum events by a factor of 2.3. Finally, the lepton momen-
that, in addition to resonant hadronic final states, there areum and missing-momentum vectors are required to be in
also nonresonant modes, suchBas w7/~ v. In particular, opposite hemispheres. Together, these cuts suppress the con-
such modes might be important at la®, where the daugh- tinuum by a factor of 70 while retaining 38% of signal events
ter u quark recoils very rapidly with respect to the spectator(as determined with Monte Cajlo

quark, and the form factors for resonant hadronic final states Even with these cuts, a significant background from con-
are suppressed. If these nonresonant modes do contribuiauum events remains. Fortunately, this background can be
substantially, then the predictions of inclusive models mightdirectly measured by running just below th§4S) reso-

be more reliable. This question is controversial and has natance and performing the same analysis. This procedure
yet been resolved. leads to a background level that must be scaled by the lumi-

An alternative is to use exclusive models to extriagt| nosity ratio between on- and off-resonance running and cor-
by summing the rates for all modes expected to contribute imected slightly for the energy difference. Additional back-
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120 TABLE XIll. Measurements of the partial branching fraction
AB,, from CLEO (Bartelt et al, 19932 using the inclusive rate
in the lepton-spectrum end-point region. The lepton-momentum

80 interval for this partial branching fraction is 2Z3<2.6 GeVk.
Model AB /1074

o 40 ACCMM 1.21+0.170.15

E KS 1.15+0.16+0.15

a WSB 1.22+0.17+0.16

g ISGW 1.54+0.22+0.20

5

]

nificant evidence thalV,,| is nonzero. The corresponding
yields with the looser, less model-dependent cuts are
128.4+26.3+15.3 events and 98#123.6+ 14.9 events.

These signals, together with efficiencies obtained from
0 : Monte Carlos of theoretical models, are used to obtain a
2.00 2.25 2.50 2.75 3.00 partial branching  fraction AB,,=B(B—X,/ v;
2.3<p,<2.6 GeVck). Values ofAB,, for the CLEO Il mea-
surement and four models are given in Table XIIl. The use of
FIG. 20. Inclusive end-point spectrum from CLEO II. The upper the KS and WSB models for this purpose can be questioned,
plot is from the analysis with tight cuts; the lower plot is from the Since they predict only two modesB—p/ v and
analysis with looser cuts. Efficiencies in the latter analysis have lesB— 7/~ v. The 25% difference in the results for ISGW and
sensitivity to models, but the background is larger. In both plots, theACCMM, however, is indicative of the uncertainty associ-
solid points with error bars are the data taken at WgtS), ated with different shapes for the kinematic distributions.
whereas the open points with error bars represent the continuum The magnitude o¥,,/V,, is then calculated using
background, which is determined using data taken below the 9
Y (4S) resonance. The histogram shows the total background pre- V_ub :ABub/f(p) Ye
diction, which includes both continuum am— X,/ v. The ex- Vep Bco Yo

cess of observed events over this total background prediction con-
stitutes evidence foB— X,/ » decays. whereAB,,;, 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 modB};, is the
grounds to the analysis arise from hadrons that fake a leptomeasured®— X,/ ~ v branching fraction; ang, andy, are
signature in the detector and from leptons frdhg’s. These defined in Eq.(25). For an exclusive model, both(p) and
backgrounds are minor but not entirely negligible and musty, refer only to the sum of exclusive modes predicted by the
be accurately determined. model. The ISGW model, for example, may predict enough
Figure 20 shows the CLEO lepton-momentum spectrunmodes to adequately describe the end-point region, but not
(including both electrons and mugrie the end-point region. the large region below it. Thus, although one can calculate
The upper plot was made using the cuts described above; thg,,, the quantity AB,,/f(p) cannot be interpreted as
lower one uses only a relatively loo&g cut (<0.3). Asa B(B— X,/ v) for this type of model, but rather as the total
result, the lower plot has a larger background, but the effibranching fraction to the predicted set of modes only. For
ciency correction involves less model dependence. In thestis reason, we expeat, for an exclusive model to be less
plots the solid points are the data after analysis cuts are aphan that for an inclusive model; for comparisons between
plied, and the open points represent the continuum backmnodels, the quantityf(p) vy, or d(p)=f(p)y,/v. is more
ground as measured from below-resonance running. Thaseful. The efficiency of the analysis cuts is model dependent
continuum-background level is obtained from a fit to theseand is sensitive to the? distribution of theB—X,/ v
points. The background froln—c/~ v processes is shown events in the end-point region. The variation in the efficien-
as a solid histogrartadded onto the continuum backgroyind cies between the ACCMM and ISGW models is about 25%,
This background is very small in the upper momentum bincorresponding to a 12.5% effect ¢v,,|. While this uncer-
(2.4<p,<2.6 GeVk) but is substantial in the lower bin tainty is fairly large, it is still much smaller than that in the
and must be accurately determined. It is obtained by fittingoverall rates predicted by the models.
the data below the end point to theoretical models for Table XIV summarizes the measurements|%f,/V.y|
b—c/~ v and extrapolating them into the end-point region;from CLEO and ARGUS. The new CLEO values of
the uncertainty in the extrapolation is relatively small |V,,/V.p|, which are based on about five times as many data
(<10% of theb—c/~ v backgroungland is included in the as the original CLEO and ARGUS measurements, are about
error on the yields. In the upper plot, for which the stricter2¢ lower than the older values.
cuts were used, thb—u/ " v yields in the two bins are Improving the reliability of theoretical predictions for the
43.0010.2+6.7 events (24p,<2.6 GeVk) and inclusive B—X,/ v rate in the end-point region is ex-
64.3+11.4+4.4 events (28 p,<2.4 GeVk), with a total  tremely desirable. Several authd®igi, Shifman, Uraltseyv,
of 107+ 15+ 11 events. These yields constitute the most sig-and Vainshtein, 1994; Korchemsky and Sterman, 1994; Neu-

250

Lepton Momentum (GeV/c)

(80)
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TABLE XIV. Measurements ofV,/V.p| using the inclusive rate in the end-point region. The ARGUS
and CLEO | results are each based on about 200BBCevents, and the CLEO Il results are based on
about 955 00BB events.

ARGUS CLEO | CLEO I
Model (Albrechtet al, 1991a (Fultonet al, 1990 (Barteltet al,, 1993a
ACCMM 0.11+0.01 0.09-0.01 0.076:0.008
ISGW 0.20+0.02 0.15-0.02 0.1010.010

bert, 19949 have pointed out that measurements ofpranching fraction, taken to bB— X/~ »=(10.7+0.5)%,
B— X5y decays provide information that can help to reduceand the largest contribution to the uncertainty in the predic-
the hadronic uncertainties iB— X,/ v. In particular, the tjon for B— X+~ v, arises from the error oB— X/~ v. An
photon energy spectrum Bi— Xy is sensitive to the motion  earlier calculatlon(Helllger and Sehgal, 1989gave the

of the b quark within theB meson. The inclusiv8— Xy somewhat higher  prediction B(B— X7 v,)=(2.83
decay has recently been observ@dam et al, 1994, and  +0.31)%.

with larger data samples and more theoretical work this ap- In certain supersymmetricSUSY) models with charged

proach may prove to be very useful. Higgs bosons, the rate f@— X7 v, can be substantially
enhanced by decays in which the replaces th&/~. Thus
F. B—X7 v, and other inclusive modes part of the parameter space of such models can be excluded

by the measured branching fraction. Predictions of SUSY

Table XV lists results foB— X7~ v, and for certain semi- models for this mode have been discussed in the literature
inclusive B decays. Because two neutrinos are produced ifiGrzadkowski and Hou, 1992; Grossman and Ligeti, 2994
B— X7~ v, and the lepton-energy spectrum from thdecay and the resulting constraints are discussed in the ALEPH
is relatively soft, experiments at tHé(4S) have not been paper(Buskulicet al, 19953.
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 the vy, EXCLUSIVE SEMILEPTONIC DECAYS
quark inZ—bb events. The jet topology allows the tracks in
each hemisphere of the event—as defined by a plane perpen-With the enormous data samples now available for the
dicular to the thrust axis—to be associated with the decay ostudy of charm and bottom hadrons, knowledge of their ex-
fragmentation of a singlb quark. The presence of two neu- clusive semileptonic decays is improving rapidly. In the fol-
trinos in theB— X7~ v, decay results in configurations with lowing sections, we present theoretical and experimental re-
a relatively large missing energy in theehadron rest frame. sults on exclusive semileptonic decays. Section VI.A
The boost of théb hadron to the lab frame can result in a continues the discussion begun in Sec. I1I.C, where we intro-
very large missing energfl0—30 GeV for the event hemi- duced some of the basic theoretical ideas. Here we discuss
sphere containing the decay. By looking for events with bothform factors, HQET, decay rates, and kinematic distributions
a large missing energyE(,isc>16 GeV) and a taggeldhad-  in much more detalil.
ron (using vertex detector informatignALEPH (Buskulic Our presentation of exclusive decays of charm and bottom
et al, 1993, 1995ahas been able to observe a signal, asmesons is organized according to whether the decays are
shown in Fig. 21. A similar analysis has been carried out byfavored or suppressed by CKM matrix elements. In the sec-
L3 (Adevaet al, 1999, whose result is also given in Table tions on charm decays, we discuss measurements of branch-
XV. ing fractions and form factors; in the sections on bottom

Within the large errors, the measured value fordecays we discuss the determination|¥f, and|V,, as
B(B— X7 v,) is consistent with standard-model predic- well. As in the case of inclusive decays, extraction of these
tions. For example, a calculatigfralk, Ligeti, Neubert, and CKM matrix elements involves a close interplay between
Nir, 1994 based on the operator product expansion anagxperiment and theory. The theoretical ideas that underlie
HQET predictsB(B— X7~ v,)=(2.30+0.25)%. This calcu- our understanding of semileptonic decay dynamics can to
lation uses as input the measured inclusive semileptonisome extent be tested by measurements of form factors.

TABLE XV. Measurements of branching fractions f@— X7 v, and other semi-inclusive modes.
B semileptonic decays to final states with baryons have not been observed. The ARGUS result for
B—Dg X/ v has been rescaled using the Particle Data Group valub for ¢+ .

Mode Experiment Reference B(%)
B—X7" v, ALEPH Buskulicet al,, 1995a 2.75+0.30+0.37
B—Xr v, L3 Adevaet al, 1994 2.4+0.7+0.8
B—D X/ *v ARGUS Albrechtet al,, 1993d <0.9(90% C.L)
B—pX/ v ARGUS Albrechtet al, 1990b <0.16(90% C.L)
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T T 7 T T able the form-factor extrapolations are likely to be. We then
Monte Carlo: e Data examine the predictions of heavy-quark symmetry, which re-
- O b>1"9X T lates the form factors to each other and to the Isgur-Wise
| @ bTeru~X _ 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*/ " v. 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* /" v andB—D/ v 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 channel—P’/v andP—V/ v, whereP and P’
are pseudoscalars akds a vector meson, play an extremely
important role because they dominate the semileptonic rate
-30 -20 100 o0 10 20 30 and are generally the easiest modes to study experimentally.
Emiss (GeV) Our theoretical discussion therefore focuses on decays with
_ these quantum numbers. We fetienote the four-momentum
FIG. 21. Evidence for 8 — X7~ v, signal from ALEPH. The pres- of P andp’ denote the four-momentum of either or V,
ence of two neutrinos in the decay can result in a large observedepending on the context. The masses of the me&ns
missing energy, especially id—bb events, where the velocity of P’ andV are labeled, respectively], mp,, andm,,. When

the b hadron is large. Thus a substantial part of the tail at largethe quantum numbers of the final-state meson are irrelevant,
values ofE s is attributed toB— X7~ v, decays. we denote its mass by, .

T

Residual

108 Background

102

Entries/(GeV)

101

In the last section on exclusive decays, we discuss semi- _
leptonic decays of the baryons,, Z., Q., andA,. The 1. Structure of hadronic currents
information here is more limited, since the production cross The nadronic current in semileptonic decay must be con-
sections for baryons are generally much smaller than thosg,cted from the available four-vectors, which are momenta
for mesons. In addition, the individual baryon productionyng gpin-polarization vectors. The Lorentz-vector or axial-

cross sections are not yet known, so that normalization of thgector quantities thus formed have Lorentz-invariant coeffi-
branching ratios is difficult. Nevertheless, important Progresgients(form factors that are functions of?2.

is being made in this area, and from a theoretical standpoint |, the case of P(Qq)—P'(q'q)/ v decay, there are
baryon semileptonic decays are quite interesting. only two independent four-vectors, which we can take to be
p+p’ andq=p—p’. For these quantum numbers, the had-
ronic currentH* [see Eq.(9)] has no axial-vector contribu-

In this section we describe some of the theoretical apfion and can be writteWirbel et al, 1985; Neubert, 1994c

A. Theory of exclusive semileptonic decays of mesons

proaches used to predict exclusive semileptonic decays of M2—m?2,
hadrons containing heavy quarks. We begin with the standard  (P’(p")|V*|P(p))=F1(g?)| (p+p’)*— — g
parametrizations of the hadronic currents in terms of form q

factors. Turning to the form factors themselves, we next dis- M2—m2,

cuss quark-model calculations and some of their predictions. +Fo(g?) > P q~, (81)
These calculations consist of two parts: first, the determina- q

tion of the values of the form factors at a particular value ofwherev*=q’ y“Q andF,(0)=F,(0), sothere is no singu-

g2, and second, the extrapolation over the fgfl range. |ar behavior ag?=0. The form factor$(q?) andF(q?)
When both the parent and daughter quarks are heavy, as incan be associated with the exchange of particles with quan-
b—c/ " v decay, both aspects are easiest to treat, becaug¢m numbersJ=0" and JP=1", respectively (Wirbel

the form factors can be determined reasonably well in thest al, 1989. Another common way to write the current is
zero-recoil configuration and the range of the extrapolation =~ " _ 2 . s .

to other values 0§? is small. We shall compare the available (P’ (P )IVEP(p) =1 (a%)(p+p )+ (q%)(p—p")",

range ofg? and recoil velocities in various charm and bottom (82)
semileptonic decays, since this provides a guide to how reliwheref , (9% =F;(q?) and
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q° scribe the effect of strong interactions on the decay. The
Fo(g®)=f,(q%)+ Mz—z—f (9?). (83 higher the recoil velocity of the daughter quddt the lower
the value ofg?), the smaller the value of the form factor,
In practice, these expressions for the currents simplify, besince more momentum must be transferred to the light con-
cause the terms proportional ¢ are nearly always negli- stituents of the original hadron to form the new system.
gible, both here and for the case—V/v. The reason is Some of the models most frequently discussed are those of
that, in the limitm,—0, q“L ,=0, whereL , is the lepton  |sgur, Scora, Grinstein, and WigkSGW; Isguret al., 1989;
current. ThusP— P’/ is, to a very good approximation, |sgur and Wise, 1990bKdrner and SchulefKS; Korner and
described by only one form factd¥1(q”) when/'=e or  schyler, 1988, 1989, 1990; Ker, Schilcher, Wirbel, and
M Wu, 1990, and Wirbel, Stech, and BaugWSB: Wirbel
(P"(p")|VHP(p))=F1(g?)(p+p")* (84) et al, 1985; Bauer and Wirbel, 1989Scora(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 ISGW&cora and Isgur,
1994 is currently being completed. Although these papers
describe the models most commonly used in comparisons

For the proces®(Qq)—V(q')/ v, each term in the cur-
rent must be linear in the polarization vectoof the vector
meson. This requirement leads to the general f¥irbel
et al, 1985; Neubert, 1994c

(V(p’,&e)|V¥—A*P(p)) with data, there is a vast literature on this subject, and we
shall be able to reference only part of it in the following
2' ehreb ti We note here that useful discussions of model pre-
Mo €0 PaPaV(@) = (M+my)e* “Ag(q?) Soelons. . . e P
C M+my dictions can be found in the papers of Hagiwara, Martin, and
. &* g Wade (%989(;) Gilman and Singleton(1990; Krarr;;r a(|;d
ay” 2 u 2 Palmer(1990; Ramirez, Donoghue, and Burdm&h990;
" M JFmV(FH—p St )+2qu7q As(a) Burdman and Donoghu@ 992; and Yaouang¢1994).
£*-q Quark-model calculations estimate meson wave functions
—2my——q*Ag(g?), (850  and use them to compute the matrix elements that appear in
the hadronic currents. These integrals are performed by ana-
whereV#=q'y*Q, A“Za' ¥*vsQ, and lyzing the decay at a particular value @f, eitherg®=0 or
M — qzzqﬁm. One perspectivéin the spirit of HQET, as dis-
As(q?) = Al(qz)— A2(q2) (86)  cussed in the following sectigiis that the hadronic system is
2my least disturbed at high?, soqﬁmx is where the integrals are

with Ag(0)=A3(0). Again, terms proportional tg” only  most naturally evaluated. Historically, however, the conven-
play an important role for the cagé= 7. ThusP—V/vis  tionin charm decays has been to specify the form factors at

essentially described by three form factafs(q?), V(q?), d°=0.
andA,(g?): In quark-model calculations, the variation of the form fac-

, i A tors with g2 is determined as a separate step in the calcula-
(V(p',&)|V*=A*[P(p)) tion. In fact, this variation is usually assumed to have a very

2 ehvab simple form. Because the physics being described is nonper-
YT sjp;pﬁV(qz)—(M +my)e*“A1(g?) turbative, none of these phenomenological forms should be
v taken too seriously. One approach, used in the KS and WSB
e*. ) models, is called “nearest pole dominance,” which has its
M+m (p+p")*Ax(g). (87 origin in vector-dominance ideas. Here, th2 dependence
of a form factorf; is assumed to have the form

The form factorsA;(g?) andA,(g?) can be associated with
the exchange of a particle with quantum numb&fs=1+, (g?)= fi(0)
whereasv(g?) is associated wit”=1". We shall see later ' g° \"
[Egs.(116) and(115)] thatA; contributes to all three helicity 1- m20|e
components of the final-state vector megonthe W*), A, P
contributes only to the helicity-zero component, and?)

(88)

wheren is an integer, usually one for mesons. The pole mass
contributes only to the helicity-1 components. Mpole iS the mass of the lowest-lyin@q" meson with the

We now consider the information that can be obtained orflu@ntum numbers appropriate to & given part of the hadronic
the form factors from quark models, HQET, and nonpertur-current. Thus, for &—K* /v decay, the quark transition
bative methods and then return to the problem of computind$ ¢—$. S0 the pole mass for the vector form factor is equal
decay distributions. to Mp3.

The ISGW calculation is based on a nonrelativistic
constituent-quark potential model, with an assumed
Coulomb-plus-linear form fol(r). Such a calculation is

Numerous quark-model calculations have been performeéxpected to Work best near zero recoil, so the form factors
to determine form factors for exclusive decays, from whichare calculated ag?2,,,. The more problematic extrapolation
complete predictions for kinematic distributions and decayto larger recoils(lower g2) is performed by assuming an
rates follow. As we discussed in Sec. II.C, form factors de-exponential governed by a parameter representing the “tran-

2. Quark models
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TABLE XVI. Quark-model predictions for form-factor values for the dedy>D*/~v. The values are
given atqzzqrznax or g?>=0, depending on the model. For the WSB and KS models, which use pole forms
to parametrize th@? dependence of the form factors, the values of the expomemtd the pole masses in
Eq. (88) are also given. The? dependence of the form factors in the ISGW model is exponential, as
discussed in the text.

Form factor ISGW (02,00 WSB (g?=0) KS (g?=0)
Fy 1.13 0.69 (n=1) 0.7 (h=1)
v 1.19 0.71 (h=1) 0.7 h=1)
A, 1.06 0.69 (h=1) 0.7 h=2)
A, 0.94 0.65 (h=1) 0.7 h=2)
My (GeVic?) 6.34 6.34

M, (GeVic?) 6.73 6.34

sition charge radius” and aad hoc relativistic correction plots showA;(g?)/[1—q?% (mg+mp«)?]. The reason for

factor. The ISGW form factors foB—D*/ v, for ex- this choice is that in the heavy-quark symmetry limit all of

ample, all have the sang dependence, the curves shown would have the same sHape Eq(100

_ P 2 and Fig. 23. This is clearly not the case for the models

fi(0%) =fi(dmad ©XH —(0.03 GeV %c") (dnax= %) (89 discussed here, which preceded the development of HQET.

Note that the slope a2, 0.03 GeV %c*, is similar to the  In the following section, we shall see the same form factors

typlcal slope for the predictions based on a pole modelobtained from an HQET-based calculation.

1/mpo|e~ 1/(my+m,)?. It is not obvious that either type of expression for tife

As an example, we consider in more detail the model predependence is generally valid, since the physics underlying

dictions forB—D/~» andB—D* /"~ v decays. Table XVI the g2 dependence is inherently nonperturbative and difficult

lists the constants predicted in three models. Since the fund0 predict. The assumptions embodied in the models should

tional forms used are not identical, it is useful to comparetherefore be regarded only as reasonable approximations in

them visually, as in Fig. 22. It is clear that although thecertaln situations, in particular, when the available range of

predictions are roughly in the same range, there are signifid® iS not too Iarge The influence of a pole should be stron-

cant differences in both shape and normalization of the forngest Whenmpole is not very much larger tham?,,. In

factors. Instead of giving thg? dependence oA, these D—K/ v, the only semileptonic charm decay for which
the g% dependence of the form factor has been studied, the
data are well described by the form given in E§8) with

AR ARARE RARAD LARANARARE RARAS BN SARAN RN RARRI RARAS ERAR) RRANS n=1 and my,e=(2.00+0.12+0.18) GeVE? (see Sec.

14 - It Bsw 7] VI.B.1), which is consistent with the mass of tBg . Bur-

1_6 ‘IIIIIIIIIIIIIIII||||||||||

1.4
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? [GeV?]

FIG. 23. Theg? dependence of form factors iB—D/ v and
FIG. 22. The predictedj’> dependence of the form factors for B—D*/~ v according to an HQET-based calculation by Neubert.
B—D/ v andB—D*/ " v, according to three quark-model cal- The curves represenV (dot-dashef F, (dashedi f(g?A;
culations described in the text. From Neub€r®949, used with  (where f(g?)=[1—qg%(mg+mp+)]~1) (solid), and A, (dotted.
permission from M. Neubert. From Neuber{19949, used with permission from M. Neubert.
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TABLE XVII. Ranges of g and w for semileptonic decays of state heavy quarks have different masses, if they are suffi-
charm and bottom mesons. The variablés the relativistic factor  ciently heavy, only their velocities are important in charac-
x for the daughter mesoi, as measured in the rest frame of terizing the hadronic systems. Furthermore, in the heavy-

the parent meson. Note thay,, is the y factor at maximum re-  qyark limit, the velocity of a heavy-light meson is the same
coil velocity, which occurs at the minimum value of, g3;,~0. as that of the heavy quark inside it.

Decay G2 .~AG? (GeV’ic) Ay=ypu—1 Thus ins'gead of describipg;he form-factor variation of the
semileptonic decai — X/~ v in terms of the square of the
D—n/ v 2,97 5.70 four-momentum transfeq?, HQET calculations use the
D—K/"v 1.87 1.01 square of the four-velocity transfer, v{uv’)?
D—p/ v 1.20 0.42 = 2(1-v-v'), wherev andv’ are the four-velocities of the
DoK*/* v 0.94 0.28 initial and final hadrons. In fact, since the typical mass scale
- for the light constituents within the hadron i$qcp, the
Bom/ v 26.4 17.9 square of the four-momentum transferred to these constitu-
B—p/ v 203 2.51 ents during the decay must beA5¢cp(v —v')?, independent
B—D/ 7w 1.7 0.59 of the heavy-quark mass.
B—D*/"v 10.7 0.50 In the rest frame of the initial hadron, v’ has a simple
physical interpretation:
dman and Donoghuél992 provide a useful discussion of 1

the different assumptions regarding thé dependence of v-v'=yy= . (90)
form factors, and they advocate the use of more complicated v1-Bx%
form factors in certain decays in which the range of recoil

velocities is large, as iB— 7/ v. it ¥ “which is oft ledy i the literature. |
The available range of?> in a decay is a key quantity, ity v-v", WNICN IS oftén calledv ory In Ine literature, IS
dimensionless and ranges fromg=1 at minimum recoil to

since it gives an indication of whether there will be a large : 575 o
variation in the form factors. In general, the larger the varia-tN€ maximum value N1+ m;)/(2Mmy). It is linearly re-

2
tion, the less likely it is that predictions will be reliable over 'ated tog” by
the full range. Table XVII gives the? range for several

where By is the velocity of the final-state hadron. The quan-

processes of interest. For tie-u/~ v decaysB—p/ v Wep.p e X T 91)

andB— 7/ v, the range is large, since the initial meson is 2Mmy

heavy and the final mesons are very light. Model predictions

for these modes are not considered very reliable. It is inter®"

esting to compare?,,, with the relevant pole mass in some 2 2

of these decays. F@—K/ " v, g2,=1.87 Ge\¥/c*, while v —1= M (92)
iy i 2Mm

the mass squared of the lowest-lyimg vector meson is X

about 4 GeV/c*. In B—m/ v decay, one expects the
B* pole to strongly affect the region neqfnax, since the
pole is just beyond the upper boundary of the Dalitz plot.
However, theg? dependence at low?, far from the pole, is
probably not governed by the pole. Although comparison o
g2 ranges can be useful, we shall see in the following sectio
that it is preferable to study the velocity range of the recoil

In general, heavy-quark symmetry relations are useful if
the recoiling light constituents can only probe distances that
are large compared withrh, . Since the momentum transfer
fto the light constituents has the typical scale
r/1\QCD(v-v’—1), this condition is equivalent to the state-
ment ©-v'—1)<mg/Aqcp. If this condition is violated in
a certain region of phase space, then the quark under consid-
system. .

. . - eration cannot be regarded as heavy, and the form factors

More information on the form-factor predictions of these . .

will be much harder to predict there.

and oth_er mod_els for charm a}nd b_ottom decays, as W?" as Although one might be tempted to compare form factors
comparisons with data, are given in the following sect|onsf0r different processes at the same valugbfthe compari-
(see, for example, Tables XXVII, XXVIII, XLII, and P " part-
XLIV). son shoulq be made at the same For _example, at maxi-
mum recoil,q®>=0, but the recoil velocities aj*=0 can be
completely different in different processes. Table XVII gives
the rangesw= Syy=|8q%/2Mmy| for many of the semilep-
The form factors used in HQET are somewhat differenttonic decays of interest. The largest value occurs for
from those described in the previous section because, in thé— 7/ v, dw=17.9, so that the recoiling pion can become
limit of very heavy quark masses, the four-velocities of thehighly relativistic. In contrast, foB—D* /"~ v, the range is
hadrons, rather than their four-momenta, are the appropriat@uch smallerdw=0.5. This small range results in a rela-
quantities to use. According to HQET, the configuration oftively mild variation of the form factors, which is helpful in
the light constituents of a heavy-light hadron is not affectedhe extraction ofV.,| from B—D*/~ v (see Sec. VI.E}
by the replacement of a heavy quavq,s) with another The hadronic current foP— P’/ v is expressedlIsgur
heavy quarkQ’(vq,s’), where the heavy quarks have the and Wise, 1989, 1990a; Neubert and Rieckert, 1992; Falk
same four-velocityvo but different flavorsQ andQ’ and  and Neubert, 1993a; Neubert, 1994 terms of HQET
different spinss ands’. Even though the initial and final- form factorsh (v-v') andh_(v-v’):

3. Heavy-quark effective theory
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932 J. D. Richman and P. R. Burchat:

(P'(")|V¥|P())=VMmp.[h,(v-v")(v+v")*
+h_(v-v")(v—v")"],
and forP—V/ v the current is
(V(v',e)[(VF=A")[P(v))
= \/M_r‘r'lv[ihv(vm’)e"”“ﬁejv;vﬁ
—hAl(v-v')s*“(v-v'-l-l)

(93

+hA2(v~v')v“e*-v+hA3(v~v')v"‘s*-v]. (94)

In the heavy-quark symmetry limit(for example,

my,,m.—% in b—c/ "~ v), important simplifications occur:

h(w)=hy(w)=h, (W) =hp, (W)= &w), (99

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

h_(w)=h,,(W)=0. (96)

The Isgur-Wise function can also be regarded as the form

factor (in the heavy-quark symmetry limitfor the elastic

Leptonic and semileptonic decays

F1(a?)=R™*&(w), (99)
and forP—V/ v we have(also in the heavy-quark symme-
try limit)

Ai(g?)

q2

(M+my)?

We should like to be able to describe departures from the
heavy-quark symmetry limit, since significant departures are
expected, even irb—c/ v decays. Following Neubert
(19949, we define the form-factor ratios

hviw) [ @ V(@
ha, (W) (M+my)?]A(g?)’
ha (W) +(my/M)h (W)
ha, (W)
:[1_ q° Ax(9?)
(M+my)?|A(g?)
From Egs.(97) and (100 we see that these ratios are pre-

=R* "1&(w). (100

V(%) =A%) =
-

Ry(w)=

(101

scattering of the meson by a current that gives a kick to thelicted to be unity, independent of, in the heavy-quark
heavy quark, as discussed in Sec. II.C. We emphasize agagymmetry limit. Recent measurements from CLEO, dis-

that although heavy-quark symmetry provides the relationgussed in Sec. VI.E, have shown that these ratios are indeed
given in Egs.(95) and(96), it does not give the variation of ¢jose to unity forB—D* /" ».

&(v-v') itself.
Of great practical importance for measuripg,,| is the
result that, at zero recoil(=v -v'=yx=1), the light con-

stituents of the meson are essentially undisturbed by the
heavy-quark decay. In the heavy-quark symmetry limit, there

Many experiments have measured ratios of the traditional
form factors

V(@)
VEALDD)

Ax(9%)
and szA—
1

ok (102

is then a complete overlap between the initial and final me- . . '
son wave functions, and the value of the Isgur-Wise function’ hese quantities are usually assumed to be constant in the fit.

is known, &(1)=1. We discuss this result in more detail in However, in the heavy-quark symmetry limit, it is mgtand

Sec. VI.E.4.

r, that should be approximatety’ independent, buR; and

The HQET form factors are related to the traditional formRe- For charm decays, this consideration is not especially
factorsF,, V, A,, andA, by (Neubert and Rieckert, 1992; relevant, since the heavy-quark symmetry limit is not ex-

Neubert, 1994

2 M_mpr
RFy(@?)=h. (W)~ | =P (w),
R*V(g?) =hy(w),

w+1
R*AL(0%) = —5—ha, (W),

my

R* Aa(02)=hay(W) + 52 (W), (97)

where we have explicitly writtemp, andm,, instead ofm in

pected to hold, even approximately. F®rdecays, however,
the ratiosR; andR, are preferred. We have seen from Fig.
22 that the relativeg? dependence of the form factors for
B—D*/ v 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 calculatiofNeubert, 1994cshown 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 1m,, 1/m;, andag, which can be estimated in the

order to distinguish between the different masses for théramework of HQET. At the zero-recoil poiny= 1, the two

final-state mesons. The constaRsandR* are given by

~ 2yMmp, dR*_Z\/MmV 08
 M+mp an S M+my (98)

form factorshA1 andh, are protected againstrit}, 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-

The heavy-quark symmetry limit has not yet been imposediependent estimate of these corrections f&—D*/ v

on Eq.(97); it is generally valid.

gives (Neubert, 1994c

We can use these results to show how the traditional form

factorsF,, V, A;, and A, are themselves related to the

R,~1.3 andR,~0.8. (103

Isgur-Wise function in the heavy-quark symmetry limit. For Neubert argues that HQET predicts unambiguously Eat

P—P’'/v we have
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whereas the prediction fdR, is less certainLigeti et al, 2 ) w—1
1994; Neubert, 1994c In reality, bothR, and R, are ex- &(w)= wr1 & —(2p"-1) w+1/ !
pected to have a mild? (or w) dependence, 002
P
R;(w)=1.35-0.22w—1)+0.0qw—1)?, E(w)= )
w
Ry(w)=0.79+0.15w—1)— 0.04w—1)? (104
. . £(w)=ex —p?(w—1)], (108
in Neubert’s calculation and ) o o o
) 5 wherew=v-v’'. Experimentally, it is very difficult to distin-
R1(w)=1.15-0.0Aw—1)+(w—1)%, guish among such forms because the range &f so small.

_ _ S 132 There is currently almost no sensitivity to terms beyond the
Ro(wW)=0.91+ 0.04w—1)+A(w=1) (109 linear term in Eq.(107). More precisely, the quantity that
in the calculation by Close and Wambattf94a, 1994b  experiments are able to measure well is the average slope
Thus the symmetry breaking affects both the equality of theyver the entire range of (or g2).
form factors atw=1 and the equality of their slopes. It is  Although p? is difficult to calculate, it must be positive
important to_remember that a typical value of-1 in  and is expected to be roughly in the range 0.5 to 2.0. The
B°—D*"/ v is about 0.25, so the predicted variation of primary theoretical tools used to determine the Isgur-Wise
R; andR, with w is rather small. function are QCD sum rules, which are based on quark-
We should like to describd;, A,, andV in a way that hadron duality, and lattice QCD, in which a computer calcu-
conveniently parametrizes departures from the heavy-quardation is performed using a discrete space-time lattice. Table
symmetry limit. We use Eqg€97) and (101) to relate all of  XVIII gives several predictions fop2, which is defined as
the B—D* /"~ v form factors toh, (w): the slope at zero recoil, f@— D)/~ v. However, it is not
always obvious how to compage predictions from differ-
2 :[ _ q *—1 ent authors, due to differences in the definitions used. Such
A(q9)=|1 7|R* " "ha (W), : o )
(M+my) 1 differences range from renormalization effects to different
Ay(0?) = R,R* ~1h, (W) functions used in fits to results of lattice calculations. Simi-
2 2 A larly, the use of different fitting functions by experiments
V(9?) =R;R* ~th, (w). (106 results in a significant variation of the value pf quoted.
1 We shall discuss the Isgur-Wise function further in regard to
As written, these equations are exact, siRgeandR; are, in  measurements diV.,| (Sec. VI.LE.4 and theB—D*/" v
general, functions ofv. In the heavy-quark symmetry limit, form factors(Sec. VI.E.5.
R; and R,—1 andhAl(w)—>§(w), which gives Eq(100).
The estimates oR; andR, indicate that, to first approxima-
tion, it may be reasonable to treB; and R, as constants,

which, however, are not equal to unity due to symmetry- \We now consider the decay— P’/ v where P and P’
breaking effects. _ are both pseudoscalar mesons. Important examples are the

Ideally, one would test HQET by measuring tifedepen-  ckM-favored decaysD—~K/*v and B—~D/ v and the
dence of each of the form factors separately and then teStirGKM-suppressed decayp—m/*v and B—7w/"v. As
whether they are really all governed by a single function. Atyiscussed in Sec. VI.A.1, when, <M, the hadronic current
present, however, the data only allow the measurement gf, p_.p’/4 can be written in terms of one form factor
Ry, Ry, andh, (w) under the assumption that all form fac- g (g2)=¢, (g?),

tors are related as in Eq106), with R; and R, treated as

2

5. Decay distributions for P— P’ /v

“(q2) = 2 Ay
constants. These measurements are discussed in Sec. VI.E. H¥(@%) =1..(a%)(p+p")*, (109
where f, is a vector form factorp and p’ are the four-
4. Predictions for the slope of the Isgur-Wise function momenta of the initial and final mesons, respectively, and
g? is the squared mass of the virtudl. The differential

Although heavy—qgark symmetry rglates variqu; form fac'decay rate is given by
tors to é(w=v-v'), it does not predict the variation &f. ) 5
Nonperturbative methods, such as lattice QCD or QCD sum  dI’ GFIVquIZDP, .
rules, are needed to deal with the long-range, soft-gluon d_q2: T 24m3 [T (a)%, (110
strong interactions that the Isgur-Wise function describes. In o . )
the key decay mod®—D*/~ v, however, the range of whereQ andq’ are the initial and final-state quarks in the

v-v'=yp« is fairly small, 1 to 1.5. A Taylor expansion of underlying transitiorQ—gq'/'», andpe is the magnitude of
¢ aboutw=v-v' =1 is expected to work well over most of the three-momentum of the final-state mes$tnin the rest

this region: frame of P and is a function ofy? [Eq. (30)]. In fact, the

) 5 dominantg? dependence usually arises not from the falloff
§w)=1-pS(w=1)+(w=1)7]. (107 of the form factor agy? decreases, but from the?, term,

In the region of interest foB—D*/ v, the Isgur-Wise which enhances the rate latv g2. The angular distribution

function is thus characterized primarily by the slgfe Sev-  of the lepton in theV* rest frame is discussed in Sec. II.C.

eral plausible forms for the Isgur-Wise function are discussed The most commonly assumed functional forms for the

in the literature, such as g? dependence of the form factor are an exponential form
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f+(q2)= f+(0)eaq2 and a pole form f+(q2)= f.(0)/ 6. Decay distributions for P— V/ v

(1-g%M3). The pole masMp should not be confused  The decayP—V/ v, whereP is a pseudoscalar andis a

with the massM of the decaying particle(See Sec. VI.A.2  vector meson, is more complicated than the decay to another
for further discussion of form-factor modelOver theq?  pseudoscalar. The polarization vector of the me¥oieads
range accessible iD—K/ v andB—D/ v decays, the to a hadronic current with three form factdia the limit of

two functional forms given above are both linear to a goodzero charged-lepton massis we have seen in E(7). The
approximation. However, the larggf ranges in decays such most easily reconstructed semileptoilcand B decays in
asD—w/*v and B— a7/~ v result in more sensitivity to this category areD*—K*%/*p with K¥*>-K~ 7" and

the g2 dependence. B’ —D**/ v with D**—D%*. All of the final-state par-

By integrating Eq.(110) over the kinematically allowed ticles except the neutrino can be reconstructed with fairly
g° range and assuming a pole form for tifedependence of high efficiency. The two-body decays of the vector mesons to
the form factor with a pole mass of 2.1 G/ we can two pseudoscalark(*°—K™ 7" andD* *—D%:") can be
relate the total decay rate f@¥—Ke™ v, to the form factor ~used to measure the polarization of the vector meson.

atq?=0: Four independent kinematic variables completely describe
. 5 ) 0 -1 the semileptonic decaf?—V/ v, where the vector meson
I'(D—Ke"ve)=f,(0)[*|Vcd*(15.4¢ 10 s71). decays to two pseudoscalaké—P,P,. The four variables

(119 most commonly used a@? or w and the three angles shown
In Sec. VI.B.1, we use this result to extract(0) from the in Fig. 24. The angle, is measured in th&v* (or /'v) rest
measured decay rate for—K/ " v. frame, where the lepton and the neutrino are back to back: it
When velocities are used as the kinematic variables rathdf € polar angle between the charged lepton and the direc-

than momenta, as in HQET, two form factors enter into the!'oN OPPOSite to that of the vector meson. The angleis
differential rate: measured in the rest frame of the vector meson, where the

pseudoscalar®, and P, are back to back. In this frame,
dl(P—P'/v) GE|Vg|? b 3 3 0y is the polar angle between one of these mesons, say,
dw T (M+mp,)“mg, (w"—1) P,, and the direction of the vector meson in the parent me-
son’s rest frame. Although eith&; or P, can be chosen for
this definition, one must be careful to use a consistent choice
for the angley, which we define to be the azimuthal angle
between the projections of the momenta of the lepton and
(112 P, in the plane perpendicular to the decay axis.
Sinceh_ is not protected againstrhf corrections at zero The differential decay rate foP(Qq)—V(q'q)/ v,
recoil, the decayB—D/ " v is considered less useful for V—P;P, can be expressed in terms of these four kinematic
determining| V.| thanB—D*/ " v (see Sec. VI.E¥ The  variablesg?, 6,, 6, andy (Gilman and Singleton, 1990;
1/mq corrections may turn out to be small, however. Korner and Schuler, 1990

M_mpr

2
M +mp, h-(w)| .

X |hy(w)—

A (P—V/»,V—P,P,)
dg°d cos,d cosd, dy

3 pva® _ _
= WGE|Vq,Q|2Wﬁ(V—>Ple){(l— 7 €09,)? sirfOy|H ., (q%)|*+ (1+ 7 cosd,)? sinf6y|H_(g?)|?

+4 sirfd, cogby|Ho(q?)|2—47 sin,(1— 5 cosd,)sind, cosdy cosy H_(q?)H(g?)
+47 sind, (14 5 cosd,)sindy cosh, cosy H_(g%)Ho(q%) —2 sirfé, sirféy cos2y H. (q®)H_(g?)}, (113

wherepy, is the magnitude of the three-momentum\ofin and theW* must have the same helicity. The amplitudes for
the rest frame oP and is a function of? [see Eq(30)]. The  helicities 0, +1, and —1 are proportional toHy(q?),
factor 7 is equal to+ 1 for B decays and-1 for D decays. H_.(g?), andH_(qg?). The detailed dynamics of the had-
It is this factor that leads to the different lepton-energy dis-ronic current are described by the variation of these helicity
tributions for bottom and charm decays discussed in Seamplitudes withg?, which we have not yet specified. Equa-
II.C. Note that the angl®, is defined with respect to the tion (113 incorporates the/—A structure of the leptonic
direction of the virtualW in the parent rest frame; this ac- current, as well as the assumption that the mass of the
counts for the sign differences between our formula and cereharged lepton can be neglected. In general, there is a fourth
tain others in the literaturéKorner and Schuler, 1988 helicity amplitude corresponding to the timelike helicity
which user—6,. component of the virtudlV, but its contribution is negligible
Because the parent meson has spin zero, the vector mesahen the lepton mass is small. The differential decay-rate
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TABLE XVIII. Predictions for the slopep? of the Isgur-Wise

mgm
function from QCD sum-rule and lattice QCD calculations, for Ho(w)=(mg—mp+) EE(TD)*(W-F 1)ha, (W)

B—D®)/ .
Calculation Ref. p? w|1+ W;l)[l—Rz(w)] 117
Bjorken sum rule Bjorken, 1990 >0.25 1o
Blok and Shifman Blok and Shifman, 1998.7+0.25 and
\Voloshin sum rule \oloshin, 1992 B—D/ v: MgMp+
<0.75 H.. (W)= (mg—Mpx) \/—z—=(W+1)h, (W)
B—D*/~ » q°(w)
<115 A2wri?] | w1
Jin, Huang, and Dai Jiet al, 1992 1.00-1.10 XT 15 le(W)}, (118
Neubert Neubert, 1994c ~0.8
QCD spectral sum rules Narison, 1994a 1.00=0.02 wherer =mpx /mg. The termsw=1 are related t@? by
Lattice QCD Bernardet al, 1993 1.24+0.26+0.33 (Mg =+ mD*)z_qz
Lattice QCD Boothet al, 1994 1.2°9% wtl= (119

2mgMp

_ L . From inspection of these formulas, it is clear thavas 1,
formula for finite lepton mass is given, for example, in

Korner and Schule(1990. Ho andH.. are governed b, (w).

It is easy to understand the origin of most of the terms in_In the decay-rate formulgEq. (113], we also have the
Eq. (113. For example, in the case where the vector meso®verall kinematic factop,q®. The momentum can be ex-
and thew* have helicity+ 1, the decay angular distribution Pressed in terms ok by
of the charged lepton in thé/* rest frame is proportional to Pv=|Pos| = Mps VWZ— 1. (120

the Wignerd function,

X, —n (0)=0d1_1(6,)=(1/2)(1~cosh,). (114

Since\p+=+1 as well, the angular distribution of tHa
meson in the D* rest frame is given by

diD*,AD,xw(ov)zdio(ev)z—(1/ﬁ)sinav. These argu-

ments explain the angular dependence of the coefficient

the [H, (g?)|? term in Eq.(113.

It is interesting to analyze the or g? dependence of each
term contributing to the differential rate. All of the depen-
dence resides in thél;H; terms multiplied by the factor
pyg?, which form the coefficients of the angular terms in Eq.
(113. Figure 25 shows thev dependence of these coeffi-

Oq;ients, using as inputs the form factors measured by CLEO

for the decayB®—D* "/~ v (see Sec. VI.E6 Recall from

The helicity amplitudes can in turn be related to the twoEd- (91) that the minimum valuew=1, corresponds to

axial-vector form factorsi;(q?) andA,(q?), and the vector
form factorV(g?), which appear in the hadronic currdig.

(89)]:

1
Hol0%) = 5 g | (M= mi— @) (M my) Ay(a)
v

M?p3,
Jy/ P, 2
A e A ) (119
and
2Mp
H(0)=(M+my)AY(@) T e Vi) (116

The form factorsA;, A,, andV are dimensionless and rela-
tively real, sinceCP is conserved in these decays and there

are no final-state strong interactiofi€orner and Schuler,
1988. [PossibleC P-violating effects in semileptoni8 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, whileA, contributes
only to Hy andV contributes only tdH.., A; contributes to

all three helicity amplitudes. At high? (small py), each of
the helicity amplitudes is dominated By, .

a%=02. 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 atv=1. However, aw— 1, the rates
from the three possible helicities contribute equally, because
both the daughter meson and the virtWélare stationary in
the parent rest frame. As we discussed at the end of Sec. I,
this forces these particles to be unpolarized.

As w increases, we see that tHé term quickly begins to

FIG. 24. Definition of the angle®,,, 6,, and x in the decay
B—D* /" v. (These angles are used for aRy-V/ v in which the
vector meson decays into two pseudoscaldrse lepton and neu-
trino are drawn back to back because they are shown ikMtheest

We can also relate the helicity amplitudes to the set oframe. Similarly, theD and thew are shown in th®* rest frame.
form factors defined in HQET. Since this result is applicableln the literature, the anglé, is sometimes defined as the direction

mainly to the decayB—D* /"~ v, we write the result with
the relevant masses:

Rev. Mod. Phys., Vol. 67, No. 4, October 1995
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amplitudes[Egs. (115 and (116)] and typically dominates
the rate, it is natural to use the new variablgs=V/A; and
r,=A,/A; or in HQET,R; andR, 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 aré\g, the forward-backward asymmetry of the lep-
ton in theW rest frame,

1 .dr

(10" sec™)

r

0
_f,ld cosﬁ/d cosd,

1
f—ld cosa/d cos,

3(I_—T,)

KON e

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

—  2[pyg®|Hol?do? 1_2FL 1 (122
1= 2 2 Dda2  — ‘. b
FIG. 25. The predictedv dependence of different helicity combi- P fpva (|H,| +|H+| )dg Iy
natlons in the decaB—D* /" v. The curves show the quantities \yhere
= (GE|Vepl*pva?/967°M?)H;(q*)H;(g?), i,j=+,—,0, which s 12 )
appear as coefficients of the a_ngula_r factors in (E[q3). We have :GF|Vcb| do? Q_| Hi( 2)|2 (123
assumech—l 3 andR,=0.8, with a lineaw dependencéslope= i 9673 a py mZB i(q ’
p 2=1.0) for ha,- The overall scale is also determined by
V,=0.04. The SO|Id lines correspond to the terms that contribute tgnd
the total decay ratd’j; , i=j. The termd’;; , i # j, do not contrib- =Ty, I;=T,+T_ (124)

ute to the total decay rate because the angular functions that they

multiply in Eq. (113 integrate to zero. ThB* helicity can only be
zero at maximum recoilw=1.5); asw decreases, both helicity
—1 and+1 contribute, but helicity-1 dominates due to thé-A
coupling. At minimumD* recaoil, all three helicities contribute
equally, but phase space goes to zero.

dominate over théi% term. This result is expected from the
V—A nature of theW couplings, which leads to a higher

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
betweenH, and H_ is the sign of the coefficient of
V(g?), itis clear that the differencE_—T, is proportional
to an integral ove¥(q?). ThusAgg provides a measurement
of ry (or R; in the HQET picturg In contrast, the ratio of
longitudinal to transverse polarization is almost completely

pro_bgbility for the vector mesofand the virtual\N)_ to ha\_/e controlled byr, (or R, in the HQET version Roughly
helicity A = —1 than\ = + 1. (See Sec. I.C and Fig. 6This  speaking, therr,, (or R,) is determined from the c@s dis-
effect also produces a larger value for the interference termipution and the co&, vs x correlation, whereas, or

HoH_ than forHoH, at all values ofq® except the end (Rz) is determined from the c@s andg? distributions.
points. The CLEO measurements discussed in Sec. VIL.E.5

show clear effects in the correlation betwegrand co#,
due to this interference term.

At the other extremew=w,~1.5 org?=0, the recoil
velocity is maximum. The lepton and neutrino momenta are In this section, we present measurements of the decay
parallel in the rest frame d?, and their combined spin pro- rates and form factors fob—K/* v, D—K*/*», and
Ject|on along their direction of motion is zero. Hence only Ds— ¢/ "v. We also discuss experimental searches for
the HZ combination contributes in this limit. This point is semileptonicD decays to higher mass or nonresonant had-
also evident from inspection of Eqél15 and Eq.(116), ronic states and observations oDs—7/"v and
which show thatp,q?H2 remains finite agj>—0, whereas Ds— 7'/ "v. We compare the sum of exclusive semilep-
both pygq®H?2 andpyg®H?2 go to zero. tonic D decay rates to the inclusive rate in Sec. VI.D.

It is also instructive to examine the dependence of Eq.

(113 on the form factors themselves via the helicity ampli- 1. DK/t

tudes, Eqs(115 and(116). When the recoil of the hadronic .

system is smallyy~1), the terms proportional t#(q?) and The most precise experimental studieDof-K/* v have
A,(g?) can be neglected compared with those proportionabeen made for the mod2’— K~/ » because the final state
to A;(g?), which appear in all the helicity amplitudes. As a contains two easily reconstructed charged particles, both of
consequence, th&; form factor dominates the rate at large which are produced at thB decay point. In fixed-target
values ofg?. experiments, for example, thé™ /" vertex and the recon-

Since the form factoA;(g?) appears in all three helicity structed primary vertex are used to determine Ehdlight

B. Cabibbo-favored semileptonic decays
of charm mesons
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TABLE XIX. Measurements of the branching fraction fB°—K~/"v. 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 of B(D°—K /" v)
(lepton type mode branching fractions (%)

E691 (Anjos et al, 1989h 250 (e) D°-K-7*  0.91+0.07+0.11 3.65-0.54

CLEO (Crawfordet al., 1991 584 (e) DK 7™ 0.90+0.06+0.06 3.610.37

CLEO (Crawfordet al, 1991 231 (u) DO—K 7" 0.81+0.08+0.09 3.26:0.50

E687 (Frabettiet al, 19939 338 (u) DO—K 7™ 0.84+0.13+0.13 3.39-0.50

CLEO Il (Beanet al, 1993a 2700 E,u) D°—K 7" 0.978-0.027+0.044 3.9220.25

MARK IIl (Adler et al, 1989 56 (e) absolute 3.4+0.6

Average 3.71+0.19

direction, from which the neutrino momentum can be calcu- B(D°—K ™/ "v)=(3.74+0.20%. (125

lated, up to a quadratic ambiguity. In the decay
D*—K% ", on the other hand, the location of tBedecay ; , 0 - .
usually cannot be determined with adequate precision, Sincl%ranch!ng fraction forD _’K_ € Ve by the Mark Il Col-
only one-third of neutral kaons decay to charged particled2boration, based on a tagging technique. With correlated er-
through Kg— 7+ . Even then, aK will often decay 'OrS due to the branching fraction for the normalizing mode
: , 0 L :

downstream of the high-precision silicon detectors. InD”—K™ 7" taken into account, the average of all the mea-
e"e” experiments, such as CLEO, the efficiency for recon-surements in Table XIX is
;tructing aKlis significant!y I.ower than t.hat for rgconstruct- B(D°—K~/*»)=(3.71=0.19%. (126)
ing aK™ because of the limited branching fraction for neu- 0 e
tral kaons to decay to charged particles in the detector, andlSing the 1994 PDG value of ti2” lifetime (see Table 1),
because two charged tracks must be reconstructed. we calculate the corresponding decay rate to be

Because of the relatively large number of reconstructed  (p0_ k-, *,)=(8.94+0.47)x 101051, (127

D°— K~ /" v decays, and because the decay rate can be ex- _
pressed in terms of just one form factof,(q?), The decay mod® * — K%/ * v has been studied by three

D°—K~/"v is the only charm decay for which thg de-  experiments. The branching-ratio measurements are summa-
pendence of the form factor has been studied. Since the valyiized in Table XX. The E691 and CLEO Il measurements
of Vs is known independently, measurements of the decaj)ave been combined with the 1994 PDG values for
rate determine the overall normalization of the form factor. B(D*—=K ™= #") and B(D*—K°%r™), respectively, to
Measurements of thB®— K ~/* v branching fraction are extractB(D"—K°% *v). The average branching fraction,
shown in Table XIX, along with the number of signal eventsincluding the absolutely normalized Mark Il measurement,
and the type of lepton used in each study. In most experiis
ments, the branching fraction is measured relative to the to-
pologically similar modeD®— K~ 7. The average ratio of

Table XIX also lists a measurement of the absolute

B(D*—K%*v)=(6.6+0.9%.

branching fractions is When this is combined with the 1994 PDG value for the
b e :

B(D°—K~/*) D™ lifetime (iee Table lI], we obtain a decay rate of
BDOSK o) 0:93370.039. I(D*—K%/ " 1)=(6.2+0.9 X 1095 1. (129
Combined with the 1994 Particle Data Gro(PDG) value Isospin conservation implies that the rates for Cabibbo-
for B(D°—K~7") (see Table IlI, this gives a branching favored modes such aB°—K /*» and D*—K%*v
fraction of should be the same. Using Eq427) and(128), we obtain

TABLE XX. Measurements of the branching fraction for' — K% *». 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 oB(D*—K% * 1)
(lepton type mode branching fractions (%)
MARK Il (Bai et al, 1991 27 (e,m) absolute 6.6°15+0.7
E691(Anjos et al, 199 250 (e) D*—K #"#" 0.66-0.09:0.14 6.0-1.6
CLEO Il (Beanet al, 19933 186 (e,u) D*—KOo7* 2.60+0.35+0.26 7114
Average 6.6:0.9
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TABLE XXI. Measurements of the pole mas, from a fit of theq? dependence of the decay rate for
D°—K~/"v. Theq? dependence of the form factor is assumed td b@y?) = f, (0)/(1—g?/M3).

Experiment No. of events Mp (GeV)
(lepton type

E691 (Anjos et al, 1989h 250 () 2.1°33+0.2
CLEO (Crawfordet al, 1997 815 (e, ) 2183783
MARK IIl (Bai et al, 199) 56 (€) 1.8+0.3+0.2
E687 (Frabettiet al, 19939 338 () 21791197
CLEO Il (Beanet al, 19933 2700 (e, ) 2.00£0.12+0.18
Average 2.00+£0.15
[(D°—K /*»)/I'(DT— KO/ *1)=1.4+0.2, decay rate and the second error is from the uncertainty in the

) ) . g? dependencéMorrison and Richman, 1994This result is
roughly consistent with unity. If we average the rates for thegonsistent with theoretical predictions of quark-model, lattice
two isospin states, we obtain gauge, and QCD sum-rule calculations, which range from

T(D—K/*v)=(8.4+0.4x 10051, (129 0.6 to 0.9. Theoretical predictions for thiz—K/ " v form
) ] - factor are summarized and compared with the experimental
This rate will be compared to that f@—K*/"v in Sec.  measurement in Table XXVII below, along with the form
VI.B.3. 0 o _ factors forD—K* /* v, which are discussed in the next sec-
The sample ofD"—~K"/"» decay candidates from o, |y Taple XXVIII, the form factors are given at,.cand

;ﬁ&fig&%ﬁsl'ieé?j?r?;tf tﬁg?:g;”;gﬂg{g?;&%@ ?Q%atéompared with the theoretical predictions of 1ISGWggur
of the g? dependence of the form factbr. . We shall there- tal, 1989 and ISGW2(Scora and Isgur, 1994

fore describe the analysis in more detail here. The decay
D**—D%" is used to obtain a clean sample of
DK~ /"y decays, just as it is often used for
D°—K~#". The only difference is that thB° is not fully

reconstructed, due to the neutrino in the final state, which The largest and cleanest signals for the decay
broadens the peak in the distribution of mass differencey_,k*+, are extracted from fixed-target experiments in
AM=m(K/7)—m(K/). The signal-to-background ratio e modeD * —K*%/* 1. whereK*°—K 7. This mode

for the selected events is about 3.6. Figure 26 shows thg,g several advantages over the mBde-K* ~/* v, with
distribution of g%, which is measured with a resolution of K*~ K- 7° or K% . Eor theK~ =" /" v final state. all

about 0.24 GeV. The number of signal events in eagh ) , : :

o o O the particles in the final stai@xcept the neutrinoare long-
bin ° extracted by fitting th&M distribution. The shape of ;o4 charged particles that can be reconstructed more effi-
the g“ distribution is dominated by the factor of, in Eq. ciently than #%s or neutral kaons. The noncharm back-
(110, which suppresses the decay rate at lajgeThe form  ground can be studied with so-called *“wrong-sign”
factor itself increases roughly linearly by about a factor ofcandidates, in which the kaon charge is not consistent with
two over the kinematically allowed range @f. The result of  the lepton chargde.g., K™ 7~/ ").% This definition of a
a fit to the functional formf . (q*)=f,(0)/(1~q*M5) is  wrong-sign background is not possible with a neutral kaon in
shown in Table XXI, along with the measurementsMf  the final state.
from other experiments. The mean pole makg is some- Six experiments have measured the branching fraction for
what lower tharMpx =2.1 GeV. As an alternative to the pole p*—,K*%/*y relative to that for the topologically similar
form, CLEO also assumed the forim (q%)=f, (0)e*® and  hadronic modeD * —K ™7+ 7. Results are summarized in
fit for the parameter «. The measured value of Table XXIl. The average value of the ratio of branching frac-
a=(0.29+0.04+ 0.06) GeV ? is about one standard devia- tions is
tion higher than the value used in the ISGW modsbur —

108 deb B(D*—K*9/* 1)

etal, 1989. _ _ - —0.55+0.04.

The form-factor intercepf(0) can be extracted by inte- B(D"—K 7" #@™)

grating the differential decay rate for a particular assumptiorwhen combined with the 1994 PDG value for
for the g dependence of the form factor. Using the averageB(D+_)K—7T+7T+) (see Table I}, this gives a semileptonic
decay ratd’(D—K/ " v) given in Eq.(129), a pole form for branching fraction of ’

the g dependence witMp=2.1 GeVt?, and|V,.{=0.97,

we determine

2. D—K*/*v

®This technique requires that the kaon be independently identified
f.(0)=0.76+0.02+0.02 with a particle identification system such asrénkov detectors. If
the kaon is not identified, the wrong-sign combinatiéfi=*/~
can be used, but then the combination of hadr&risT* is no
from Eq. (112). The first error is from the uncertainty on the longer neutral.
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FIG. 26. Distribution ofg? for DK~ /*» candidates in the E B |
CLEO Il data: solid curve, the fit to signal plus background; dashed ga 40 .
curve, the combinatorial background; dotted curve, the contribution 2 | .F
from Dt —K*%/ "y decays. Theg? dependence is dominated by s $
the pﬁ,, factor in the differential decay rate. The form factor itself K 20 | + |
increases monotonically withi? by about a factor of two across the § + '
plot. w }ﬁ'ﬂ
] Lo Wy
B(D*—K*%/*v)=(5.0+0.5%. 125 150 175 2.0
With the 1994 PDG value for th * lifetime (see Table I, Minimum Parent Mass ~ (GeVi/c?)
the decay rate is
(DT —K*%/*p)=(4.7£0.4x 10" s~ 1, FIG. 27. Distributions foD * —K*°u* v, candidates from Fermi-

=~ lab E653:(a) K-t mass for candidates that pass the selection
0 /+
about 60% of that fob —K/ " . criteria, including a cut on the minimum parent mass between 1.60

The Mark Il Collaboration has measured the absoluteand 1.97 GeM¢2. The solid histogram corresponds to “right-sign”

branching fractions shown in Tables XXII and >_<X”| for combinations and the dashed histogram to combinations in which

both D* —K*%/*v andD°—K* /" ». The experimental the two hadrons have the same chae Minimum kinematically

uncertainties on the Mark Ill measurements are quite larg@ilowed parent mass for candidates passing the selection criteria,

compared with more recent measurements, so that they deacluding a cut ork =7 mass between 0.83 and 0.95 Ge%//The

not affect the averages significantly. points with error bars correspond to data. The dashed histogram
As discussed above, the decay mdd®—K* /v is  represents a Monte Carlo simulation®f —K*%x* v, . Redrawn

more difficult to study experimentally. The CLEO Collabo- from Kodamaet al. (19923.

TABLE XXII. Experimental measurements of the branching fractiondor— K*9/* p relative to that for
D*—K~#"#". 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(D*K*0/* 1) B(D*—K*% ") (%)
B(D*—=K n*7w™")

E691 (Anjos et al, 19892 e 0.49+0.04+£0.05 4.5-0.7
ARGUS (Albrechtet al, 1991h e 0.55+0.08+0.10 5.0:1.2
WAS82 (Adamovichet al, 199)) e 0.62+0.15+0.09 5.6:1.6

E653 (Kodamaet al, 1992h ) 0.48+0.07+0.08 4.4-1.0

E687 (Frabettiet al., 19933 )% 0.59+0.04=0.06 5.4£0.7
CLEO Il (Beanet al, 1993a e un 0.67+0.09+0.07 6.1+1.1

Mark Il (Bai et al, 1999 e absolute 5.8 19+0.6
Average 0.55+0.04 5.6:0.5
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TABLE XXIIl. Experimental measurements of the branching fraction@d—K* =/ " p.

Experiment Measured quantity Measured value B(D°—K*~/*v) (%)
CLEO I (Crawfordet al, 1991 B(D°—K*~/"v) 0.51+0.18+0.06 1.8:0.7
B(D°—K /"v)
CLEO Il (Beanet al, 1993a B(D°—K* /") 0.38+0.06+0.03 2.0:0.4
_ B(D°—K7*77)
Mark Il (Bai et al, 1999 absolute 4.4°13+0.6
Average 2.1+0.3

ration has measured the branching fraction for this moddirst used by the E691 Collaboratig@njos et al, 1990b;
relative to D°—K~/*v with CLEO | and relative to Schmidtet al, 1993. The likelihood of the data sample is
D%— K% "7~ with CLEO II. Results are shown in Table calculated, for any given set of theoretical parameters, by
XXIIl, along with the Mark Il measurement of the absolute computing the density of Monte Carlo events around each
branching fraction. Using the world average value fordata point, where the simulated events are distributed accord-
B(D°—K~ /") from the previous sectiofsee Table XIX  ing to the theoretical parameters under consideration. To
and the 1994 PDG value f@(D°—~K°7"7"), we derive  avoid the need to generate separate Monte Carlo samples for
the following world average semileptonic branching fraction:every set of theoretical parameters considered in the fit, a
B(D°—K* /" »)=(2.1+0.3%. single Monte Carlo sample is reweighted so that the
] weighted events give the correct density about each data
The coor.res'pon('jlng decay rate from the 1994 PDG value fopoint. As long as the Monte Carlo accurately simulates both
the D" lifetime is the detector and the charm production process, acceptance
[(D°—K*~/*1)=(4.9+0.8)x10° s L. and smearing effects are automatically incorporated in the fit.
TheD*—K*%u* v, sample from the E653 experiment is
shown in Fig. 27. Figure 2@ shows a cleak*° signal in
the K7 mass distribution. Because E653 has no detector for
fseparating kaons from pions, the kaon is identified as the

Isospin conservation implies that the partial widths for
Cabibbo-favored modes, such aB’—K* /*v and
DT —K*% "y, should be the same. The measured ratio o

decay rates is hadron with charge opposite that of the muon. K& is a
[(DO—K*~/*) broad resonance, so it is not practical to use sidebands to
=105 =1.0+0.2, estimate the background under the peak. Instead, back-

[(D"—=K**/"v) grounds are estimated with “wrong-sign” combinations in

and the world average rate for both isospin states is which the two hadrons have the same charge, shown as a

- 0.1 dashed histogram in Fig. 28. The minimum kinematically
[(D—K*/"v)=(4.7+0.4x10"s . (130 allowed decay mass, calculated from the invariant mass of
This will be compared with the rate fd —K/ " v in Sec. the charggd decay tracks arld the tr.ansyerse momentgm Im-

VI.B.3. balance with respect to the™ direction, is shown in Fig.

Ratios of form factors ry=V(0)/A,(0) and 27(b) for E653 data and for a Monte Carlo simulation of
(% . _
r,=A,(0)/A,(0) (see Sec. VAP have been extracted D —K*°/"v. A sample %‘;/2305 events with ™ 7" mass
from the observed multidimensional distributions of kine-P€tween 0.83 and 0.95 Ged// and minimum parent mass
matic variables for the decal;)*—ﬂz* 0%, by three Fer- between 1.60 and 1.97 Ged#/was used in the E653 analy-

milab fixed-target experiments: E69Anjos et al, 19900, sis of the form factors. Distrit_)utions of cégand cos, fqr .
E653 (Kodamget al P 19923, and QE&JW (Frabetti et atl) E653 data and for the best fit to the data are shown in Fig.
1993a. In these experiments, the neutrino momentum is de-28' IDZ'S"'?U“O”S of COQ\Z/ a”g' cos, are shown separately
termined up to a quadratic ambiguity from the direction offOr §°<0mg/2 and forg=> /2. _As_expected fr_or_n Egs.
flight of the D meson as determined by the measured posit113, (115, and(116), the decay distributions exhibit stron-

i 2
tions of theD production and decay points, and the measured®’ _coée\, and sif¢, components as? decreases anH
momenta of the charged decay products. To extract the forflominates. _ _
factors in bothD—K*/*» and B—D*/"» (see Sec The measured form-factor ratios for all three experiments,

VI.E.5), most experiments now employ an unbinnedalong with the number of signal events, are shown in Table

maximum-likelihood method that uses a Monte Carlo Simu_XXIV. The experimental average for each ratio is compared

lati | he likelin f iGhTh hni with theoretical predictions in Table XXV. As described in
ation to evaluate the likelihood functidtiThe tec nique was Sec. VI.A.6, the ratios of partial widths to differelt* po-

larization states can also be extracted from the form-factor

tios. The measured valuesbf /'y andI' . /T"_ are also

7 .
In these analyses, each of the three form factors is assumed [(% . . .
have a pole for% for the? dependence, witM p=2.1 GeVE2 for ~ SNOWN In Table XXIV. Early predictions of the ratio of lon-

the vector form factor andp=2.5 GeVL? for the axial form gitudinal to transvers&* polarization state§', /It were in

factors. the range 0.9 to 1.2. In the updated quark model ISGW2
8E687 uses a binned maximum-likelihood fit with three equal bins(Scora and Isgur, 1994the ratiol'| /T' is predicted to be
in cos,, three in co8,, and two ing>. 0.94, in fair agreement with the measured value of
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40 T | T T I T vector form factors, on the other hand, are in reasonable
- 0%/05c <05 1 [ 6%/03x <05 T agreement, for botD —K/ v andD—K* /.
30 — (@) In Table XXVIII, we extrapolate ta?,, the form factors

measured afj>=0, assuming a pole form for thg? depen-
dence withM p=2.1 GeVE? for the vector form factors and
Mp=2.5 GeVLt? for the axial form factors. Future measure-
ments of the form factors should be quotedjat,,, as well
as atgq?=0, since the value a2, is related to a single
universal form factor in HQET, up tdarge) 1/mq correc-
| 2/2 >05 _2/2 0.5 4 : 2_

97/ Omax . 9°/9max = V- tions. Form factors aj“=0, on the other hand, are the prod-

Events/0.2

30 (b} (d) — uct of the value ag?,, and a function that depends on the
dynamics of the final-state meson recoiling with maximum
20 momentum in the rest frame of the initial meson. In Table

XXVIII, we also give the form-factor predictions &, of
the ISGW(Isgur et al,, 1989 quark model and the updated

10~+ + -

B I 1 | + predictions of ISGW2Scora and Isgur, 1994The ISGW2
: ' ' ' model incorporates the constraints imposed by HQET, rela-
=1 0 1 -1 0 1 tivistic correction factors, hyperfine distortions of wave func-
cos6, COSGQ tions, and form factors with more realistic high-recoil behav-

ior. The updated predictions are in better agreement with the

FIG. 28. Projected distributions of the angular variales and data. The prediction forf_+(qr2na><) has shifted UP"V_arfj by
(b)] cosh, and[(c) and (d)] coss, for the E653 raw datdpoints ~ about 6% due to four different effects. The prediction for
with error bars and for Monte Carlo events with the best fit form- A1(dfna) has decreased by about 30%, largely due to a rela-
factor ratios(histogram for the decayDt—K*°/*v. Distribu-  tivistic correction. The prediction foAz(qﬁm) has moved
tions are shown fof(a) and (c)] q%/q%,=0.5 and[(b) and (d)] closer to the measured value, but the agreement is still not
0%/g2,4,>0.5. Redrawn from Kodamet al. (19923. 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,
1.23+0.13. The small value OF+ /T'_ is due to theV—A and rneasurements _of the ratio of decay rates

nature of thew coupling to the quarks. Experimental results I'(D—K*/*1)IT(D—K/*v), as we discuss in the next
are consistent with each other, given the size of the unceigction.

tainties on the measurements. The Fermilab E791 Collaboration has a sample of ap-

‘The world average partial decay rate for—K*/ v proximately 2000 candidate decays in each of the modes
given in Eq. (130 can be combined with the form-factor D" -K*%"y, and D* —K*% " v, . This data sample
-

ratios to extract the form factors themselves. The resultingpqyid result in measurements that are significantly more
values ofA;(0), A,(0), andV(0) are given in Table XXVI. precise than current results.

In Table XXVII, we compare the average measured values of

the form factors with the theoretical predictions from QCD- Ratio of I'(D—K*/* ) to '(D—K/"* )

inspired phenomenological models, lattice calculations, ang' '

QCD sum rules. Generally, the measured values of the axial Many experiments have directly measured the ratio of de-
form factors,A;(0) (which dominates the decay rateand cay rated’ (D —K* /" v)/T'(D—K/ " v). Theoretical mod-
A,(0), are lowcompared with theoretical predictions. The els usually predict this ratio more precisely than individual

TABLE XXIV. Parameters extracted from the decay distributions Bor—K*%/* »: the ratios of form
factorsry,=V(0)/A.(0) andr,=A,(0)/A(0), theratio of longitudinal to transverse polarization of the
K* (I'_/T'7), and the ratio of positive to negative transverse polarization oKthgI' . /T"_).

Experiment ry=V(0)/A1(0) r,=A,(0)/A(0) r /r't r,/mw.
(No. of event$

E691 (~200,€) 2.0+0.6+0.3 0.0-0.5+0.2 1.8°3%+0.3 0.1509+0.03
(Anjos et al, 1990bH

E653 (~300, 1) 2.0093+0.16  0.8232%+0.11 1.18-0.18:0.08 0.16-0.05+0.02
(Kodamaet al., 1992a

E687 (~900, 1) 1.74+0.27+0.28 0.78-0.18+0.10 1.26-0.13+0.13

(Frabettiet al,, 19933
Average 1.89+0.25 0.73:0.15 1.23:0.13 0.16£0.04
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decay rates. Moreover, systematic errors that contribute ttor Dg— ¢7*, and measurement of the form factors, which
the uncertainty in a measured decay rate sometimes cancel#an be compared with those f@*"—K*%/*v and with
the ratio. The measurements are summarized in Table XXIXtheoretical predictions.
The average value of 0.560.05 is considerably lower than  Measurements of (Dy— ¢/ " v)/IT'(Dg— ¢7"), sum-
the early quark mode(Wirbel et al, 1985; Altomari and marized in Table XXXI, yield an average value of
Wolfenstein, 1988, Kmer and Schuler, 1988; Isguat al,, 0.54+0.05. The absolute branching fraction fog— ¢7*
1989; Gilman and Singleton, 19p@nd lattice gaugéBer- s related to this measured ratio through the equation
nard et al, 1991, 1992, 1993; Lubicet al, 1992 predic-
tions, which lie in the range 0.9 to 1.2. N . [(Dg—¢pm™)
From Table XXVII, we see that the measured value of theB(Ds— &7 =B(Ds— ¢/ w) (D ¢/ v)’ (130
form factor forD—K/ " v is quite consistent with theoreti-
cal expectations. The inconsistency between experiment arlye now take advantage of the fact that theory can predict the
theory was predominantly in the decBy—K* /¥ v; the ob-  relative rates foDs— ¢/ v andD* —K*°/ " with rea-
served rate was lower than theoretical expectations. Theonable accuracy. The measutggandD " lifetimes can be
measured axial form factors in particular were lower than theused to relate the decay rates to branching fractions. There-
theoretically predicted values. As pointed out in Sec. VI.B.2fore we have the relation
and illustrated in Table XXVIII, the more recent ISGW2
(Scora and Isgur, 1994rediction forf, is higher and that — 7D,
for A, is lower. Therefore the ISGW2 prediction for ~ B(Ds— ¢/ v)=F-B(D'—K*%/" M (132
rD—K*/*»)IT'(D—K/*v) has decreased to 0.54, in
good agreement with measurement. where F is the theoretical prediction for
I['(Dg— ¢/ v)IT(D"—K*%/*v). A value of F=0.9
4. D decays to other Cabibbo-favored states +0.1 is consistent with the predictions of a number of theo-
Jists (Wirbel et al, 1985; Bauer and Wirbel, 1989; Isgur
etal, 1989; Scora, 1991, 1933 Using the value of
B(D*—K*%/*1)=(5.0+0.5)% from the previous section
Gand the ratio of |ifetimESTDS/TD+=O.44i 0.02 (Particle
Data Group, 1994 we predict B(Di—o¢7")
= (3.7+0.5=0.4)%, where the last uncertainty reflects the
range of theoretical predictions fér. This is consistent with
the upper limit of 4.1% that Mark Ill obtained from a
Two studies of the decad — ¢/ v are of interest: mea- double-tagging techniqu@dler et al,, 1990. It is also con-
surement of the branching fraction relative Bp— ¢, sistent with a BES measuremefBai et al, 1995 of

which can be used to extract an absolute branching fractioB(Ds— ¢ ")=(3.9"35 19% based on 417 single-

Results of the most sensitive direct searches for nonres
nant D—Kx/"v and D—Kww/ v decays, and for
D—K* /v decays are given in Table XXX. There is no
evidence for significant decay rates for Cabibbo-favore
modes other thaD —K/*» andD—K*/ " v.

5. De—d/ v

TABLE XXV. Theoretical predictions for ratios of form factors gt=0 for DK*/*y compared with
experimental measurements.

Reference ry=V(0)/A.(0) r,=A,(0)/A,(0)
Experimental average 1.89+0.25 0.73:0.15
Quark models

ISGW (Isguret al,, 1989 1.4 1.0
WSB (Wirbel et al,, 1985 1.4 1.3

KS (Korner 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 1.99+0.22+0.33 0.70.16+0.17
LMMS (Lubicz et al,, 1992 1.6x0.2 0.4:0.4
LANL (Bhattacharya and

Gupta, 1994a, 1994b 1.75+0.09 0.87:0.21
ELC (Abadaet al, 1999 1.3+0.2 0.60.3
APE (Allton et al, 1995 1.6+0.3 0.7+0.4
UKQCD (Nieveset al.,, 1994;

Bowler et al, 1994 1.4°33 0.9+0.2
Sum rules

BBD (Ball et al, 1999 2.2+0.2 1.2+0.2
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TABLE XXVI. Magnitudes of individual form factor#\;(0), A,(0), andV(0) in the decay
D*—K*%/ " for a decay rate of (D—K*/* v)=(4.7+0.4)x 102 s~ L.

Experiment A1(0) A,(0) V(0)

E691 ( Anjos et al, 1990b 0.50+0.07 0.6:0.2 1.0:0.3
E653 (Kodamaet al, 1992hH 0.58+0.07 0.47:0.14 1.2£0.3
E687 ( Culbertson, 1998 0.59+0.05 0.46-0.11 1.0:0.3
Average 0.56+0.04 0.3%:-0.08 1.20.2

taggedD,— ¢7* decays and two events in which bdlh,  sitely charged but identical particles. E653 monitors their
mesons are reconstructed in the mddlg— ¢7 ", or other  background witlK *K* /"~ candidates. E687 and CLEO use
hadronic modes for which the branching fractions relative tesidebands to thep peak; since thep resonance is much
D.— ¢m" have been measured. narrower than theK* resonance, sidebands to the' K~

It is important to measure the form factors in mass peak can be used to monitor the background level and
Ds— ¢/ " v because the theoretical models that predict theto incorporate the background in the fit.
ratio ['(Dg— ¢/ " v)/IT(D—K* /" v) [F in Eqg. (132] also Measurements of form factor ratios Bs— ¢/ v by
predict similar form factors for D—K*/*y» and [E653, E687, and CLEO are shown in Table XXXIl. The
D.— ¢/ " v. If the measured form factors are not consistentexperimental average of each ratio is consistent with the
there is further theoretical uncertainty on extracting the abvalue measured for the decay mo@s —K*%/* 1 (see
soluteD branching fractions from Eq132). Table XXIV), although the value of, for Dg— ¢/ " v is

Two fixed—target experiment&687 and E65Band CLEO  about two standard deviations high.
have now measured the form factors in the decay
D.— ¢/ v, albeit with large uncertainties. The statistical
errors are large because of limit& production in both
fixed-target and" e machines. Also, the background level |n D_ decays, the Cabibbo-favored semileptonic modes
is also considerably higher than that @F —K*%/*v. Un-  with a pseudoscalar in the final state dg¢— »/*v and
like the decay modeD*—K*°/ "y with K*O—K~ 7%, D¢ %'/ v. Both experiment E658odamaet al, 19933
there is no analogous “wrong-sign” mode f@,— ¢/ v  and CLEO Il (Battle et al, 1994 have evidence for these
that can be used to measure the noncharm background beéecays. The measured quantities are summarized in Table
cause thep is reconstructed in a final state with two oppo- XXXIII.

D,—n/"vand Dg—n'/"v

TABLE XXVII. Theoretical predictions for form factors a°=0 for DK/ v (f,) and forD—K*/*v (A1, Ay, V) compared with
experimental measurements.

f.(0) A1(0) A2(0) V(0)
Experimental average 0.76+0.03 0.56-0.04 0.3%-0.08 1.2-0.2
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 (Korner and Schuler, 1988 0.7 0.82 0.8 0.8
AW/GS (Altomari and
Wolfenstein, 1988; 0.7 0.8 0.6 1.5
Gilman and Singleton, 1990
Lattice gauge
BKS (Bernard
et al, 1991, 1992, 1993 0.9+0.1+0.2 0.8-0.1+0.2 0.6-0.1+0.2 1.4-0.5+0.5
LMMS (Lubicz et al,, 1992 0.63+0.08 0.53£0.03 0.2:0.2 0.9:0.1
LANL (Bhattacharya and
Gupta, 1994p 0.71+0.05 0.75-0.05 0.64-0.19 1.33:0.10
Wouppertal(Guskenet al, 1995 0.84+0.16 0.64-0.08 0.61-0.41 1.170.38
ELC (Abadaet al, 1999 0.60+0.15+0.07 0.64-0.16 0.41-0.28+0.04 0.86-0.24
APE (Allton et al, 1995 0.78+0.08 0.670.11 0.49-0.34 1.08-0.22
UKQCD (Nieveset al, 1994 0.67+0.08 0.70°5% 0.66'9.12 1.01°9%3
Sum rules
BBD (Ball et al,, 199) 0.60 0.5 0.6 1.1
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TABLE XXVIII. Theoretical predictions of ISGW and ISGW2 for form factors zxif:qrznaX for
D—K/*v (f,) and forD—K*/*v (A;, A,, V) compared with experimental measurements. Form fac-
tors measured at>=0 are extrapolated t(m,znaX assuming a pole form for thg? dependence with
Mp=2.1 GeVEt? for the vector form factors anM ,=2.5 GeV£t? for the axial form factors.

Reference f1 (Oad Ar(Gna) Ax(Tna) V(GFa
Experimental average 1.31+0.04 0.66-£0.05 0.46£0.09 1.4-0.3
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

E653 does not reconstruct the neutral particles in7ifte unexpectedly largéAlexanderet al, 1992a, 1992h Kamal,
7’ decays, but observes an enhancement inthe™ mass  Xu, and Czarneck{1993 used the factorization hypothesis
distribution just below they mass. E653 also sets an upperto predict B(Ds— (% or ')/ v)IB(Dg— ¢/ " v)~4,
limit (Kodama etal, 1993h) on B(D.— 7]’,u,+vlu)/ based on the related hadronic rates @t— 7p* and
B(Ds— ¢u " v,) by simply searching for secondary vertices Ds— 7'p " relative toDs— ¢7 " measured by CLEQAlex-
with four charged hadrons (from #»'—#"7" 7,7  anderetal, 1992a, 1992b

—atay, w7 7% with invariant mass less than 1 GeV/

c?, and an identified muon. C. Cabibbo-suppressed semileptonic decays of charm
CLEO reconstructs the decay modes—yy and |nesons
n'—nw* 7. For the modeD— /" v, the decay chain
D —Dgy, Ds— /" vis used to reduce the background. To  The ratio of Cabibbo-suppressed to Cabibbo-favored
increase efficiency in thBs— 5’/ * v analysis, theD? tag  semileptonic decays of tH2 meson to a pseudoscalar meson
is not used. in the final state can be used to determine the product of the
From Table XXXIIl, we see that the Cabibbo-favored ratio of Cabibbo-Kobayashi-Maskawa matrix elements
semileptonic decay rate of tH, to a pseudoscalar particle |V.4/V 4 and the ratio of form factors” (0)/fX (0). In par-
is larger than the rate to a vector particle, in agreement withicular,
experimental observations in the D system 0 _ 4 4 0.+
[B(D—K/"v)/B(D—K*/*v)=1.78+0.16)]. The ratio B(DO_’ T e ve) _,B(D" e ve)
of the decay rate to pseudoscalar mesons relative to vector B(D"—K~"e"ve) "B(D"—K %" ve)

mesons is about 1.5 standard deviations higher forOhe Vo |2[£7(0))2
than theD. The measured decay rates for nonleptonic = 7‘&‘ ( ; ) , (133
final states involving ary or %' are also observed to be Ves| | F5(0)

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

Experiment Measured Measured
ratio value
Mark Ill (Bai et al,, 199 [(D—K*/*v) 1.00+0.25
I'(D—K/*v)
E691 (Anjos et al, 1989b, 1990b, 1991 I'(D*—K*%*y,) 0.48+0.10
I'(D°—K e*vy)
E653 (Kodamaet al., 19928 I(D*—K*°u*v,) 0.43+0.09+0.09
F(D0—>l§_u+vﬂ)
E687 (Frabettiet al, 19939 F(D+HK*0M+VM) 0.61+0.10+0.13
F(DOHK7ﬂ+V”)
CLEO (Crawfordet al, 1997 I'(D'—K* et vy) 0.51+0.18+0.06
T'(D°—K e vy)
CLEO Il (Beanet al, 19933 [(D°—K*~e*py) 0.60+0.09+0.07
I'(D°—K et vy)
CLEO Il (Beanet al, 19932 F(D*—»R*Oe* Ve) 0.65+0.09+0.10
F(D+—>Izoe+ve)
Average T(D—K*/*v) 0.56+0.05
I'(D—K/*v)

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



J. D. Richman and P. R. Burchat: Leptonic and semileptonic decays 945

TABLE XXX. Results of direct searches for nonreson@dR) hadronic states and higher-multiplicity reso-
nances in semileptoni® decays. All quoted limits correspond to 90% confidence level.

Experiment Decay mode Branching Decay rate
fraction (%) (10°%s71
E691 (Anjos et al, 19893 D"—(K 7")yre" ve <0.7 <0.7
E687 (Frabettiet al., 19933 D= (K 7" )nri ' v, <0.4 <0.4
E691 (Anjos et al, 1992 D*—K*me’ v, all charges <12 <1.1
E687 (Frabettiet al, 19933 D —K*Om%u* v, <0.2 <0.2
E691 (Anjos et al, 1992 D" —(Kw)yrmeve, all charges <0.9 <0.9
E653 (Kodamaet al, 1993 DO—K 77 uty, <0.13 <0.3
E653 (Kodamaet al., 1993h DO—(K*m) utv, <0.15 <0.4

TABLE XXXI. Measurements of the decay rate fBr,— ¢/ " v relative to that forDg— ¢7. 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 I'(Dg— ¢/ v)IT(Dg— pm™)
(lepton type

E691 (Anjos et al, 1990a no signal €) <0.45
CLEO (Alexanderet al, 1990 54+11 (e,u) 0.49+0.10"319
ARGUS (Albrechtet al, 1991b 104+ 26 (e) 0.57+0.15+0.15
E687 (Frabettiet al, 19930 9728 (u) 0.61+0.18+0.07
CLEO Il (Butler et al, 1994 367+27 (e,u) 0.54=0.05+0.04
Average 0.54+0.05

TABLE XXXII. Measurements of the form factors for the decBy— ¢/ * v.

Experiment No. of events Variables ry= r,= r /me
(lepton type used in analysis  V(0)/A,(0)  A,(0)/A,(0)

E653 (Kodama 19(1) cos,, cosy, q°  2.3'35+0.4  2.1'58+0.2 0.54+0.21+0.10
et al, 1993a

E687 (Frabetti 90 (u) cosd,, cody, g%, x 1.8+0.9+0.2 1.1-0.8+0.1 1.0+0.5-0.1
et al, 1999

CLEO Il (Avery 308 (€) cos,, |[cosh), g> 0.9+0.6+0.3 1.40.5+0.3 1.0:0.3x0.2
et al, 1994b

Average 1.4+0.5 1.6-04 1.0£0.3
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TABLE XXXIIl. Measurements of the branching fraction f@r.— /v andD— 7'/ v relative to that
for Dg— ¢/ Fv.

Experiment B(De— 7/ " v) B(D— 75/t v) B(De—(n or 9')/ " v)
B(D—¢/ v) B(Ds—o/ v) B(Dg— ¢/ " v)
E653 (Kodamaet al, 1993a, 1993b <1.6 3.9:1.6
CLEO i (prelim) 1.74+0.34+0.24  0.7191%:008 2.46+0.39+0.26
(Battle et al,, 1999
Average 2.6x0.5

where the factor of 2 difference between the two ratios arisemesons are summarized and compared with the inclusive
from the 142 coupling ofdd to the =°. decay rate. For the Cabibbo-suppressed modes, we have as-
CLEO uses the decap* *—D " #° to tag 58 Cabibbo- sumed the rate predicted in the ISGW2 mo¢®tora and
suppressed " — 7%/ v decays(Alam et al, 1993. The Isgur, 1994. This rate is about 20% lower than the rate pre-
branching ratio relative to the Cabibbo-favored decaydicted by Wirbelet al. (1985, which is sometimes cited in
D*—-K% "y was measured to beB(D"— 7% "v)/ the literature. The exclusive rates account (84+5)% of

B(D"—K% *v)=0.0850.027+0.014, leading to the inclusive rate. The inclusive rate exceeds the sum of the
V. I2[£7(0))2 exclusive rates by (2:70.9)x 10'° s~ . Recall from Table
‘ﬂ (E_) =0.085+0.027+0.014. XXX that the upper limits for decayorates to other nonreso-
Ves| | F2(0) nant and higher-mass modes ad0'° s ! each. Therefore

More recently, CLEO has used a similar technique for thdhe Semileptonic decays @ mesons may be saturated by
modeD°— 7~ /v (Butler et al, 1995. From a signal of the Cabibbo-favored and Cabibbo-suppressed decays to a

87+33 D°—w /*v decays, they extract B(D®  Single vector or pseudoscalar meson, although a discrepancy
— 7~/ v)IB(D°—K~/*1)=0.103-0.039+0.013, lead- Of three standard deviations remains between the inclusive

ing to rate and the sum of the exclusive rates.
2l ¢w 2 Historically, theoretical predictions for the rate of decay to
‘E (f+(0)) —0.052+0.020* 0.007 a vector meson relative to a pseudoscalar have been higher
Vel | £5(0) ' ' T than the measured valuSec. VI.B.3. Measurements of

These results can be compared with the Mark I measuref-orm factors indicated that this discrepancy was mainly due

0.038, to smaller measured axial form factors( and A;) than
mue;r:fif‘dli;ztegl"oﬁg?of 0;085?0-0;7@0;); ggit |t<h,e eiame were predicted by theorgTable XXVII). More recent theo-
9 Y, De , T = Ve Ve retical predictions are in better agreement with the experi-
events. UsingV q/V.{“=0.051+0.002 from the unitarity mental resultgsee Table XXVII)

of the CKM matrix, we can use the average of the Mark Ill . )

; SemileptonidD decays appear to follow the patterndf

and CLEO measurements to extract the ratio of form factors : . ' .
decays, both in terms of form-factor ratios and in the relative

f7(0)/fX(0)=1.2+0.3. decay rates to pseudoscalar and vector mesons.

This result is consistent with theoretical predictions, which
range from 0.7 to 1.4Lepage and Brodsky, 1980; Bauer . . i
et al, 1987; Dominguez, 1988; Alieet al, 1989; Crisafulli £ EXxclusive b—c semileptonic decays of B mesons and
et al,, 1989; Isguret al,, 1989; Lubiczet al, 1992; Narison, [Ves|
1994h. 1. Overview and experimental techniques

The E653 Collaboration has observed a signal of 40
events in the mod® *—p°u* v, (Kodamaet al, 19939.
The measured decay rate relative to the correspondinﬂ
Cabibbo-favored mode is

The decays8— X,/ v, where X, is a hadronic system
ith charm, account for 98% to 99% of the todmeson

TABLE XXXIV. Summary of measured semileptonic decay rates

B(ID"—=p%utw for D mesons. The rate for Cabibbo-suppressed modes is based
( p M ,4) 0.031, S

0 o =0.044 3055+ 0.014. on predictions of the ISGW2 modéScora and Isgur, 1994No
B(D"—K* u"v,) theoretical uncertainty has been included for the Cabibbo-

The central value for this measurement is about half thgUPPressed rate.
90%-confidence-level limit previously reported by the Mark

Il Collaboration (Bai et al, 1991. A model by Scora and D€cay mode Decay rate (18 s™")
Isgur (1999 pz)redicts that the measured ratio should equal, -+, 8.4+0.4
gllc)Afoav\e/Cd/VCS' =0.022, consistent with the value given Do K* 47404
) D—(m 7 ,p,0)/ v 0.7
D. Summary of exclusive charm decays Total exclusive rate 13.8£06
Inclusive rate 16.5+0.7

In Table XXXIV, exclusive semileptonic decay rates for
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TABLE XXXV. B semileptonic decays to final states with charm. Measurements at(#®) assume that
f,_=fu=0.5, wheref , _=B(Y(4S)—B"B™) andf,=B(Y(4S)—B°B%). Measurements with an aster-

isk (*) have been updated to reflect more recent valueB @nd D* branching fractions. Those with a
dagger (T) used earl* branching fractions, but, due to the complexity of the analysis procedure, are
difficult to correct. We also list averages BP—D**/~v andB~—D*% "~ v branching fractions, whereas

for B>~D "/~ v we recommend using the ARGUS measurement only, since the CLEO | measurement is not
corrected. In quoting the ALEPH and OPAL results, we have assiBtled-B®) =B(b—B~)=0.4 (with no
uncertainty at theZ. The charge of th& meson is not determined in the decaysPtavave mesons from

LEP, sinceX may be a charged particle, but chf and D’z*O states are probably produced in charded
decays and most chargéd andD? ™ states in neutraB 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 dB— D** /v assumes a set @** states distributed according to the ISGW model.

Branching fraction

Mode Experiment Reference (%)
B~D*/ ¥ ARGUS* Albrechtet al, 1989b 2.0+0.7+0.6
B—D*/" v CLEO I Fultonet al, 1991 1.8+0.6=0.3
B-—D% v CLEO It Fultonet al, 1991 1.6+0.6=0.3
BO—D**/ v ARGUS* Albrechtet al, 1993c 4.7+0.5+0.5
B°—D**/ v ARGUS (part. rec) Albrechtet al, 1994a 45+0.3=04
B’-D**/ v CLEO I* Bortoletto et al., 1989 4.0+0.4+0.6
B'—D**/ v ALEPH (prelim.) ALEPH Collaboration, 1994 5.36+0.50+0.76
B°—D**/ v CLEO Il Barishet al, 1995 4.49+0.32+0.39
BY=D**/ v Average 4.53+0.32
B~ —D*%/"» ARGUS* Albrechtet al, 1992a 6.6+1.6=1.5
B —D*%/"v CLEO I Fultonet al, 1991 4.1+0.8" 33
B~ —D*%/"» CLEO Il Barishet al, 1995 5.13+0.54+0.64
B —D*% v Average 5.34+0.80
B—D**# /" vX ALEPH Buskulicet al,, 1995b 0.93+0.25+0.18
B—DJ(2420)y " vX ALEPH Buskulicet al, 1995b 0.51+0.15+0.09
xDY(2420)~D* * 7~
1 _
BHD*ZOO(2460)/’7 vX ALEPH Buskulicet al., 1995b <0.20@95% C.L.
X D3°(2460)—~D* * 7~
B—>D%°(2460)//’ X OPAL (prelim) Akers et al, 1995 0.40+0.18+0.08
X D3°(2460)—~D "7~
B— D3 (2460) " vX OPAL (prelim) Akerset al, 1995 1.1+0.3°9%
X D3} *(2460)—D%*
BO—D***/7 1 ARGUS Albrechtet al,, 1993c 2.5+0.5+0.5

semileptonic ratésee Sec. V.E An overall picture of exclu- well as an excellent environment for testing the predictions

sive B— X/~ v decays can be obtained from Table XXXV, of HQET through form-factor measurements. Although the

which lists the branching fractions measured thus far. branching fraction foB— D/~ v is also relatively large, its
Several features stand out from an inspection of Tablevalue is not well known. However, all of the published mea-

XXXV. Together, the decay8—D/ v and B—D*/ v

account for only 60% to 70% of the inclusive semileptoniCyyg, £ xyxvi, partial widths for B—~D/~ 7 and B—D*/" ¥

rate. This result contrasts with the situation in decays, decays. The uncertainties include the errors on the individual

where D—K/*v and D—K*/"v nearly saturate the charged and neutr&-meson lifetimes, as listed in Table Ill. The

Cabibbo-favored rate. Furthermore, theoretical calculationgate forB~—D%/ v is marked with a dagger (1) because the

had predicted thaB—D/~ v and B—D*/ v would ac- associated branching-fraction measurement could not be adequately

count for most of the semileptonic ratgoloshin and Shif- corrected for changes i andD* branching-fraction results.

man, 1988; Isguet al, 1989; Colangelet al, 1992. The

decayB—D* /"~ v has the largest branching fraction of any Mode I/(10° s
semileptonic modéin fact, of any exclusivd8 decay, andit go_.p+,/-» 1.3+0.6
is the only semileptonic mode whose branching fraction hag-_,po, -5 1.0+0.4"
been precisely measured. Due to a fortunate convergence Bﬁ—>D*+/"E 3.0+0.3

experimental and theoretical advantages; D* /v offers

: B-—D*% v 3.5+0.6
what may well be the best method for determinjig,|, as — Y
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TABLE XXXVII. Predictions for exclusiveB’—X.q/ v decays At the Y (4S), there is the additional difficulty that each
from the ISGW2 model. The quantum numbers of the final-stateevent contains tw® mesons, each decaying nearly at rest in
charm meson are expressed in the heavy-quark symmetry notatiqRe |ab frame. AD* */~ pair, for example, can originate
n!“Ly, wheren is the radial quantum numbsi; is the total angu- from B—D* */~ 7. but the same correlation of charges can

lar momentum of the light degrees of freedoln,is their orbital . * .
angular momentum, and is the total spin of the meson. The also arise if theD* and the lepton are produced in the decay

masses in parenthesis are expectations for unobserved particles. chains of differenB’s: either the lepton from the othd is

j = = > = — secondary, or it is primary anB°B° mixing has occurred.

ML (Xea) M(Xca) Gevic I'(B'—Xeq/ " v) Fortunately, there are a number of powerful techniques for
([Vep|?10® s71)  establishing semileptonic signals. At thg4S), the energy

of the B meson is knownEg= E.,, Using this constraint

112 1.87 1.42 ,
11/220 201 281 and the four-vectors for the candidate lepton and daughter
13/2P1 2'42 0'20 hadron, one can determine whether the measured four-
32 ' ' vectors are consistent with a missing neutrino. In a
13/2p, 2.46 0.10 . o=
112p (2.40 0.03 B—D* /" v decay, for example, one can calculate the mass
11’2P0 (2'49) 0'04 of the particles recoiling against ti¥* /"~ system under the
21/2301 (2'5& 0.00 assumption that the observé& and lepton are produced

' ' from a singleB meson:
2%%s, (2.69 0.06 9

2 _

Total 4.66 Piss= (Ps— Ppx /)?

2
:mé+mD*/_ZEBED*/+2|pB||pD*/|COS9B,D*/7

surements oB—D/ "~ v are old, and improvements should (134)
be forthcoming. The vector-to-pseudoscalar ratio, . i
I'(B—D*/ 1)I[(B—D/ »)~23, is very differert yvherepD*/= Pox+ P,/ . If the hypot_heS|s is cqrre(tthgt is,
from the analogous ratio in charm semileptonic decays_!f the only other pargcle przoduced in t'h.e semileptonic decay
I'(D—K*/*)IT(D—K/*1v)~0.6. The ratio fo semi- IS @ neutring, thenpy,is= p,,=0_. If addltlon_al daughter par-
leptonic decays is in accord with most theoretical predic-licles are produced, such as pions, .tlpé,rigsmcreases. How-
tions, unlike that for charm decays. For example, Neuber€Ver, there is not enough information to calculpfges ex-
(19949 predicts a ratio of 2.79 fops =0.8 and 3.0 for acﬂy, becil\lse the direction thtm‘mgoég;e”t‘ém vectorhls
2 . unknown. As a consequence, the angigy«, between the
pAl__l'l’ Wh'lle the ISGW2 mode(IScc_)ra and Isggr, 1994 B- and the D* + /)-momentum directions is also unknown.
predicts a ratio of 2.6. Table XXXVl lists the partial widths Fortunately, the magnitude of thB momentum at the
for B—DI"» andB—D*|"v. Finally, we note that the de- y(4s) is fairly small, |pg|=330 MeVLk, so that one can
cays to orbitally excited charm mesons, including thejgnore the last term in Eq134) to good approximation. The
D,(2420) andD3 (2460), represent a significant and poorly quantity
understood part of the semileptonic rate. Rapid progress is 5 > 2
being made in this area by the LEP experiments. Amode that Mmiss<=Ma+ My, —2EgEp«, (135

is not listed, but which may be significafiChengetal, i peaks near zero when the neutrino is the only missing
1993, is B— D/~ v, where the hadronic part of the final aricie, although there is significant smearitaf typical
state is nonresonant. For reference, we include in Tablgj,o AM2. ~0.5 GeV¥/c?) due to our approximation. An

.. . miss
)EEXX)\(/ I/I/_ t_hgecg;idlctlons of ISGW2 for exclusive alternative way to use Eq134), requiring no approxima-
— XV .

tions, is to setpﬁﬂsszo and solve for cos p« . If the hy-

diﬁ?fj??ﬁggcttrg: 8]]: ﬁ;glrlfjsr:\ilce dsscn;llipé%rg;ucsizc{ahy: r'f(’el:?r?rr]%othesis is corredtthat is, if the only other particle in thB
Y ecay is a neutring then coggp«, must lie in the range

cannot be directly observed. Furthermore, an identified lep-

ton and a reconstructd® meson do not in themselves con- 1 to + 1. If there are additional particles produced in Bhe
stitute evidence for the decdD* /"~ », since such com- decay, however, then the value of égg« calculated in this

binations could arise from several other sources. The actu vYay often takes on nonphysical values, and such candidates

— %an be rejected
decay could bd8—D** /"~ v, followed byD** —D* 7, or ) :
it could beB— D* 77/~ v, in which theD* 7 system is non- Recently, a new approach has been used by CLEO in the

o . ++ ,——  Mmeasurement dB— m/~ v. Here it was possible to use the
[ﬁiggigé //'Scl:rg:lnat;matiboor:srﬁh_z;?c% nl;in?ir::d&i_lst/)f‘ Z/sigv- missing—momentum vector in the event to estimate the neu-
nal ' tnnp four-momgntum, ar_wd the.n to reconstrud® aass peak
' as in a hadronic analysis. This approach appears to be very

promising and will be applied to exclusi&— X,/ v de-

°One might guess from simple spin counting that this ratio, in thecfayS as. well. In qdd|t|on to these tech'nlque.s, sevgral other
LY ' kinematic properties can be used to identify semileptonic
limit of identical masses for the vector and pseudoscalar mesons . - .
might be equal to three. This argument is not correct because th%ecays at thé.{.(48)' which we discuss further in the sec-
three helicity states for the vector meson have very different prob:[Ions on specific modes. _

abilities, which are determined by the detailed physics of the under- Experiments usingZ—bb cannot impose a strict beam-
lying weak couplings as well as the form factors. energy constraint, because thdadron does not necessarily
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FIG. 29. Distributions of the missing mass squared recoiling |

against theD/~ system, generated with the CLEO Monte Carlo. T rh

These shapes are used in extracting the ratéferD/ ~ v: solid 45 80 45 0 15 30

line, B—D/ v, dashed line, B—~D*/"v; dotted line, Missing Mass Squared (GeVZ/c?)

B—D** /" v; dot-dashed line,B—D(D*)X, B—Y/ v. All

curves are normali_zed to the same area. In the measurement of thgg 30 Missing-mass-squared distributions for the CLEO I

rate forB—D*/"», one computes the missing mass squared reg_,p -3 analysis. The points with error bars are data after sub-

coiling against thed* /"~ system. traction of the contribution from events containing fake leptons and
events in which th® and the lepton are real but are from different

. . . B mesons{a) distribution forD%/~ combinations{b) distribution
receive the full beam energy in the fragmentation PrOCESS, b+~ combinations. The total fit is broken down into the con-

HOWE\éer_i_rt]P;Erﬁ a(;e other velzry effelct!velw?ys todr_educe bgch'ributions displayed in Fig. 29. Note that the contribution from the
ground. . adron travg s a relatively arge_ 'Sta”‘?e ,e'B—>D/’§signaI(Iower solid line in each plgtis small compared
fore decaying, so that precise vertex-detector information is ;i the backgrounds in thB% ~ channel and comparable to the

powerful tool for associating-decay tracks. In addition, the p4ckgrounds in thd*/~ channel. Redrawn from Fultost al.
jet structure of the event separates the tracks from thebtwo (1997).

hadrons into different regions of the solid angle, so that the

problem of overlapping decay products from thbadrons is
much reduced. servedD/ ™~ system for various decay hypotheses. Figures

30 and 31 show data from CLEO | and ARGUS.
Measurements oB—D/ v from ARGUS (Albrecht
et al, 19899 and CLEO(Fulton et al, 1991 are listed in
Table XXXV. The published values are in general somewhat
Although the decayB—D/ v has a substantial branch- different from those in the table, because there have been
ing fraction, measurements to date have suffered from larggignificant changes in measur@and D* branching frac-
statistical errors, as well as difficulty with background fromtions since the original publication§The D* branching
B—D*/ v, whereD* —D or D* —~Dv. AlthoughD%s  fractions are needed for background calculatiprstone
are easier to reconstruct thBri'’s, there is more background (1993 has used more receB* andD branching fractions
for B-—D% v thanB°—~D "/~ 7 because alD*° decays  (Adler et al, 1988a; Butlert al, 1992; Akeribet al, 1993
and about two-thirds oD** decays produced®s. The to correct these measurements when the original publication
lepton-energy spectrum froB— D/~ ¥ is softer than that contains sufficient information. Morrison and Richman
for B>D*/ v (see Sec. Il.Cand does not provide a par- (1994 have used a similar procedure, together with he
ticularly useful tool for isolating 8—D/ "~ v signal. At the and D* branching fractions given in Table Ill. The
Y (4S), the two best variables for this purpose are the moB—D7/ v values given in Table XXXV are obtained from
mentum of theD meson, which is substantially harder for Morrison and Richman. Unfortunately, it is not possible to
D’s from B—D/ " than for those fronrB—D*/"», and correct all of the early measurements, since inadequate infor-
the missing mass of the system recoiling against@xé~  Mation is given in the papers, and in other cases some judg-
system, defined analogously to E435. (The D momen- Mment is _required. It should be possible to measure
tum is typically hard because th®-wave effect in B—>D/“V_much better now that the background process
P—P’/v decays favors lowg? configurations, as discussed B—D*/ v has been measured with good precision.
in Sec. I.C) The usual procedure is to make a cutmp at
some minimum valude.g.,p>1.5 GeVk) and then to fit
the M2, distribution to contributions fronB— D/~ v and
B—D* /" v. Figure 29 shows the shapes that would be ob- The branching fraction foB—D*/~ v has been mea-
served in the missing mass squared recoiling against the olsured using both full and partial reconstruction of Bi&. In

2. Branching fraction for B—D/" v

3. Branching fractions for B—D*/"v and B—D** /" v
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FIG. 31. The missing-mass-squared distribution in the ARGUS

B°~D "/ v analysis. The solid curve is the total fit, and the F|G. 32. The ARGUS missing-mass distribution @F / events in
dashed curve shows the cgntribution friéh—D**/"v. Thecon-  which the D* is fully reconstructed in the decap* *— D%
tribution from B—D** /v decays was found to be negligible. where (a) D°—~K~#" or (b) D°—K #*# #*. Most of the
Redrawn from Albrechet al. (1989b. events are attributed to the decB§—D* */~ 1. The data are the
points with error bars, and the unshaded histogram is the contribu-
tion from B—D* */~v determined from the fit. The shaded re-

. gions at the upper end of the spectra show the estimated contribu-
Collaboration, 1994 ARGUS (Albrecht etal, 1992a, tion from B—D** /~ v, and the dotted curves represent the small

19930, and CLEO (Bortoletto et al, 1989; Fultonet al, contribution from continuum background. Redrawn from Albrecht
1991; Barishet al, 19953, all of the decay products of the o 5 (19930.

D* are identified. This method has the advantage that the
difference 6M between the invariant masses reconstructed
for the D* and D candidates [for example, lation based on the ISGW model, is used to fit the broad
M(D**)—=M(D%)=M(K 7" #")—M(K~#")] provides shoulder in the upper end of the distribution. The
a powerful tool for rejecting background. This method isg°—p*+,/~% signal contains 23524+ 11 events, leading
superior to simply reconstructing@* mass peak, because g the ARGUS published value oB(I§°—>D**/*§)
the tracking-related errors in the two masses are highly cor= (5 2+0.5+0.6)%. However, this number assumed
related, and there are substantial cancellations of the errors gy p° . K ~ ) =3.65%, which is significantly below the
the difference. The resolution oM is consequently very 1994 PDG value. The corrected branching fraction given in
good (better than 1 MeVk in CLEO). A difficulty for Table XXXV uses 1994 PDG information.
B—D*/ v measurements in thé(4S) experimentsis that  There are manyD** states that can contribute to the
the “soft pion” ¢ from theD* *— D% decay has very shoulder of the missing-mass distribution, but they cannot be
low momentum: all of the spectrum is below 225 MeVIn  distinguished by this measurement. THD$* is used ge-
the high magnetic field (1.5 T) of CLEO, 100 Me¥/pions  nerically to represent either orbitally or radially excited
are restricted to the inner half of the tracking system, angnesons or nonresonabt* X systems. To measure their com-
great care must be taken to determine the detection efficiengyined contribution, ARGUS uses a Monte Carlo simulation
of the soft pions as a function of momentum. ARGUS has &ased on the ISGW model, which provides the relative de-
substantially lower field (0.8 T), so tHe* * reconstruction  tection efficiencies for the different states, as well as the
problem is less severe. At LEP, reconstruction of this pionshapes that they would produce in thi, . distribution. The
does not pose a problem because there is a large boost Q8** states included in the fit ar®(1'P,), D(13P,),
tween theB rest frame and the lab frame. D(13P,), D(21S,), and D(23S,). [The D(1%P,) cannot
We first describe the ARGUS measuremeidbrecht  gecay intoD* *#.] Based on their combined signal of
etal, 19939 of B°—~D* /v, which uses the channels 63+ 15+6 events in bottD® channels, ARGUS obtains the
D%—K™ 7" andD’—K™ 7" 7~ w*. As we have discussed, model-dependent result
signal events produce a narrow peak in @i distribution —0 . —
and a peak near zef@ndicating a neutrinpin the distribu- B(B"—D** "/ »)=(2.720.5+0.5%, (136
tion of the missing mass recoiling against the*/~  \which we have corrected in Table XXXV to reflect more
system. [ARGUS uses the definition M= (Epeam recent measurements @°—K z*. The model depen-
—Eps+—E,)?~(pp«++p,)? which differs only slightly  dence is not included in the systematic error.
from the definition ofM2miss given in EQ.(135.] Figure 32 In the CLEO Il analysis(Barish et al, 19953, both
shows the distributions df1Z for the two channels studied. B°—~D**/~» and B-—D*% " » are measured using
In additon to the dominant contribution from D**—D% " and D*°—D%#°, with D°—~K #" in each
B°—D* '/~ v, the fits include a term foB—D** /~ v. case. Ther® reconstruction uses the Csl calorimeter, which
This term, whose shape is taken from a Monte Carlo simuprovides excellent photon detection down to low energies.

the first approach, which has been used by ALERHEPH
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struction of theD* * decay. TheD* * 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 ilD* *— D% (about 6 MeV, the soft-pion direc-
tion in the lab frame provides a good estimate of Bre*
direction. Furthermore, the velocities of the soft pion and the
D** are nearly the same, so the soft-pion velocity can be
used to determine thB* * energy. This information is suf-
ficient to construct the same missing-recoil-mass squared
5 2/ 4 that is used in the full reconstruction method. Although there
Miecoil (GeV</c?) 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.
slow pion from the decafp* — D ar. Background from wrong-sign

w/ combinations has been subtracted. The dotted curve shows tCarefuI evaluation of this background is crucial, and in the

B—D*/~» contribution, and the dashed curve shows the contri-\RCUS analysis itis determined from™-lepton pairs with

bution from B—D** /~» decays. Redrawn from Albreclet al. the wrong charge cor_relz_itlor_l. Flgur_e .33 shows the
(19943, background-subtracted distribution of missing mass squared

for the ARGUS analysis. From a fit to this distribution,

The analysis technique is roughly similar to that used byARGUS obtains a yield of about 2708°—D**/~»
ARGUS, but the separatB—D*/~v and B—D*X/~p  events, leading to
contributions are determined not only from the missing-mass R0 X+ =T\ 0 2+ 0
distribution, but also from the fact th&—D*/ v has a B(B'—D*"/"v)=(4.5:0.3:04%, (140
harder lepton-momentum spectrum tHawn-D* X/ ~v. The  consistent with the results from the full reconstruction meth-
total yield of signal events in the two semileptonic decays isPds discussed above. 3
about 700, and the dominant systematic errors are due to The evidence folB—D** /v obtained from theM
uncertainties in the detection efficiencies for the seft's  distributions is not compelling. Recently, both ALEPH and
and 7%s. This analysis yields the most precisely measure®PAL have performed more direct searches for
branching fractions foB—D*/ v using full reconstruc- B—D** /v decays. In these analyses, vertex detector in-
tion: formation is extremely helpful in associating tracks from the
=0 ot — 0 decay, especially when the hadronic part of the final state
B(B"—D*"/"»)=(4.49£0.32-0.39 %, involves a complicated decay sequence or is nonresonant.
B(B~—D*%/~1)=(5.13+0.54+ 0.64%. (137 These searches are directed towards final states containing
) o . ) an excited charm meson that decays ibtbm or D#. The
The evidence for 8—~D*X/"v or B—D** /" v signalis  gpectroscopy of orbitally excited charm mesons has been ad-

[o2]
Q
o

400

(=)

Entries/(0.4 GeV4/c?)

FIG. 33. The ARGUS missing-recoil-mass distribution ©F /
events in which theD* is identified only by the presence of the

weak: dressed with HQET(see, for example, Isgur and Wise,
B(B—D* X/~ ) =(0.6+0.3+0.1)%, 1991&), and we comment briefly on some of the results here.
B Since the spin of the heavy quark decouples from the dynam-
B(B—D*%X/ " »)=(0.6+0.6+0.1)%, (138 ics in the heavy-quark limit, the angular momentum of the

. light constituentsj -, is a conserved quantum number. Thus
0 L
whereX represents at least one pion, so CLEO quotes a 95{?1e states can be labeled not only by their total shitbut

C.L. upper limit also byj,. The decoupling of the heavy-quark spin is ex-
— I 0 pected to lead to approximately degenerate doublet states.
Ei B(B—D{™ /" v)<2.8%. (139 The quantum numberg, = 1/2 should be associated with a

) ) doublet containing a meson of total sgisr 0 and another of

As in the ARGUS analysis, a number of model-dependeniota| spinJ=1, whereas the quantum numbgys=3/2 are
assumptions are made in obtaining fe:D** /"~ v results.  associated with a doublet containing mesons of total spin

Recently, ALEPH(ALEPH Collaboration, 1994has pre-  j=1 andJ=2. Table XXXVIII lists the relevant states and
sented preliminary results from a measurement Okome of their properties. In particular, two narrow, orbitally
B®—D**/ v using a sample of 1.6 million hadron®  excited states are observed, thB,(2420) and the
decays. Using D°—K~ 7", D°=K m'# @, and D%(2460), and they have the properties expected for the
DO—KJm*a~, this analysis obtained 17614 candidate j '=3/2 doublet. In the HQET picture, they are narrow be-
D**/~ events, which include an estimated background ofcause their decays involje = 3/2— 1/2 transitions and con-
356 events. The dominant systematic errors are due tgerve parity, restricting them to wave, whereas the
tracking efficiency uncertainties10%) and the unknown | =1/2 states can decay in &wave and hence are broad.
value of B(b—B°) (8.2% uncertainty The ALEPH result, ALEPH has searcheBuskulicet al,, 1995b for B semi-
B(B°—D**/"1)=(5.36£0.50+0.76)%, is consistent leptonic decays to final states containin®4* and at least
with those of ARGUS and CLEO. one additional pion. To reduce background from fragmenta-

ARGUS (Albrecht et al, 1994a has used a second tion pions, the additional pion is required to have a signifi-
method to measurB®—D* */~ v based on a partial recon- cant impact parameter with respect to the primary event ver-
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TABLE XXXVIII. Orbitally excited charm mesons and some of their properties. The quantum number
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 i/ Mass(MeV) Width (MeV) Decays
1* 1/2 ~2490 (unobserved broad D*m
0" 1/2 ~ 2400 (unobservey broad Dm
D, 1" 3/2 2421*2 20x4 D*m
D} 2* 3/2 2458+ 3 23+6 D#,D* 7w
tex. Vertex detector information is also used to reconstruct (. B%+f(b—B~)=0.81*+0.07+0.09 (146)

the D° decay and to associate the additional pion with a
D* "/~ vertex. ALEPH observes roughly 24 events with at
DI—D* "™, leading to the result

theZ, in good agreement with our assumed value of 0.8.
OPAL also observes signalBig. 35 for production of the
tensor mesorD3 in both charged and neutral states. The
B(b—B)XB(B—D%(2420 X/~ v) X B(D}(2420 D3 can decay strongly int® 7, whereas th@®? cannot, by
JP conservation. Furthermore, we have seen that Dije

—D*"77)=(2.04+0.58+0.34 10" *. (142 branching fraction td 7 is about twice that tdD* . 'IL'Drl?e
Figure 34 shows the signal obtained from one of the twdeconstructed mass differenae,,=M (D) —M (D), is ex-
event selection procedures used by ALEPH. Since the systefiected to peak around 590 Med?/ and OPAL observes
X is inclusive, the charge of th# is not strictly determined. peaks near this mass for final states withEe” (18 events
However, it is probable that most of ti mesons are pro- and theD3° (7 eventy. The measured branching fractions
duced in charge® decays, with no additional particles¥y  are given in Table XXXV, and we can make the same as-
In this case, one should us(b—B)=B(b—B~)~0.4. sumptions as were applied to the ALEPH measurements to
Furthermore, if theD9(2420) decays only td*, then  obtain
isospin symmetry implies thad* %" accounts for 2/3 of B(B~—D*%(2460/~ »)=(0.86+0.39+0.17)% (147)
the rate. These assumptions give 2 / ' A '

_ o o which is within the limit set by ALEPH, and
B(B™—Dj(2420/ v)=(0.77+0.220.13%. (142

B(B°—D} " (2460 v)=(2.4+0.7' 59 %. 148
No signal events are observed with thg°, leading to ( _2 (246047 v)=( 09 (148 .
the upper limit quoted in Table XXXV. If we assume that the We emphasize that we have made a number of assumptions
D%° decays only td* 7 andD 7 and use the measured ratio in deriving these results from the original measurements.
(Particle Data Group, 1994; Avesst al, 19949,

B(D3°—D"7") 1]
=2.3+0.6, 143 @)
B(D3°—D**7") 143 101 ALEPH
8,
then isospin symmetry leads to 6
- >
B(B~—DY(2460/ »)<1.0%, 95% C.L. (144 3 ‘2"
& 2]
We have not included the uncertainty B{b—B) or in the 3 0 i
ratio given in Eq.(143), and we have assumed that the case % 121 b)
where X represents no additional particles dominates the 2 107
rate. g
A separate topological search by ALEPH yields the result 6
p— 4,
B(b—B)XB(B—D** 7 X/ 7) o] JULI [L
5 P Fﬂl—qlnnnl o0
=(3.7£1.0=0.7) 10", (145 02 04 06 08 1 12 Gev
where both resonant and nonresonant contributions are in- Am’

cludgd. UsingB(b—B™)=0.4 and the isospin constraint
*+ _—

B(D;—D*"m )<2/3, ~we can conclude that .. q, A ppy search foB— DX/, whereDO—D* -,
B(B—D* 7/ vX)>(1.4+0.5)%, accounting for a signifi- 5.+ " o+ 41dD°-K 7" or D°K-mt7 . The histo-
cant part &34%) of the unidentified semileptonic decays of gram shows the differencam* =M (D* * ) — M(D'H)’ where
B mesons. _ . _the reconstructe®* * mass is used. Right-sign charge combina-

OPAL has also used vertex detector information to obtainions are shown itfa), whereas wrong-sign combinations are shown
results on semileptonic decays to charm mesons. By measufr (b). The peak at Am*~0.4 GeVk? is attributed to
ing the inclusive production fob—D*/X andb—D%X  B_.D%/~%: no signal for the deca—D%°X/ ¥ is evident.
and comparing with CLEO results, OPAL extracts the quan-The data shown are those for one of two event selection procedures
tity whose results are averaged to obtain the final branching fraction.
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TABLE XXXIX. Theoretical predictions for exclusiv8— X,/ ~ v decays and values ¢¥.;| using these
predictions together with measurements of exclusive partial widths. The table lists the values of the factor
ye, where T'=7y|V|? and the values of|V | extracted using measurements Bf~D/ v and
B—D*/ v. ForB—D/ v we use only the ARGUS measurementB¥—D "/~ v, for the reasons dis-
cussed in Table XXXV. ForB—D*/ v, we use the average of thB~ and B partial widths,
I'(B—D*/"»)=(3.1+0.3)x 10" 571,

Model 7¢(D)/(10% s7%) [Veol (D) 7(D*)/(10% s77) [Veol (D)
ISGW 11.1 0.034-0.008 24.6 0.036:0.002
ISGW2 11.9 0.0330.008 24.8 0.0350.002
KS 8.3 0.040G-0.009 25.8 0.03%0.002
WSB 8.1 0.040:0.009 21.9 0.0380.002
Both theD? and theD%° can decay intd* 7, and OPAL B(B—D; /~7)=(2.0=0.7+0.5)%, (149

observes broad peaks ih,=M(D*7)—M(D*) near _
440 MeV/c? that can have contributions from both states,Where we have assumé{b—B)=0.4 to convert the pub-

The separate contributions are not resolved, but OPAL usdished branching fractions fob-hadron decay to those fo_r
the measured signals in ti,— D7 modes to estimate the B-meson decay. We have also assumed that any additional

contribution of the 2 to the peak at 440 Me\?. This particlesX are present only in a small fraction of these de-

technique yields branching fractions for semileptonic decay®Y>:
to thelgul(2)220)s' n9 ons semilepton! ); These analyses, though still in their infancy, demonstrate

_ the power of vertexing for studying decays to multibody and
B(B—DY/ " v)=(2.0+0.5+0.5%, nonresonant final states.

4. The determination of | V| with exclusive decays

The magnitude of the CKM element;, can be deter-
mined in three ways, usindl) the inclusive semileptonic
rate; (2) the total rates for exclusive—c/ v processes
such aB—D/ "~ v orB—D*/ " v; or (3) the partial rate for
B—D*/ v in the region of phase space where & has
very low momentum in thé 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 exclusivB— X,/ v pro-

‘ cesses were considered even harder to predict, because the
0 02 04 06 08 1 12 1'?Gevl)’6 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
L . for the difference between the reliability of these two ap-
0 02 04 06 08 1 1z 14 1L proaches is simple. To predict the decay rate for a semilep-
4, (Gev) tonic decay, one must integrate the form factors over all val-
ues ofg?. In the language of HQET, one would need to
know the Isgur-Wise function, as well as the corrections to
FIG. 35. OPAL search foB—D;X/~» andB—D3X/~ 7. The the heavy-quark symmetry Iimit,'over the full kinemgtic
mass difference plots aréa) A.=(D**m)—M(D**), (b) range. In contrast, when the region of phase space is re-
A,=M(D*7~)—M(D"), and(c) A, =M(D%r*)—M(D®). The  Stricted to large values @f (or values ofw near 3, the light
D} can decay directly td, and the peaks irfb) and () at ~ constituents of the initial meson are relatively undisturbed,
An~590 MeV/c? are attributed tdD%° andD% * decays, respec- and the rate is less sensitive to the full details of the wave
tively. The lower peaks, at masses from 410 Me¥/to  functions. We shall see that the absolute normalization of the
450 MeV/c? in all three plots, are attributed to a mixture®f and  Isgur-Wise function can be predicted with good precision for
D3 decays. the zero-recoil configuration.

Events/20 MeV

Events/20 MeV

20 |

Events/20 MeV

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



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

Before turning to measurements [af | using the high- product of a perturbative QCD correction factor
q° region inB—D*/" v decays, we briefly discuss mea- 7,=0.985-0.015 and a function of the form factors called
surements using semileptonic branching fractions. Tablé(w);

XXXIX lists the model predictions for the parameter, -
needed to extradV.,| from the measured decay rates for -7 (W)= 7a(W). (151

B—D/ v andB—D*/ " v. The table also lists the values -
of |V,p| obtained using the branching fractions from TableIn the heavy-quark symmetry limi§(w) becomes the Isgur

XXXV, together with the 1994 PD@ lifetime values. Al- Wise function_f(w). Both £(w) and{(w) are often written
though these results give us a reasonable iddd/gf, itis &S &n expansion iw; for example,

2

very difficult to assign an uncertainty to the assumptions ()= g(1){1—p2(w—1)+~[(w—1)2]}. (152)
built into the models. We therefore do not include theory- ) . . .
related errors on the values pf.;| quoted in this table. The result in Eq(150 can be obtained by integrating the

We now consider determinations pf.;| using the high- differential decay-rate formula, Eq117), over all variables
q? region of the decaB—D*/ v, an approach that was exceptq?, substituting the helicity amplitudes given in Eq.
emphasized initially by Neube(1991), but which has since (118), and performing a change of variable frayd to w.
been studied by many others as well. In the heavy-quarkollowing this procedure, one would discover that the result-
symmetry limit, all three of th&—D* /"~ v form factors are  ing expression fodI'/dw depends explicitly ok, R,, and

related to the Isgur-Wise functiof(w) [see Eq(100]. In  h, . The function¢(w) in Eq. (150) is defined such that it

this limit, one also obtains the extremely important result : : :
' X . . contains all of this dependence. It is relatechjp(w) by a
that the value of¢(w) at the zero-recoil pointw=1, is P K{( ) by

known: £(1)=1. This result follows from the fact that, if SCmewhat complicated .express.ion involviy and Rz,
both the bottom and charm quark masses are taken to be vetyrough the helicity amplitudes; :

heavy, the light constituents of the hadron are essentially 2-|I:|-(w)|2

undisturbed by théb—c transition atw=1, and there is E(w)= — > 7a 2 ha (W)|2, (153

complete overlap between the initial and final hadronic state. 1+ Aw 1-2wrr !

However, we shall see that the corrections to the heavy- w+1l (1-r)?

guark symmetry limit aiv=1 are not so small that they can where

be neglected. The corrections have now been calculated by

several theorists, and there is some confidence that the results _ H,(w)

are reliable to within the stated uncertainties. _ H(w),= > .
Prior to the development of HQET, the dedBy-D/ v (Mg —Mpx) VMgMpx /q°(W)(W+1)ha (W)

might have appeared simpler thBr-D* /"~ v from a theo- (154

retical perspective, because it is governed by only one for : P
factor. However, corrections to the predictig(l)=1 for i the heavy-quark symmetry limiR,=R,=1, and these

B—D*/~ v are constrained by Luke's theorerfiuke, COMPlications disappear, yieldingw)=ha, (w).

1990, which protects the form factore, and hA1 from Thus, if we wish to consider the corrections to the heavy-
1/mg corrections at zero recoil. The form factdns , h,,  quark symmetry limit¢(w) should be regarded as a quantity
ha, andh,,, however, do have fil, corrections at this that depends on all three form factots, , ha,, andhy,
point. In B—D*/" v, only h, affects the rate aw=1,  since thed;(w) depend orR,(w) andR,(w). CLEO has in
since the other form factors are multiplied by various powerdact measured both the slopé of ¢(w) [using Eq.(150]

of w—1 [see Eqs(117) and (118]. Thus the heavy-quark and the slopeps of h, [using the full differential decay

symmetry prediction for th&—D* /" v rate escapes i,  distribution Eq.(113 with Egs. (116) and (115)], so it is

corrections atv= 1, and the leading corrections arise at orderyseful to relate these quantitiéseubert, 1994p

1/mé. In contrast, botth, andh_ affect theB— D/~ v rate 1 1 m

at zero recoil, so the heavy-quark symmetry prediction for 2_%2_ 2 __T/p2_1y_ = B _
Ap*=p Pa; 6 (R1—1) —mD* (1-Ry).

this mode does have rh4 corrections. Furthermore, 3mg—
B—D*/_v is much easier to study experimentally than (159
grzgrg 'anrérbecause the rate is larger and the backgroundgy,q torm, factorh,_ can be related to the Isgur-Wise function
The differential decay rate f@— D* /~» with respect to &(w), but this relation in_volves subtle_ties of renormalization
w is given by dependence. Neubert gives the relation between the slopes
1 dB(goﬂD* */7D) pi1=p2+(0.2ﬁ0.02)+@'(l/mQ), (156
B dw wherep? is the slope of(w). The differences in definitions
G2 among different authors for various versions of the Isgur-
= —Fgmg*(mg— Mp* )2 VW2— 1(W+1)2 Wise function can §0metimes be difficult to fo_IIQW, but with
48 the present precision of the measurements, it is already be-
AW 1—2Wr+r2 coming important to keep track of them.
x| 1+ Wil (1-1)7? |Vep|27(W)2, (150 The calculation of7(1) has been the subject of many

investigations. While the perturbative QCD effects do not
wherer =mp« /mg andw is given by Eq(91). In the analy-  present serious problems, calculation of thaé.borrections
sis of Neubert(1994D, the function7(w) is written as the for B—D*/" v is far from trivial and involves some model
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TABLE XL. Calculations of the quantity7(1), which is used to  the decay D*—Dm,. Recall that w is just
extract|V.,| from measurements &— D* /"~ v at the zero-recoil

point. The value from Neubef.994h supersedes that from Neu- /D* =Ep« /mps in the B rest frame. The soft pion is pro-

bert (19940. duced nearly at rest in the* frame, S0P in the B frame
increases witlw. In particular, therg momentum is lowest
Reference 7(1) at w=1, precisely where one wants the best measurement.
Mannel, 1994 0.96+0.03 To measuredI’/dw, it is therefore crucial to have accurate
Neubert, 1994c 0.97+0.04 knowledge of the soft-pion detection efficiency as a function
Neubert, 1994b 0.93+0.03 of its momentum. As discussed in Sec. VI.E.3., the momenta
Shifmanet al, 1995 0.89+0.03 of the soft pions in theB rest frame are nearly all below

225 MeVic. In CLEO II, the charged-particle detection ef-

ficiency falls rapidly below 100 MeW. Apart from the
dependence. Table XL lists theoretical predictions forgeometric acceptance, the efficiency for detecting a
7(1), which we shall use to extractV., from the 100 MeV/c charged pion is about 70% and falls to zero
B—D*/" v measurements. It is evident that there is a sig-around 50 MeV¢. Fortunately, it is possible to measure this
nificant spread among the estimates/gf1), andthat taking  efficiency as a function of momentum using data by studying

7(1)=1 would not be an adequate approximation. The calp* decays in continuum events. It is also important to take
culation of the ng corrections is an active area of research,into account the effects of smearing caused by the sBall

and their reliability should continue to improve. motion.
These predictions can be used to deterniing| by mea-
suring the rate at zero recoil. Strictly speaking, however
phase space goes to zero for this configuratibnFig. 3, the
area of the region within the Dalitz-plot boundary become
smaller agy? increases.Thus the best one can do is to mea-

sure the rate in a small region of phase space bdﬁw tainty on the fFaC“O” ob qua_rks Fhat hadronize intd me-
(w=1). Unfortunately, current data samples are not Iargesons, introducing an uncertainty in the overall normalization.
enough to restrict the measurement to such a small region. Figure 36 shows the distribution o (w)[Vcy| from
Instead, one measures the rate as a functiayf ¢br w) and ~ ARGUS (Albrecht et al, 19939, which performed the first
then extrapolates tq?,,,. This technique uses the full sta- measurement using this technique. Becausevtiiependent
tistical power of the data sample, but it introduces somecoefficients in Eq(150 have been factored out, one can read
model dependence, because the exact shape of the curve usétthe value of 7(1)|V.y| from the intercept of the extrapo-
to perform the extrapolation adl’/dw is not known. The lation. (ARGUS usedrg=1.32 ps, but in our summary of
range ofw is small, however, so a linear extrapolation is |V, values we have adjusted the result to reflect more re-
expected to be good. To assess the dependence of the resuést values of theB-meson lifetime. It is clear from the
on the assumed shapes, other simple functions are usuallgrge statistical error in the lowest bin that.,|.7(1) could
tried as well. _ not be precisely determined from that bin alone. The results

We now consider measurementsdif(B—D* /"~ v)/dw for various fitting functions are listed in Table XLI. There is
from ARGUS, CLEO, and ALEPH. These measurements arg substantial spread in the values of bpit,| and p? ob-
sensitive to the detection efficiency for the soft piopfrom  tained using different assumptions for the functigigw) in

the extrapolation.

Figure 37 shows the raw distributions for the CLEO Il
analysis (Barish etal, 19953, which uses both
B°—-D**/ v andB-—D*% v and has a much larger
data sample. Th8 —D*%/~ v produces a softr® rather
than a soft charged pion; although the resulting photon spec-
trum is also soft, the CLEO Il Csl calorimeter has good
detection efficiency for photons with energies down to about
30 MeV, where fake photons from hadronic splitoffs become
Dl L 1 a problem. ThéB~—D*°/~ v channel, however, does have

10 11 12 13 14 15 more background tharB°—>[l)**/*§, as seen from the
dashed background curves in these plots. Figure 38 shows
w the distributions of7(w)|V.|, in which the data from the
FIG. 36. The measurement p¥.,| from the ARGUS distribution two chgr_mels have b.een Qombined, backgrqunds Subtraqted,
of dI'(B—D*/~»)/dw, which has been transformed to corre- and _efﬁmency corrections |n<_:Iuded. The statistical errors, in-
spond to V.. 7(w). At low values ofw the amount of phase space _cludlng that on the lowest bin, are much smaller_ than th_ose
is reduced, and the statistical error becomes large. The value of the ARGUS measurement. The data are consistent with a
|V| is therefore obtained by extrapolating the distributiomte1  linear fit; a quadratic fit does not significantly change the
using various assumptions for the form@{w). The dotted line in ~ central value of|V|, although the uncertainty becomes
the figure corresponds to a linear form fef(w). Redrawn from somewhat larger. The CLEO Il result from the linear fit
Albrechtet al. (19939. yields

The situation is more favorable for the LEP experiments,
where theB momentum is very high. As a result, the soft-

ion detection efficiency is quite uniform im. However, the

EP B-meson data samples are smaller, and there is uncer-

0.06 |- .

0.04

0.02

F(w)| Vg |
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TABLE XLI. Measurements of7(1)|V¢,| and p? using the decays—D*/~v. By taking.7(1) from
theoretical calculations based on HQET, one can convert these valud¥igto The values listed in this

table have been corrected to tBdifetimes given in Table Ill. 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. Z(w) fit function p? F(1)| Vel
ALEPH Z(D)[1-pA(w—1)] 0.46+0.34 0.0396 0.0044+ 0.0037
ARGUS F()[1-pA(w—1)] 1.17+0.23 0.04@0.005+ 0.003
CLEO Il FZ(D[1-pA(w—1)] 0.84+0.15 0.0366: 0.0019+ 0.0020
Average F)[1-pA(w—1)] 0.88+0.12 0.03710.0025
ARGUS F(1)exd—pA(w—1)] 1.88+0.38+0.16 0.045-0.008+ 0.002
ARGUS T(V)[2/(w+ 1)]2/32 2.10+0.38+0.18 0.046-0.008+0.003
CLEO Il F)[1-pA(w—1)—b(w—1)?] p?=0.92+0.75 0.03630.033+0.031
b=0.15+1.53

7(1)|Vep|=0.03510.0019 sta = 0.0018 sy F(1)|Vep| =0.0392+ 0.0044stah + 0.0035(sys, (159

+0.0008§lifetime), (157  Which assumesrgo=1.53£0.09 ps. Here, the dominant

i contributions to the systematic error are from the uncertainty

assuming 7go=1.53+0.09 ps and 75+=1.68+0.12 ps. jj the absolute efficiency, the efficiency shape, and the un-

Correcting this result to the Particle Data Group values of th%ertainty onB(b—BY).

B lifetimes used throughout this papesee Table 1l yields As this paper was going to press, the ALEPH Collabora-

Z(1)|V¢p| =0.0360+ 0.001g stab tion (1995 presented _an upgateg measurement of the
branching fraction forB"—D*" /v and an associated

+0.0018sy9 = 0.0009 lifetime). (158

value of|V. ,|. The new values are slightly lower than those
The ALEPH analysiSALEPH Collaboration, 1994 yields

given here.
the preliminary result Table XLI lists the resulting values of (1)|V.y|, as well

as the values ob2. In the case of CLEO and ALEPH, fits to
both linear and quadratic forms for(w) were performed.

160 T

80

In CLEO, the results with the quadratic fit are slightly dif-
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FIG. 37. The CLEO Il distribution ofill’'(B—D* /"~ v)/d¥ for the Y

|V.p| measurementThe variabley is the same aw/, except that it

is smeared due to th& motion) Two channels are useda)

B°—D**/~v and(b) B-—D*% 1. The points with errors are FIG. 38. The CLEO I distribution ofV|.7(w)/10~3, including

the data, the dashed histogram represents the total background, amath theB°—D* */~v andB~—D*%/~ v samplegthe variabley

the solid histogram represents the result of a fit using the linears the same aw): (a) the fit to a linear form for7(w); (b) the fit
form .Z(w)=1—p?(w—1). Before they are used to compute assuming a quadratic form. The dotted lines show contours for
|V.p| these plots are corrected for efficiency, and the effects oft 1o (statistica) variations in the fit parameters. The data are well
smearing due to thB motion are taken into account. described by a linear function.
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TABLE XLII. Determination of |V ,| using measurements of (1) from the rate at zero recoil for
B°—-D** /v and predictions based on HQET. The first column shows the results obtained by averaging
the ALEPH, ARGUS, and CLEO Il values of(1)|V., obtained from a linear fit to the data, whereas
the second column is from the CLEO Il fit using a quadratic fit. This fit tends to $f(ft)|V,] down by

about 0.001(2.5%), which can be regarded as an estimate of the theoretical uncertainty associated with
the unknown shape of/(w). The errors given in the table are the measurement error for a given fitting
function and the theoretical error ofi(1). Ourfinal uncertainty or]V.|, given in Eq.(160), includes an
additional contribution due to the uncertainty in the shapav).

F(1) |V¢p| using linear fit |V.p| using quadratic fit
(ALEPH, ARGUS, CLEO Il avg. CLEO I
0.93+0.03 (Neubert, 1994b 0.040+0.003+-0.001 0.03%0.005-0.001
0.96+0.03 (Mannel, 1994 0.039+0.003+0.001 0.0380.005+0.001
0.89+ 0.03 (Shifmanet al, 1995 0.042+0.003+0.001 0.0410.005:0.001

ferent; for ALEPH the quadratic term is found to be zero,rather mild g®> dependence of each of the three
resulting in no shift in the central values pf.,.7(1) and B—D*/~ v form factors independently. As a consequence,
p%. We shall compare the values pf with those predicted all of the measurements incorporate constraii@sed on
by theory in the next section, where we discuss direct meateoretical input to reduce the number of degrees of free-
surements of the form factors. dom. It is important to be aware of these constraints when
Table XLII lists the values ofV.y| obtained from the assessing the implications of the measurements.
B—D*/"v measurements ofVc,|7(1) and theoretical |, the decayd—D* /"~ 7, theq? range is small, and theo-
predictions for7(1). These results agree well with the val- retical predictions indicate that the variation of the form fac-
ues of |Vcp| obtained from the inclusive semileptonic oy should be well approximated by linear functions. This
branching fraction(Table XI) and our final inclusive value conclusion is consistent with measurements7fw) (see

given in Eq.(78). The errors are comparable, although evalu?Fig. 38, which is well described by a linear function of

ation of the precise theoretical uncertainty in each case 'Fodest slope. Thus, with sufficiently large data samples, one
difficult. We conclude that the best value ;| from the . ) "
would allow five parameters to vary in the fit: two form-

H * /=i
exclusive measurements Bi-D* /v is factor ratiosR;(w=1) andR,(w=1) and three form-factor

|Vcp| =0.040+0.003 exp = 0.00 shapg=0.00(.7(1)). slopes(With even larger samples one might try to determine
(160 the size of the quadratic coefficients.
To obtain this value, we averaged the values\6f;| ob- For comparison, we review the constraints imposed in

tained with the different values of (1). Theshape error is measurements of form factors for charm semileptonic de-
obtained from the difference between the CLEO results whegays. ForD—K*/*v, the constraints take the form of an
linear and quadratic forms faf(w) are used in the extrapo- assumedj? dependence for each form factor: pole forms are
lation to w=1. The error labeled7(1) is simply the 3% most often used, with pole masses taken from theory. Be-
uncertainty given by each of the theoretical groups listed ircause these shapes are assumed, the only quantities measured
Table XLII. The experimental uncertainty oW,| from the  are the values of the form factors at a particular value of
exclusive method should continue to improve, while im-g?, taken mainly for historical reasons to lg=0. The
provements on the inclusive measurement will come moreverall scale of the form factors is determined from the de-

slowly, since systematic errors are now dominant. cay rate, sincéV 4 is independently known from CKM uni-
B tarity or charm production in neutrino-nucleon scattering.
5. Measurement of the B— D*/~ v form factors The shapes of the kinematic distributions are therefore used

Given that the measurement|&f.| described in the pre- © de/termme tr‘:"c(’j paramete_r;,+the Latl@%ﬁO)/A'l(O)|and
vious section relies on HQET to predict the rate at zero reY (0)/A1(0). ThedecayD —K/ " », where there is only one

coil, the question naturally arises, to what extent can we tegprm factor, is the onIy_D decay mo_de in which the pole

HQET, rather than simply assume its predictions are correct3'3SS has been dete_rmlned from a fit.

The goal of understanding the dynamics of semileptonic bot- AL present, .the size Of. even the CLEO Il data sample

tom decays goes well beyond testing HQET, however. Ajpermits statistically meaningful information to be extracted

though heavy-quark symmetry relates the form factors td°" @t most three parameters. These are selected to be

each other, it does not predict their commgfndependence. Ri(W=1), Ry(w=1), and a single slope parametﬁil,

We should therefore like to test not only heavy-quark sym-whose variation withw is assumed to be given by the linear

metry predictions and their corrections, but also predictiongorm hAl(W)=[1—pi1(w— 1)]. From Eq.(106, A;, A,,

for the overallg? variation of the form factors, which are andV are then given by the forms

obtained from nonperturbative methods such as lattice QCD

or QCD sum rules. A(qD) =
Ideally, experiments would provide measurements of each

form factor at every value ofj>. With present-size data

samples, however, it is extremely difficult to measure the

q2

- (M+my)?

Ax(9%)=Ry(1)R* H[1-p3 (W—1)],

1

R* 11— p3 (W=1)],
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FIG. 39. The distribution of casp« ., defined in Eq(134), from  F|G. 40. Distributions ofg? and co#, from the CLEO Il form-

the CLEO Il form-factor analysis d8°—D**/~v. The data are  factor analysis oB°—~D**/~ 7. In plots (@) and (b), the points
represented by points with error bars and are from the electrogith error bars are the data, the dotted histograms show the
channel withD%—K~x*. (The form-factor analysis also uses maximum-likelihood form-factor fit, and the dashed histograms
events with muons and thB°—K™ 7"« channe) The broad  show the estimated background contribution. These distributions
peak in the physical regiofcosfsp+,|<1.0 is due to the signal. gare affected by large acceptance corrections. Although these correc-
The dashed line is a prediction for the signal shape based on thgns are taken into account by the fitter, they make it difficult to
ISGW Monte Carlo(although this shape does not depend signifi-interpret the observed distributions directly. Plats and (d) show
cantly on the modgj the dot-dashed line represents the combinato-he acceptance for electron evetitiashed histogramand muon

rial background under thB* ™ signal; the dotted line is the esti- events(dotted histogram as well as the theoretical distributions
matedB—D** /" v baCkgrOUnd(alSO simulated with the ISGW corresponding to the measured values of the form facﬂmﬁd
Monte Carlg; and the solid histogram is the sum of the absolutelyhistogram_ The efficiency at high values af is lower than that at
normalized backgrounds plus the Monte Carlo signal shape, nofpw values because tH2* * is nearly at rest at high?, producing

malized to give the correct total number of events. a very soft pionm? from the decayD* * — D% . The efficiency
for detecting a lepton with a negative value of @osds much
2y = *—1rq _ 2 — smaller than that for detecting a lepton with a positive value be-
V(Q9)=Ry(HR* " [1—pp (W—1)], (161 g afep

cause those with negative values have lower momentum in the lab

whereR* =2{/Mm,/(M+m,). These relations neglect the frame. The overall scale of the plots (o) and(d) is arbitrary.
symmetry-breaking corrections to the predictions for the
slopes, but allow for such corrections Ry(1)=R,(1)=1.  40(a@) and 4@b) show the observed distributions gf and
A justification for this procedure is that, for the typical value cosd,, together with the fit result and background level. Al-
of w—1=0.25, the leading corrections to the slopes are exthough the fits describe the data well, the distributions are
pected to be smaller than the leading correctionR161)  strongly affected by acceptance and are difficult to interpret
andR,(1) [see Eq.(104)]. With more data, these assump- directly. Figures 4(@) and 4Qd) show the shape of the ac-
tions could be removed. ceptance curves for these two variables. The main effects are

Both ARGUS (Albrecht, 1993¢ and CLEO (Bortoletto due to the fall in detection efficiency for very low-
et al, 1989; Sangherat al, 1993; Averyet al, 1994a have =~ momentum pions and for leptons whose momenta are below
used measurements of kinematic distributions to obtain inthe cuts p.>1.0 GeVk, p,>1.4 GeVk). These plots
formation on the form factors foB—D*/~v. The first  also show the shapes fqf and co#, as they would appear
complete analysis using all of the kinematic variables, in-for a perfect detector, assuming the valuesRef R,, and
cluding their correlations, has been performédvery, pil that were obtained from the fit.
19943 with the CLEO Il detector. We consider this analysis A large amount of information is extracted from the cor-

in some detail. After background subtraction, there are 656g|ations among the variables. Figuregalland 41b) show
signal events in the channBP—D**/~v, D** D% ",  the distributions of co&, for the lower and upper half of the
where D°—K™ 7" or D°—K™ 7" 7% The backgrounds, q?2 range. The difference in the agsdistributions for these
which total 127 events, arise mainly from combinatorialranges can be easily understood from the differential decay
background under thB* * peak andB—D** /~ v decays. distribution, Eq.(113). At =0, the lepton and neutrino are
Figure 39 shows the signal in the electron channel fomearly parallel, and their opposite helicities require that the
B°—D**/ v in theD°—K ™ 7+ mode. D* must have helicity zero. The helicity-zero component is
To extract the parameters in E4.61), CLEO fits the joint  therefore prominent at low? (see also Fig. 25 It yields a
distribution ing?, cod,, cos,, andy, which were defined distribution of co#, proportional to co®,, which produces
in Fig. 24. It is important to incorporate the effects of detec-the peaking at large values dtos|. The region near
tor acceptance and smearing, so a Monte Carlo technique os,=+1 is somewhat depleted relative to that at
used to evaluate the likelihood function in the fit. Figurescosh,=—1. This depletion is due to the fact that
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— T — difference between these two plots is the result of the inter-
80 * (a7 50 +++ (b) 1 ference term in Eqg. (113  proportional to
60 _+ 14071 +++ N [H.(g®)—H_(9?)]Ho(g?. The differenceH,—H_ is
§ - +‘ H+ 30 L - large and negative as a consequence ofvth® coupling at
w40 ++++ T o0}k H 4 the b—c vertex, as discussed in Sec. VI.A. The observed
20 - 410l + B effect would actually be the same if the couplings at the two
gEt==ro—p=g-rad A | W vertices were Y+ A)(V+A) instead of ¥ —A)(V—A),
-0.8 0 08 08 0 0.8 but the two plots would be interchanged if the couplings

2/q2 2/q2 _ . . .
€088y for q°/qfax < 0.5  cosdy for q%/qp,,, > 0.5 were (V+A)(VFA). These mixed couplings are clearly in-

I ' : 7 %0 ' ' consistent with the datéFor discussions of the chirality &f
so | © + . 40
AR

quark couplings, see Gronau and Wakaizuim®92 and

E

2 | 30 ; . Gronau(1994].
,_%40 }'+‘++ 1 ool +++t The preliminary values oR;, R,, and p,z_\1 are given in
20 110l I Table XLIII. Although the errors orR; and R, are fairly
P i Tt SR BN SR ottt Sts large, the values are consistent with HQET-based results,
0 1 2 3 0 1 2 3 which predictR;>R, [see Eq.(103]. The measurement of
x for cos6,< 0 x for cos,> 0 pil is fairly precise, even thougR; and R, are simulta-

FIG. 41. Distributions of co&, and y from the CLEO Il form- geous(;deetérmTSed fron;.t?e flta For thedmer?;l:red Zvatlues of
factor analysis oB°—D**/~v. The points with error bars are ! andR,, Eq.(159 predicts a downward shi romp,, to

data, the dotted histograms are the result of the form-factor fit, an@? of about 0.3, consistent with CLEO measurements.

the dashed histograms represent the background contribution. Plots Information related to the form factors has also been ex-
(a) and (b) show the distributions of cd§ in two g* regions:  tracted in earlier CLEO measurements and by ARGUS. The
0/ 0ax<0.5 andg?/qp,,,>0.5. The lower region contains a much measured quantities are the lepton forward-backward asym-
stronger helicity-zero component, which produces &&pbehav- metry Acg, defined in Eq.(121), and theD* polarization

ior. Plots(c) and (d) show they angle for two regions of cdk: . .
cosh,<0 and co#,>0. The opposite-sign slopes in these two re- parametelApm (often calleda), defined in Eq(122). In the

gions results from a quantum interference term proportional tdo‘.RGF-JS analy:f;is{Albrechtet al, 19930] the !(inematic dis-
(H_—H.)H,. These two plots would be interchanged if the  tributions are fitted directly to models in which the only free

couplings were of the form\(FA)(V=A). parameters are form-factor ratios. The valuesApf and
Apq are then derived from each model using the fitted values

costy,=+1 corresponds to forward-going®s in the D** for the form factors. Thus the dependenceAgg and « on
rest frame, or backward-going pions, which therefore havéhe lepton-momentum cut is removed model by model.
lower momentum and lower detection efficiency in the labARGUS finds that their values &gg and Ay, are insensi-
frame. In the uppeg? region, the helicity+ 1 and—1 com- tive to the model usedThey do not quote the form-factor
ponents of thed* become more important, and gf,,,, all ~ ratios obtained from the fitsTable XLIV lists all of the
three components are present with equal probability, resultmeasurements &kgg andA, including those that are de-
ing in a uniform co$, distribution. In the upper half of the rived from the CLEO II form-factor measurement described
g range, the ca, distribution shows a convolution of these above.
effects with the acceptance. As this paper was going to press, CLEO preseri@&an-
Figures 41c) and 41d) show the azimuthal anglg for  berg, 199% an updated set of form-factor measurements that
the lower and upper half of the c@srange. The striking differ slightly from those given here.

TABLE XLIII. CLEO Il preliminary results on the form-factor parameteRg, R, and the slopq;,i1 for

B°—D* "/~ v. 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 a@(R;R,) = —0.83, C(R;p?) = —0.63, andC(R,p?)=—0.82. Although we

have reported the predictions of the ISGW, KS, and WSB models for comparison, the refatiepen-
dence ofA; to that of the other form factors in these models is not consistent with HQET, and it is not
what is assumed in the fisee Sec. VI.A.B 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 Il Measurement Neubert Close and Wambach ISGW KS WSB

(1994h (1994a, 1994p

(HQET) (HQET)
Ri(1) 1.30£0.36+=0.16 1.35 1.15 1.27 1.00  1.09
Ry(1) 0.64+0.26+0.12 0.79 0.91 1.14 1.00  1.06

pil 1.01+0.15+0.09

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



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

TABLE XLIV. Comparison of Agg and A, 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 Il results
are preliminary.

KFB Apol
ARGUS (Albrechtet al, 19939 0.20+0.08+0.06 1.20.4x0.2
CLEO (Sangherat al., 1993; 0.14+0.06:0.03 0.65-0.66+0.25
Bortolettoet al., 1989 p,>1 GeVic p,>14 GeVk
CLEO Il (Avery et al, 19942 0.209+0.034+0.015 1.480.32£0.14
HQET (Neubert, 1994c(p?=1.0) 0.22 1.37

F. Exclusive b—u semileptonic decays of bottom mesons  certainties in the theoretical predictions for Bi—X,/ v
and |V, modes, as well as uncertainty in the size of the contribution
from nonresonanB— 7/~ v decays(see Sec. V.E Table
XLV gives some of the theoretical predictions for exclusive
fates in terms ofy,, where the decay rate 5= Yul Vo2

The measurement of exclusiB— X,/ v decays is one
of the major goals oB physics. With improvements in lat-
tice QCD and other theoretical methods, the uncertainties i o o= .
predicting the rate for exclusiiB— X,/ ~ v modes may be- The apP"_Ca“O” of HQET th—u/ Vs much more lim-
come smaller than those for the inclusive end-point specited than itis forb—c/ v decays, since the quark is not
trum, and hence provide a more precise valug\gf)|. heavy compared tA ocp- Nevertheless, HQET does provide

For B—X,/~ » decays, unlikeB—X./~ v, model pre- useful insights. In particular, there is a strong interest in re-
dictions indicate that the rate should be distributed ovefating the form factors forB—m/"v to those for
many exclusive channels, with no dominant modes. The had®— 7" v and the form factors foB— p/ "~ v to those for
ronic systermX,, can range over much of the light-quark had- D—p/ v or D—K*/"v. The technical issues are dis-
ron spectrum, including radially excited apdvave mesons. cussed by several authors, and we refer the reader to the
However, this picture is somewhat modified for the lepton-references for detailéDib and Vera, 1993; Burdmaet al,,
spectrum _end-point region, where the backgrounds from1994. The lattice QCD Collaboration APEAllton et al,

B— X/ v are suppressed and experimental sensitivity is1995 has used HQET-based scaling laws to extrapolate their
best. In this region, theoretical models indicate that a_Sﬂ']auorm-factor results foD Sem”eptonic decays to obtain pre-
number of exclusive decays are dominaBt:—p% v,  dictions forB— p/ "~ » andB— =/~ v. Their prediction for
B—p*/"v, B"—w/ v, and, to a lesser extent, B 7/ %, given in Table XLV, is similar to most of the
B—x*/ v andB™— 7% v. A key prediction underly- quark-model predictions.

ing this conclusion is that the lepton spectra for the decays to The rates forB~—p°%  » and B—p*/ v are con-

final states with vector mesons are expected to peak at Vel¥acted by isospin symmetry, since tBe andB° have the
zigh fhlerggc';ggeé?r?ﬁée'lén ttgr?slsfgvn\*/n’ Pfhsészn%ZZaSBsmva?r;same space and spin-wave functions in this limit, as do the
E>'2.0 GeVk is 0.72 0.65 and 0.52 respective?/y. Al- p> and p™. Although the rate fOIBi_)a.)/.HV cannot be
thoughB— 7/~ » also ,contrib,utes to the énd—point region, it related to these by a flavor symmetry, it is expected in the
. i ' - quark model to be approximately equal to that for
is expected to have both a smaller overall rate and a soft -~ %~ v. Thus

lepton momentum spectruniThe basic reasons for this re- ~ _ '

sult are discussed in Sec. II.C, and examples of predictefl(B°—p*/ 1)=2I"(B~—p°%  v)=2I'(B"—w/ V).
spectra are given in Fig. J7At present, there are large un- (162

TABLE XLV. Theoretical predictions foB°—p*/~ v andB°— =t/ v. (The rates foB~—p%/ v and
B~ —w/ v are half as large¢ The factory, is used to predict the partial decay rate usihg y,|V,,|?. The
branching fractions B(p*) and B(w") are calculated using B=1y,|V, /%75 With |V
=| Vep| (| Vb Vep|) = 0.04% 0.08= 0.0032 andrg = 1.54 ps.

Model yu(pt)o? st yu(m 102 571 B(p*)/1074 B(w")/10*
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) 8+4 1.3-0.6
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15 | | 2.2x10° BB pairs, CLEO has presenté8ibbons, 1995the
first measurement dB— 7/~ v. The most sensitive limits
onB—p/ v andB~—w/ v have also been obtained by
CLEO; these results are inconsistent with a prehmw(any
published branching fraction for B~ —p% v from
ARGUS (Paulini, 199). We first describe thB— p/ "~ v and

B~ —w/ v analyses and then turn to the new results on
B—w/ v.

The basic procedure in the CLEB— p(w)/~ v analysis
(Beanet al,, 1993} is to select events whose kinematic fea-
tures are consistent with aB—ww/ v or
B — a7 7%/ v decay, and then to search fot, p=, or
w signals in the multipion mass spectra. Thechannel is
particularly powerful, because the CLEO Il Csl calorimeter
provides am® mass resolution of about 5 Me®4, and the
o mass peak is only slightly broadened with respect to its
natural width of 8 MeV£2. To reduce combinatoric back-
ground, extensive use is made of the constraints arising from

0.3 08 1.3 18 23 the presence of twB mesons, each nearly at rest. Although
©~ Mass (GeV/c?) the minimum lepton-energy cut is high (2.0 GeV), we have
FIG. 42. The CLEO Il=* %~ mass spectra from searches for S€en above that model predictions indicate that this cut is at
B~ —p% ~v. The upper spectrum is for leptons in the rangel€ast 50% efficient for the signal. In fact, most of the sensi-
E,>2.3 GeV, in which the background is dominated by con-tivity in the analysis is due to the region above 2.3 GeV. In
tinuum events, while the lower spectrum is for the rangethis higher region, th®— X,/ v background is small, and
2.0<E,<2.3 GeV, in which the background is predominantly due the dominant background is due to continuum processes. A
to B— X,/ v decays. In each plot, the dashed curve is the estimajor advantage of applying such a stringent lepton-energy
mated background, except for the contribution of combinatoriccut is that one does not need Monte Carlo to determine the
background that would arise iB~—p° v events themselves absolute scale of the dominant background, since the con-
(dot-dashed line The solid curve is the total, including a tinuum contribution is measured directly by running at a
B~ —p% " v contribution that is not statistically significant. In the center-of-mass energy about 60 MeV below He4S). A
lower plot, the peak just below 1.8 Gedf/is due toD°~K" 7" gisadvantage is that the model-to-model variation in the pre-
decays in which the charged kaon was misidentified as a pion.  yicted efficiency of the lepton-energy cut is significant, re-
sulting in model dependence in the limits on the branching
Experimentally, theB~— /"~ v channel has the advantage fractions and onV,,|.
of the narroww mass peak, but it has a lower reconstruction Figure 42 shows ther* 7~ mass spectra for the CLEO I
efficiency than theB™—p° v decay due to the larger analysis. The upper plot shows events with leptons in the
number of final-state particles. Isospin symmetry also prerangeE, >2.3 GeV, where the background is dominated by
dicts that the rate forB™—#°% v is half that for the continuum, and the lower plot shows events with
B—at/ . 2.0<E_ <2.3 GeV, where the background is predominantly

Both CLEO and ARGUS have searched for exclusivefrom B— X,/ v. These mass spectra are fit to extract the
B—X,/ v decays. Although ARGUS(Albrecht etal,  contributions fromp® production, but in neither case is the
19916) observed a small number of candidate events cons|§|gnal statistically significant. The limits from this channel
tent with particularB— X/~ v modes, there have been no and from similar searches in theB°—>p*/ v and
established signals until recently. Using a sample o8B~ —w/ v channels are listed in Table XLVI. The limits

Combinations/(50 MeV/c2)

TABLE XLVI. Branching fractions for exclusive8 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 aﬁddistributjons and hence somewhat different effi-
ciencies. The results from thB™—w/ v, B~ —p°% v, andB°—p*/ v searches can be combined
statistically, since the branching fractions for these modes are related. We express this result as
B(Boﬁpavg /).

Mode Experiment Ref. Branching fraction
B —w/ v CLEO Il Beanet al, 1993b <2.1X107% (90% C.L.)
B —p%/ v CLEO Il Beanet al, 1993b <2.1x10°* (90% C.L.)
B! Cpt/ v CLEO Il Beanet al, 1993b <4.1x10°* (90% C.L)
B Hpavg/ v CLEO Il Beanet al, 1993b <3.2x10°* (90% C.L.)
B nmt/ " CLEO Il (prelim.) Gibbons, 1995 (1.19+0.41+0.28)x 10" *
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TABLE XLVII. Limits on |V,,/V. using measurements oB™—p% v, B’—p™/ v, and

B —w/ v. The results from these modes have been combined statistically, which we signify by
B(B‘—>pgvg/‘§). The results onV,,| have been corrected tog=1.54 ps. Model dependence in the
branching fractions results from different shapes of kinematic distributions, which leads to different detec-
tion efficiencies. Model dependence |W,,/V.y| is also sensitive to differences in the predicted rates,
corresponding to different values of;.

Model B(B™—pay  ¥)/10°* [Viub/ Vel
(90% C.L) (90% C.L)
ISGW <1.6 <0.13
WSB <2.7 <0.10
KS <2.3 <0.08
assume efficiencies obtained from the ISGW model. neutrino four-momentum; once this quantity is obtaine8, a

Since the branching fractions for these modes are relatethhass peak is reconstructed much as in a hadronic decay
the results from all three can be combined to obtain a statisanalysis. It might appear surprising that such a technique
tically more sensitive limit. The limit obtained by averaging would work, since the presence of undetected particles in
the three channels is expressed in terms of a branching fragddition to the neutrino would distort the measurement of
tion for B— p%,¢/~ v, where the subscript avg indicates that missing energy and momentum. Events with undetected
information from thep and v channels has been averaged. K.’s, for example, usually have a large missing energy, since
Table XLVII lists the model-dependent upper limits for the c| EO does not have a hadronic calorimeter. However, the
B~ —pay v branching fraction and fotVyp/Vey|. The  neutrino momentum can be determined with good resolution
limits for |Vp/Vep| range fromV,,/Vey[<0.08(90% C.L)  in a carefully selected sample of events, as we discuss below.

for the KS model tgV/V¢p|<0.13 for the ISGW model. The missing energy and momenta of the event are defined
These values are consistent with the CLEO Il inclusive meay,,

surement(using the ISGW modelgiven in Table XIV. The
similarity between the limits oV, from the exclusive
searches and the measurement\gf,| from the inclusive

analysis suggests that these exclusive modes may be ob- . .
served in the not too distant future. where the index runs over all detected charged tracks and

The new CLEO analysis @&— /"~ v is unusual in that it Csl calorimeter clusters satisfying cuts designed to suppress

relies on the hermeticity of the detector to determine thdfakes. 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

Emiss™ 2Epeani— EI Ei, Pmisss — Z Pi, (163

S I A A R B I R R I clusters are removed as possible before compEipg, and
25t E Pmiss- The presence of more than one neutrino would also
»f & complicate the neutrino momentum measurement, so only
> 175 2 , events with a single lepton are used. Events are also removed
> sk E if the charges of all observed tracks do not sum to zero, since
R usé | | 3 there must then be at least one unobserved particle whose
PR . : 3 energy and momentum are not being accounted for. Finally,
§ 10 > E events with large missing mass are removed by requiring that
RS : E Mﬁ"lisJZEmiss< 300 MeV, whereM r2niss: Erzniss_|pmi5512- This
5 - E cut removes many of the events that contalfa The cut is
25 ‘ 3 made on the ratioM?;J2E s, Since the resolution on
0 3 aniss scales linearly withE, . With these cuts applied,

512 514 516 518 52 522 524 526 528 53

Monte Carlo studies show that the missing momentum in
Beam Constrained Mass (GeV)

signal events can be measured with a resolution of roughly
~110 MeV. Although the missing energy is used in the
2. cut, the neutrino four-momentum used in Begecon-
struction is calculated only from the missing momentum:

FIG. 43. The reconstructed mass spectrum from the CLEO Il searcﬁI
for B— 7"/~ v andB~— #%/~ v. The neutrino four-momentum
used to calculateng is estimated from the missing momentum in
the event, a technique that requires careful removal of events in pV=(|pmi54,pmiSS)_ (164
which there are additional unobserved particles, suckKds or . . .

other neutrinos. The points with errors represent the data after suﬂ:he re_solutlon Orpmiss IS Slf'bStant"'?‘"y _better t_han that on
traction of continuum background and events with fake leptons. Th&miss Since no particle ID information is required and be-
solid histogram shows the total fit, which includes contributionsC@use the contributions of spurious photon clusters tend to
from the signaldashed histogram, shown on top of backgronds cancel inpyss but add inE yss.

B— X/~ v (shaded region and otheB— X/~ v decayshatched Using this neutrino four-vector, one proceeds as in a had-
region. ronic analysis, definind E, the difference between the beam
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energy and that of the candidaB meson, andMg, the  20.7+7.0 events, where the ISGW model was used to obtain
beam-energy-constraindgl mass: the signal shapes used in the fithe yield for the WSB
-~ _ model is very similar, since the shape of tRenass peak is
AE=Epear (B, TE,+Ex), essentially the same for the two modglBhe corresponding

Mg=[EZear— (IP,+ P, + P12 (165  preliminary branching fraction is

Signal events are expected to have small valueA®fand B(B—#*/"v)

values ofM g that peak at th& mass. To suppress continuum _ 4
background, event-shape cuts similar to those used in the =(1.19+0.41+0.21+0.19 X10 (ISGW),
CLEO B—p/ v analysis are applied. The lepton energy is __ _

required to satisfyE,>1.5 GeV, which helps to suppress B(B’— 7 */ " v)

B— X,/ v background. This cut is lower than that used in

the B—p/ v analysis because th&—m/ v lepton- =(1.70+0.51+0.31+0.27 X 10 % (WSB), (166
energy spectrum is softer.

F|gur§ 43 shows th(e_()reconstrugtadmass. spectrum for  yhere the theoretical models used to calculate the signal
B —#/ v and B'-w'/"v candidates with shapes and detection efficiencies are indicated. The errors
—0.25<AE<0.15 GeV. The background from continuum given are statistical, systematic on the yield from the fit, and
and fake leptons has been subtracted. A small signal @ the systematic on the detection efficiency, respectively. The fit
mass is evident. The number of signal events is obtained|sg |eads to limits oB—p/ " » andB~—w/ "~ v that are
from a fit that takes into account background contributionsjrtyally identical to those from the CLEO search described
from B—X./"v decays andB—X,/ v processes other eaier in this section. The ratio of the branching fractions for
thanB—m/"v. In fact, the reconstructeB mass distribu- g_.,,~% to B— 7/~ v can be constrained:
tions for the five modesB’—#*/ v, B-— a0/ v,

B~ —p% v, B°=p*/ v, andB~—w/ " v are fit simul- B(B’—p*/ 7)IB(B'—a" /" 7)<3.4 (90% C.L)
taneously, thereby constraining the background from the vec- ' ' .(.167)

tor modes intadB— 7/~ v with the data. Isospin constraints

are imposed on the tw8— /"~ » modes and on the tWO T jimit is obtained when either the ISGW or the WSB
B—p/ v modes. In each mode, the shape of theygdelis used.

B— X/ v background is determined from Monte Carlo,  g\idence supporting the conclusion that the signal is in-
and the level of this background floats independently. Th&jeed due tB8— 7/ v decays can be obtained from kine-

background from otheB— X/~ v processes is determined p4tic distributions. Figure 44 shows the lepton spectrum ob-
from Monte Carlo with the rate fixed by the observed rate in

the end-point region of the inclusive lepton spectrum.
The total yield forB™— 7%/ v and B°—#*/ v is

15— . —
20—
I ] o 10
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= g |
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0 NN h\xwmmm\m\\wm“&ﬂnv
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cos 6,
3
Lepton Momentum (GeV/c) FIG. 45. The reconstructed distribution for the polar angle of the

lepton in the W* rest frame from the CLEO Il search for
FIG. 44. The reconstructed lepton-energy spectrum from the CLE®°— ="/~ v andB°— 7+ /"~ v candidates. The points with errors
Il search forB°— #*/~ v andB°— 7"/~ v. The points with er-  represent the data after subtraction of continuum background and
rors represent the data after subtraction of continuum backgrounevents with fake leptons. The solid histogram shows the total fit,
and events with fake leptons. The solid histogram shows the totalvhich includes contributions from the sign@ashed histogram
fit, which includes contributions from the signéllashed histo- B—X./ v (shaded histograjn and otherB— X,/ v decays
gram), B— X/~ v (shaded histogramand otheB— X/~ v de- (hatched histograjmn For signal events, this distribution should be
cays (hatched histogram The shape of the spectrum for dN/dcost, « sirfd,, independent of model, and the data are con-
B—w/ v events is obtained from a Monte Carlo based on thesistent with this predictior(The angle plotted in this figure is equal
ISGW model. The spectrum associated with the signal events i® 7 minus the angled, shown in Fig. 5; the expected signal
significantly harder than that of tHg&— X./~ v background. distribution is unaffected by this differenge.
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tained from the fit. The spectrum is significantly harder than In semileptonic decays of\, and A. baryons to final

that of theB— X/~ v background, and it is consistent with states containing anothér-type baryon, charge correlations
model predictions foB— 7/~ v decay. One can also exam- between the lepton and the daughter baryon can be used to
ine the angle of the lepton in the™* rest frame. As discussed identify signal and background. For example,AQ decays,

in Sec. II.C, the distribution of this angle dN/dcosd, the final states\/ "X and A/~ X can occur, but the final

= sirf, , independent of models. The observed distributionstatesA ~~X and A/ * X cannot. “Wrong-sign” candidates
shown in Fig. 45, is quite consistent with this prediction. Theare used as a measure of the background contribution to the
statistical significance for the signal, including information «right-sign” signal. Samples of hundreds of semileptonic
from this angular distribution, is about 38 The measured charm-baryon decays have been identified and used to mea-
branching fraction is somewhat higher than that expectedure branching fractions and decay asymmetries. The analy-
from the original ISGW modefassumingV ;| =0.003), but  sis of their joint decay distributions is just beginning. Studies

it is very similar to the value expected in the ISGW2 model,of semileptonic bottom-baryon decays are even less mature
as well as to those in the WSB and KS mod&dse Table and are limited to branching fraction and lifetime measure-
XLV). ments.

As this paper was going to press, CLEO preserifau-
mar et al, 1995 evidence for the decaB—p /"~ v, with a
gir\?gr(:mgge.fractlon consistent with the CLEO upper limits 1. Decay distributions for A ,A/* v

Since measurements of the decay distributions of semilep-

tonic A decays have already been published, while no such
G. Semileptonic decays of charm and bottom baryons experimental studies foA, decay exist yet, we give the
decay distributions foA.— A/t v and note how those for

Of the observed charm and bottom baryons, thg, Ap— A/~ v differ. For a recent review of the experimental
E¢.» Q., and A, decay through the weak interaction. The and theoretical status of baryons containing one heavy quark,
light quarks in these ground-state sgirbaryons are in a including semileptonic decays, we refer the reader tonkég
spin-zero state in thd o and = baryons and in a spin-one Kramer, and Pirjo(1994).
state in the) baryons. This leads to a simpler theoretical The decay of unpolarized ;s to A/ v, with the daugh-
description and greater predictive power for models of semiter baryon A subsequently decaying tp7~, can be de-
leptonic A and E o decays than for semileptonic decays of scribed by four independent kinematic variables. The four
mesons or other baryons. The deday— A,/ v has been variables that are usually used are analogous to those used in
analyzed in the HQET framework to ordemdd, including  the analysis ofD*—K*% "y, described in Sec. VI.A.6.
next-to-leading-order QCD correctiondleubert, 1994c  They areq?, the square of the’* v invariant massp,y, the
The motivation for studying semileptonic baryon decays isangle between the charged lepton and the direction of the
twofold. First the decay\,— A/~ v could be used to reli- A measured in the’* v rest frame'® ¢, , the angle between
ably extractV, at the zero-recoil poinfthe kinematic point the proton and the direction opposite that of e mea-
at which the associated form factors are normalized irsured in the rest frame of the; andy, the azimuthal angle
HQET) if sufficiently large samples could be isolated. Sec-between the projections of the charged lepton and the proton
ondly, the joint angular decay distributions far,—A/ v momenta in the plane perpendicular to Weand A direction
andAp,— A/~ v could be used to study the hadronic matrix in the rest frame of the\.. The differential decay rate for
elements, just as has already been done in the decays.—A/" v with A—p= can be expressed in terms of these

D—K*/*v andB—D*/ v. four kinematic variablesKorner and Kraner, 1992:
|
dr B(A—pm) ,  ,Pad?|3 ) -
qud CO$Ad COSgde - 2(277)4 GF|VCS| W g(l_CO$W) (1+aA CO§A)|H%l(q )l

3
+ 5 (1+cosw)®(1—ay cosfy)|H-11(q?)|?
3 _
+ 7 S ul(1+ @y cost)|H1o(0%)[?+ (1 ay cosdy)[H-10(d?)[]

3
+ ——= sinfy(1—coshy) @, Sind, cosyH 19 Hiq
2 2

242

3
+ ——=sinfy(1+coshy) e, Sind, cosyHzigH_1 17, (168
2 2

2\2
10\ote thaté,, is 180° minusé, defined in Sec. VI.A.5 foD* —K*°/* v decay.
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TABLE XLVIII. Experimental measurements of the produgte*e” = A X)B(A.—A/"X) ateTe”
center-of-mass energies near 10.4 GeV.

ARGUS CLEO Il
(Albrechtet al,, 19919 (Bergfeldet al., 1999
glete" = AX)B(A.—AetX) (pb) 4.20+1.28+0.71 4.87-0.28+0.69
o(ete = AX)B(A.—Au"X) (pb) 3.91+2.02+0.90 4.43-0.51+0.64
Average(pb) 4.15+1.03+1.18 4.770.25+-0.66

wherep, is the magnitude of théd three-momentum in the 1

rest frame of the\ . and hence is a function @f. a, is the F2(9%)=—F5(q%)= Mfz(qz)- (171

asymmetry parameter for the parity-violating nonleptonic de-

cay A—pwm . The measured value i&y=0.642-0.013 In general, the magnitude d§ is expected to be less than

(Particle Data Group, 1994For A,—A./ v, the above that off;. CLEO has recently measured the rafle-f,/f;

equation holds with cdk, replaced with —cos,, and for the decayA.— A/ " v. (See next sectiop.

siné, replaced with—siné,,. If we integrate Eq(168 over the azimuthal anglg and
The subscripts on the helicity amplitudes ,,, corre-  the polar angledy,, we obtain

spond to the helicities of th&d (\,) and W (\y). Each

helicity amplitude contains an axial and a vector piece,

Hy . =HY , +H2Y , . We have assumed that the helicity
AW AW AW

amplitudes are real, as we did in Sec. VI.A.6 foV/ v. where the asymmetry parametex _is defined by
The helicity amplitudes contain the dependence on the in- ¢

variant form factors that parametrize the hadronic current. In [H1al®=[H_1 1>+ [H1o>—[H_10/?
the limit of zero lepton mass, there are four form factors, ay = 2 5 2 5 2 > 5.
FY, Fy, F7, andF% (Korner and Kraner, 1992. The helic- ¢ |H%1| +|H*% =1 +|H%0| +|H*%0|
ity amplitudes are related to the form factors through th
equations

dr

m“]ﬂ' ap ap CoY, , (172

(173

eThe parametet, gives the longitudinal polarization of the

v daughter baryon\ that is being analyzed by its subsequent
\/?Héoz VO_[(M+M )FY—q?FY], decay topw. Both ARGUS and CLEO have measured

aAC.

HI =\2Q_[—FY+(M+MFY],
2

VaPH1, = QLM =M OFL+a?F3],

2. Charm-baryon decays

A
H1 = V2Q [ —F{—(M—=M,)F5], (169 The earliest studies of semileptonic. decays were pub-

2 lished by Mark Il at SPEARVella et al, 1982 and PEP
whereQ..=(M=M,)*~g? The remaining helicity ampli- (Klein et al, 1989. However, these results were of very lim-
tudes can be obtained through the parity relationsted statistical significance. More recently, the decay
HY&AA),MN: +(—)HXi’§{IV. Ac—A/ v has been studied most extensively by the

In the heavy-quark symmetry limit, when the quark in- ARGUS (Albrechtet al, 19919 and CLEO(Bergfeldet al,,
volved in the decay is heavy in both the initial and final 1994; Crawfordet al, 1995 Collaborations. The ARGUS
baryon(for example, A,— A/~ v), all four form factors are sample consists of about 100 signal events over a back-
related to a single form factdGeorgiet al, 1990; Georgi, ground of about 140. CLEO published branching fractions
1991; Isgur and Wise, 1991a; Manredlal, 19914: and decay asymmetries based on a signal of about 430 events

V, 2 A2 v, 2 A, 2 over a background of 190 events and, more recently, has

Fi(g9)=—-F1(q%), F3(q")=F3(q")=0. (170 presented results on the form factor ralaeand has updated
When the quark in the initial state is heavy and that in thethe asymmetry parameter with a sample about twice as large.
final state is light(for example, A.— A/ *v), the four form Both ARGUS and CLEO measure the product

factorsFY, FY, F2, andF% can be expressed in terms of o(€7€ —AX)B(A—A/"X) at ane’e” center-of-mass

two independent form factor§, and f, (Hussainetal, ©nergy near th& (4S). The experimental results are shown
1991: Mannekt al, 1991a, 1991b: Falk and Neubert, 1993b;in Table XLVIII for electrons and muons separately. The
Mannel and Roberts, 1993 branching fraction itself is extracted by normalizing to the
M A.—pK~ 7" rate, as follows. ARGUS and CLEO have each
Vo2~ _ EAA2) — 2o VAL o measuredr(e*e” — A X)B(A,—pK~ 7). The weighted
F1(99)=—F1(a9)=11(a%) + 7~ f2(a%), average is
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TABLE XLIX. Experimental measurements of semileptoiig and ). baryon decays.

Experiment Measurement
ARGUS ( Albrechtet al, 1993a oete - EX)B(E2—E "/ *X)=(0.74+0.24+0.09) pb
CLEO Il (Alexanderet al, 1994b oete” —=EIX)B(E?—-E e’ v,)=(0.63+0.12+0.10) pb
CLEO Il (Alexanderet al, 1994 o(ete=EIX)B(ES —E% " ve)=(1.55+0.33+0.25) pb
CLEO Il (Alexanderet al,, 1994b B(EY—E e"v)/B(E—E #")=3.1+1.0'33
CLEO Il (Alexanderet al, 1994b B(Ef >E%"1e)/B(ES B nn")=2.3+0.6"02
ARGUS (Albrechtet al, 1993¢ B(Q:—Q /"X)/B(Qe—Q 7 7' 7")=0.87+0.53
o(ete” = AX)B(A.—pK 7")=(11.3-0.8+1.0) pb. other thanA/ " v. They find that fewer than 15% of the

(174 candidates have decay products in additiolt6" v, at the

ARGUS and CLEO have also been able to measure th@0% confidence level. .
branching fractionB(A.—pK~7*) under the assumption  BOth ARGUS and CLEO use two-body hadronic decays of

that all baryons produced iB decay come from\, decay. the daughter baryon as a polarization analyzer to extract a

The weighted average of the two measurements is decay asymmetry parameter far.—A/""v. As described
in the previous section, the differential decay rate is given by
B(Ac—pK 7%)=(4.3x1.1)%. 795 dr
Therefore the A, semileptonic branching fraction for —————x1l+ @, @, COY,, (179
dg-d cos, c

A.—A/"X can be extracted for each experiment:
B(A.—A/"X)=(1.6+0.6)% for ARGUS andB(A. Wwhered, is the angle between the proton and the direction
—A/*X)=(1.8+0.5)% for CLEO. The average of the two opposite that of th&V, measured in theé\ rest frame. The
measurements is A asymmetry parametesi, =0.642+0.013 (Particle Data
B(A— A/ X) = (1.7+0.4%. (176 Gzroup, 1994 is W§II meas_ured foA —par, and a,_is the
) ) . ) ) g--dependent parity-violating parameter to be extracted from
This branching fraction can be combined with the measureghe opserved decay distributions ih,—A/*v. In the
A lifetime of (2.00+0.11)x 10" ** s (Particle Data Group, ARGUS analysis, the\ direction is assumed to be the same
1994 to extract a decay rate of as theA/* direction, which is a good approximation when
[(A.—A/+X)=(8.5£2.1)x 10051, (177  the mass of the\/f system is reIaFiver large. In the CLEO
o ) ) ) ) . analysis, the neutrino momentum is extracted by approximat-
This is considerably lower than the inclusive semileptdhic ing the A direction by the thrust axis of the event. Each
SN — 0 - :
decay ratd“(D_—>X/+v)—(17_1t 0.7)x10"s™* (see Sec. experiment observes a large negative polarization ofAhe
VI.D). In the simple spectator quark model, we would expect,g expectedy, = —0.91+0.49 for ARGUS(Albrechtet al,
C

b ek SahOn a0 b e S e ST ST e 10t o
prafie ay =—0.82'003 003 for CLEO (Crawford et al, 1995.

decays to final states not containing\a However, theoreti- ! )
cal expectations are that semileptonic. decays will be These results are |n.good agreement with the qsymmetry pa-
dominated byA,— A/ v. Therefore, at this time, there ap- 'ameter measured i — A" decays and with HQET,
pears to be a discrepancy between the measurements afftich predicts that, =—1 asq approaches zero.
theoretical expectations for the inclusive semileptokiade- CLEO has presented results from a three-dimensional un-
cay rate. However, the experimental uncertainties on théinned maximum-likelihood fit to the kinematic variables
branching fractions for\,—pK~ 7+ and A.—A/*X are  g? coshy, and cod, , for about 1000 events with a signal-
still large. to-background ratio of about 2:rawfordet al, 1995. A

CLEO has chosen to interpret their measurements ofiipole form is assumed for the® dependence of the form
Ac—A/* X and A, —pK~ 7" as a limit on the branching factor with a pole mass of 2.11 Ged. They extract the
fraction for A;—pK™a*. They assume that th& inclu-  ratio of form factorsR=f,/f; discussed in Sec. VI.G.1. The
sive semileptonic decay rate is the same as thaDfone-  result isSR=—0.25+0.14+0.08, in agreement with the ex-
sons, and they use only their measurements ofectation that the magnitude ©f is less than that of; .

o(e"e” = AX)B(A,—pK 7") and o(ete” ARGUS has presented evidence for semileptonic decays
—AX)B(Ac— A/ ) for py >0.5p,a. CLEO concludes of 22 andQ,. The results are summarized in Table XLIX.
that ¢ Since the production rate for these baryons is not known,
_ . they report the product of the production cross section and
B(Ac—pK" 7")=1(6.67+0.35:1.35%, (178 the inclusive semileptonic branching fraction. More recently,

where f=B(A.—A/"X)/B(A.—/"X). Sincef must be CLEO has also observed semileptorE decays and has
less than one, the result is an upper limit onreported the first evidence of semilepto@¢ decays. Their
B(A.—pK~#7") that is consistent with the average of the results are also shown in Table XLIX. In addition to the
CLEO and ARGUS measuremensq. (175)]. product of the production cross section and branching frac-
CLEO searches itd .— A/ * X candidates for final states tion, they have measured the ratio of the semileptonic
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TABLE L. Experimental measurements of inclusikg semileptonic decay rates, from LEP experiments.

Experiment No. of signal events Measurement

OPAL (Acton et al, 1992 55+9+93 f(b—Ap)B(A,— A/ ~X)=(0.29+0.05+0.11)%
ALEPH (Buskulic et al, 1992h 122+18%32 f(b— Ap)B(A,— A/~ X)=(0.35*0.05+0.09) %
DELPHI (Abreuet al, 1993 30+10 f(b—Ap)B(Ap— A/~ X)=(0.41*+0.13+0.09) %
ALEPH (Buskulicet al, 1992a 21+5 f(b—Ap)B(A,—A/ X)=(3.020.7-0.9)%

branching fraction to that for a hadronic mode. By assuming/ll. CONCLUSIONS
that the=; and E_ are produced at equal rates éfie" _ _ _
annihilation at 10 GeV and that the semileptonic decay rates The considerable progress in understanding charm and

to Ze* v, are the same, CLEO deduces the ratio of lifetimesPottom physics is due both to major experimentseae™

to be 7(E.))/7(E)=2.46+0.70"333 This is in good and fixed-target experiments and to the continued strong ef-

agreement with the ratios of directly measured lifetimes:forts of the theoretical community. Here we summarize the
4.06+1.26 by E687(Frabettiet al, 19939 and 2.44-1.68  Most important results and their implications. We look back
by NA32 (Barlaget al, 1989. The observed ratio is also in on many of the key questions that have been answered and
agreement with the predicted hierarchy of lifetimes forthe new questions that have been raised, and we attempt to
charmed baryon§Guberinaet al, 1986; Voloshin and Shif- indicate which directions should be most strongly pursued in
man, 1986. the future. We shall start with the CKM matrix, assessing the
While experimental results on semileptonic charm-baryorimplications of measurements §¥cy| and|V,|. We then
decays currently have limited statistical significance, mucHurn to results on charm and bottom decays and their inter-
larger data samples are expected in the future, allowing tes@€tation.
of the various baryon semileptonic decay models.
A. CKM measurements

3. Bottom-baryon decays An enormous experimental and theoretical effort has been

At present, semileptonic decays of bottom baryons arelirected towards better measurements|\f,| and |V,
studied mainly by the LEP experiments to extract lifetimes.which are summarized in Table LI. Broadly speaking, mea-
Since the fraction ob quarks fromZ decays that fragment surements ofV,| are in a process of gradual refinement,
as aAp [f(b—Ap)] is not known, measurements of decay while measurements ¢¥,,| are still in their infancy, domi-
rates are expressed as the product of a particular semilepated by large theoretical uncertainties.
tonic A, branching fraction and(b— A,). The LEP mea- There is good agreement between the valuel/gf| ob-
surements are summarized in Table L. OP#cton et al., tained from measurements of the inclusiBesemileptonic
1992, ALEPH (Buskulicet al, 1992, and DELPHI(Abreu  branching fraction (Sec. V.D.4 and the rate for
et al, 1993h have net signals foA,— A/~ X in the range B—D*/" v at zero recoilSec. VI.E.4. We take as our final
of 30 to 150 events with a signal-to-background ratio ofvalue |Vp|=0.040+0.003 from theB—D*/~ v measure-
about 1.5 to 2. They have each measured Ahelifetime ment (adding the errors in quadratyyeegarding the inclu-
with these events or a subset of them. In the modeive measurement as a check. A point that merits continued
Ap,— A/ "X, ALEPH (Buskulic et al, 1992a has used investigation is the sensitivity of this value p¥.,| to dif-
about an order of magnitude fewer events to measure thierent assumptions for the shape of the extrapolation func-
product branching fractioishown in Table . and theA,  tion £&(w). The uncertainty associated with the extrapolation
lifetime. appears to be relatively smalt=(0.001 in|V,,|), but this

TABLE LI. Summary of results on the CKM matrix elements determined frBnsemileptonic decays.

When two errors are given, the first is experimental and the second is theoretical. The measurement of
[Vep| usingB—D*/~ v at zero recoil has an error associated with the unknown shape useddA the
trapolation and a theory-related normalization error, as discussed in Sec. VI.E.4. The litvt, gV )|
corresponds to the CLEO Il result using the ISGW model, which gives the highest value of the models
considered. Note that the 35% error|W,,/V.;| corresponds to a 70% error in the rate.

Quantity Method for determination Value Total rel. error
|Vepl InclusiveB— X/~ v 0.041+0.001*+0.003 8%

|Vl B—D*/ v 0.040+0.003+0.001+0.001 8%

|Vepl Recommended value 0.040+0.003 8%

[Vup/ Vel Inclusive end point 0.076+0.008+0.025 35%

[Vup/ Vel ExclusiveB—p/ v andB™—w/ " v <0.13
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FIG. 46. The constraints in thep(n) plane arising from measurements |f,,|, B°B° mixing (Xq4), and CP violation in kaon decays
(€). To extract the constraint orp(7) from €, one also needd/ .|, which enters to the fourth power. The dark region indicates the values
of p and » that are consistent with all of the current constraints, assumificho bands.

result should be checked with larger data samples as they The allowed region in theg| ) plane is shown in Fig. 46.
become available. These two methods for extractivig,| As discussed in Sec. 11.B, this region is determined by three
have not always agreed so well; part of the improvement cagonstraints:

be traced to the newer values for the theoretical quantity (i) The allowed range ofVyp/Vep| defines an annulus

7(1), which are lower than some earlier predictions. between the  extreme  values  of pZ+ 72
We do not use measurements|uf,,| from overall exclu- —| V*|/|VeaVep| =0.34+0.12. The uncertainty iV, is

sive r_ates(TabIe XXX!X.) because the associated theoretlca_lmuch larger than that ofV.,|, so the error on the radius in
error is much more difficult to evaluate, and because there % e (0.) plane is dominated by the error ¢xi,|
a large experimental correlation between the measurement .. ) P y . o Yrubl-
errors for the overall rate foB—D*/~» and the rate at , () 1he measurement of th€P-violation parameter

: o : ! le|=|7,_|=2.269-0.023x 10 2 (PDG 1994 in kaon de-
zero recoil. It is interesting, however, that the values of d+ ; he h boli h df h
|V Obtained from total rates are systematically lower tharC2®YS (Tt(:rmmesht € hyper O_'?] curves that e>r<]ten romdt e
those obtained with the other methods. This result could beg?'Wer 1eft to- the upper rig t.(Here we have use
related to the fact that predictions of overall rates depend off |<|€|.) We shall see below that this constraint is very
form-factor slopes as well as their normalizatiomag,, and ~ Sensitive to|Vey| and its uncertainty, so that it is more ap-
the slopes are much more difficult to predict. UnderestimaPropriate to say that the curves are determined by bejth
tion of the magnitudes of the slopes would lead to predictedﬁnq_!Vcd- A
rates that are too large for a givé¥i,,|, or, equivalently, to (i) The parameterAmgo=(0.51+0.06)x 10 #i s,
values of|V,| that are too small for a given rate. The dis- which measures thB’B° oscillation frequency, allows one
crepancy between the values f.y| obtained from total to determlnévtdl=A)\3[(l—p)2+ 772]1/?, giving an annulus
semileptonic rates and from th@—D*/ v rate at zero centered atg,»)=(1,0). This constraint suffers from large

recoil merits further investigation. theoretical uncertainties in predicting the mixing rate in
For|V,|, we take as the central value the CLEO Il inclu- terms of fundamental constants.
sive end-point measurement using the ACCMM ma&aic. The constraint fromV | is straightforward, but the other

V.E), and we define the theoretical error as the differencéwo involve a number of inputs. We now review the data on
between the results for the ACCMM and ISGW models. Thiseach of these constraints.

error must be regarded as only a rough guide to the uncer- Using our value for|V.,| and the PDG 1994 value for
tainty. The larger value diV,,| from ISGW is certainly ex- A=|V,J=0.2205-0.0018, we calculate A=|V,|/\?
pected, since the authors of that model intended to provide & 0.82+0.06. This constant enters into the extraction of the
lower limit for the rate in the end-point region. Better theo- (p,#) constraints from bothe| and theBB mixing param-
retical calculations forB— X,/ v inclusive decays are eterxy.

clearly desirable, as are results for exclusBe-X,/ v Equations(21) and (22) show thate depends on the pa-
channels. The CLEO Il observation Bf— /v is a mile-  rametersA, %, Mg, M, 7ce, 7Mer, and 7. We take
stone for these studies. It is encouraging that the observedy=0.75+0.10, doubling the quoted error on the value
rate forB— 7/~ v (Sec. VI.B is consistent with that ex- 0.75+0.05 obtained from a lattice QCD calculation in the
pected from the inclusive end-point value fdt,,] and most quenched approximatiofGupta, 199% Although the au-
theoretical predictions for thB— 7/~ v rate. It is also in- thors of this calculation believe that the error due to this
teresting that lattice QCD and HQET are being combined t@approximation is small, they have not yet included a corre-
predict this rate, an approach that is likely to be refined in thesponding uncertainty in their result. It appears that the lattice
future. is very well suited to calculating?k , and many theorists are
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B— X,/ v decays over part of thg® range. Measurements
of B— X4y may provide information on thb-quark motion
e within the B meson; these results should help to reduce the
uncertainty orjV,,| as determined from the inclusive lepton-
energy spectrum above tiBe— X/~ v end point. The mea-
surement of V.| from the rate forB—D* /v at zero re-
coil will improve as data samples increase in the future, and
; o . it should be possible for the experimental precision to reach
e B R Ry Sy B the current level of theoretical uncertainty on the constant
7(1) (6% in the rate, 3% iNV,|), which is used to extract
|V¢pl from theB—D* /"~ v rate at zero recoil. We also note
the importance of precise measurements Of and D

FIG. 47. A possible future scenario for the constraints in thebranching fractions that enter into tBe—D* /~ » measure-

((jp,r]) planﬁ after impr.ovements ir|l megsuremzntsc:jfsemilepoﬁ)nic ment. FortunatelyB(D* +—>D°Tr+) has already been mea-
ecays. The uncertainty ofV.,| has been reduced from 8% to sured to about 2%, and®—K 7" to 3.5%.

4.5%, and the uncertainty dN,| is reduced from 35% to 17%, as
discussed in the text.

In our final (o, n) plot, we assume for purposes of illus-
tration that a total precision of 4.5% is achieved |6,
(compared with the current precision of about)8%e also
optimistic that the errors will continue to improve. For the assume that the theoretical error [of,,| will be reduced to
c-quark mass, we use,=1.4+0.2 GeVkt?; box diagrams roughly the size of the current experimental error, which will
with ¢ quarks are important mainly for values pfnear 1, halve the overall uncertainty div,|. Figure 47 shows what
where thet-quark contribution is suppressed. For thguark  the constraints in thep( ») plane would look like if the
mass, we obtain an averagg= (180+ 12) GeV/k? from the  errors improved in this manner, with the central values un-
CDF (Abe etal, 1995 value of m=(176x8+10) changed.(We have not included any improvement in the
GeV/c?> and the DO value(Abachi etal, 1995 of uncertainty on%y or m,.) Eventually, these results will be
m,= (199" 33+ 22) GeVk?. (We have ignored possible cor- compared with measurements @P violation in B decays,
relations in their errorg.Following the prescription of Buras Wwhich will determine the interior angles of the unitarity tri-
etal. (1994, we correct this average downward by angle. Such measurements will provide crucial information
(7+1) GeV/c? to obtain a running top-quark mass of towards determining whether the obsereH-violating pro-
my=(173+12) GeVk? suitable for substitution into the rel- cesses can be explained in terms of the phenomenology of
evant formulas. We also take the values of the QCD correcthe CKM matrix, or whether physics outside the standard-
tion factors z..=1.1, 7¢=0.36, andzn,=0.57 from Buras model framework is required.
et al. Further discussion of these parameters at next-to-
leading order is given by Herrlich and NierstE994, 1995.

BecauseZy is reasonably well known, the uncertainty in

|Vep| is important in determining the constraint frdej. The Whereas studies of semileptonic bottom decays are largely
reason is simple: the box diagram with two intert@uark  motivated by the desire to measure the CKM matrix ele-
lines is dominant unlesg is near 1, and the gorresponding mentsV,, andV,,, the matrix elements relevant for semi-
termin t_hee calculat|(_)r_1 is proportional toZA®. The error  |eptonic charm decay,s and V.4, are determined quite
on |Vp| is thus magnified by a factor of four relative to that precisely from the unitarity constraint on the CKM matrix.
on.Zy . At p=0, for example, the uncertainty opfrom this  Therefore the important impact of semileptonic charm stud-
diagram due tdV,y| is about 29%, while that from?x is  jes is on dynamics, not CKM matrix elements. The measure-
only 13%. Better measurements || will therefore lead  ments are used to test predictions of quantities such as decay
directly to a tightening of the constraint. rates and form factors. Many of the models and theories used
The constraint fronBB mixing, in contrast, depends on for these predictions are necessary ingredients in extracting
the poorly known quantitny\/B_B, which we take to be CKM matrix elements from bottom decays. Both experimen-
(200+40) MeV. It may be quite some time befofg\Bgis  tal and theoretical work on semileptonic charm decays will
known precisely, so bettex; measurements will not lead play arole in the ultimate precision with which we determine
immediately to a betterg( ) constraint. Even with the high- the elements of the quark mixing matrix.
luminosity B factories, it will be a long time beforég is We began our review of experimental results with a dis-
determined fronB— 7 v,. cussion of leptonic charm and bottom decays. Here only one
What can we expect in the future? In the next few yeargarameter, called the decay constant, is required to describe
we should be able to determifi€,,| from exclusive decays the nonperturbative physics. The decay constants are also
such asB— /v, B—p/ v, andB™—w/ v. Progress used to describe other processes, suciD3° and B°B°
in lattice calculations suggests that eventually there may beixing, and hence are quite important. Unfortunately, lep-
reliable predictions for the decay rate for these modes in th&onic decays have small branching fractions and are experi-
high-g2 region, much as HQET allows one to predict the ratementally difficult to reconstruct. Although four experiments
for B—~D*/ v at high g>. Additional information will have shown evidence for the decBy— " v, in the last
come from form-factor measurements of semileptdhide-  two years(see Table V), the statistical and systematic errors
cays, which can be related to those for exclusiveare still very large. Most experiments normalize the leptonic

B. Summary of leptonic and semileptonic charm decays
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rate to that of another decay mode of fhg. As the statis- p_,K*,/* 3, while the lattice predictions for the axial form
tical precision improves, quantitative interpretation of thefactors are somewhat higher than the measured values.
measured decay constant will be limited by the uncertainty The methods developed to extract form factors in
on the absoluteDs branching fractions. BES has made ap_, g« +, decays have now been extended to the decays
self-normalizing r_ne_asurement_of ;rias decay constant. S~ ¢/ v and A;—A/ " v. Although the experimental
However, the statistical uncertainty is very large. CLEO aneresuIts are statistically limited, the semileptonic decays

ALEPH have set upper limits on the rate B8Br — 7~ v, that DI —¢/ v andDs—(7 or 7')/ " v appear to follow the
are a}t least an order qf magm_tude above the expected Valuf?attern ofD decays, both in terms of form-factor ratios and

It is important to continue to improve the measurements o n terms of the relative decay rates to vector and pseudosca-
both the D and B-meson decay constants as larger datq

camples are mulated. Since Bhdecay constant is mor ar mesons. The study of form factors in the baryon decay
ample accumufated. since theecay cons S more A.— A/ visin its infancy, but should be pursued, because
difficult to measure, we would benefit from more theoretical

work relating theB decay constant to the more easil mea_theoretical predictions are often simpler fartype baryons
g y y than for mesons. The measurement of the ratio of semilep-
suredD andD¢ decay constants.

i — 0 =+ i
The inclusive branching fraction fd°— X/ v has now t.onl'c decays of= am.j.“c has led t‘.) an est'lmate oF .the
lifetime ratio, competitive and consistent with the direct

been measured by CLEO with just 5% uncertainty. There- e
measurement of lifetimes.

fore we can perform a significant comparlson'of the mcluswg Although we have barely seen evidence B p/*
semileptonic rate and the sum of the exclusive semileptonic

i s+
e 0 0 s oo Tabie K Th oxliv. 1, e 11 See any vt oo e e
decaysD—K/"v and D—K*/" v, plus their Cabibbo- y Imp 9 y

0 ) transitions from heavy to light quarks. This information will
s_uppressed counterparts, account for£84% of the inclu- be helpful in extracting/,,, from exclusiveB decays in the
sive rate. No evidence for higher mass resonances or non-
resonant final states has been observed. In contrast
B—D/ v andB—D*/ " v represent only 60% to 70% of

semileptonic bottom decays, and—D**/ v and

' The prospects for advances in the precision of charm mea-
surements are very good. CLEO Il has recorded millions of
Y e*e” —cc interactions. The experiment has installed a sili-
B—D X/ v aCCOLiT fc+)r part of the rsst. con vertex detector, which will allow the use of charm life-
The ratioI'(D—K*/"v)/['(D—K/"») has now been {me information to reduce the background in modes such as
well measured, confirming the initia—and somewhaty s  +, and to improve form-factor analyses. Larger
surprising—experimental result that the rate to a vector M€Yata samples in the future will have a significant impact on

son in the final state is only a I|_tt'le over half the rate to 8 heasurements such as form factors Dy —é/* v and
pseudoscalafSee Table XXIX) Initially, these results were A-—A/" v and studies of modes that have barely been
not in good agreement with theoretical predictions. Since the ° ] y

, . rv hadl—u* D /v, Doa/t
measured form factor fdd — K/ * v was in good agreement observed SEC a0 —~p vy, Deon/ v, Doa/ Ty,
andD—p/ " v.

with theory, the inconsistency was traced to the lower-than- Fermilab hadroproduction experiment E791 has a very
* J+ ; ;
expected rate qu_—>K / v. However, by taklln_g |.nto ac- large data sample in hand. Results are expected soon on form
count effects originally ignored, such as relativistic COITeC~4 tors and decay rates for suppressed modes. Fermilab pho-
tions, theorists have managed to accommodate the Observf'éiroduction experiment E687 will run again in the next
ratio of rates in quark-model calculatioriSee Sec. VI.B.2.  fixaq target run as E831. They expect to increase their data
Lattice gauge calculations are also in reasonable agreeme&;mple by a factor of at least 10. On a longer time sdale
with thezmeasured ratio. ~ . factories will also produce very large samples of charmed
The g“ dependence of thB—K/ " v decay rate has Now paricles. Discussions continue on a possible dedicated
been measured by many experiments, most precisely bycharm factory. Therefore the future looks bright for studies

CLEQ. Bec.ause only one sig.nificant form factor is needed tQy leptonic and semileptonic charm decays: many measure-
describe this decay, information on th& dependence of the ments are currently limited by the size of existing data

form factor can be extracted. This is the oflydecay mode samples, but the prospects for significantly larger samples
in which the parameter that characterizes the slope of thgye good.

form factor has been measured, rather than assumed. The
measurements are in reasonable agreement with the model of

nearest-pole dominancéSee Table XXI. _ _C. B semileptonic branching fractions
Significant progress has been made in reducing the statis-
tical errors on the three form factors D—K*/*v. (See Apart from the averag® lifetime, the inclusiveB semi-

Table XXIV.) Close to a thousand events have already beeteptonic branching fraction” s, is the best measured quan-
used in a single study. Fermilab experiment E791 anticipatesity in B physics. The fact that the value of, lies at the
publishing results based on at least twice this many events isxtreme lower end of theoretical expectations has generated
each of the two lepton modes. Although initial quark-modelmuch discussion. It is not clear how seriously to take this
predictions showed some discrepancies with the data, morsituation. One view is that it merely indicates the difficulties
recent predictions are in good agreemefBee Table in calculating the hadronic rate, which is sensitive to QCD
XXVIII. ) A great deal of progress has been made on latticgorrections and quark masses. Alternatively, it could indicate
gauge calculations. The agreement with experiment is goothe presence of a new, unexpected contribution to the had-
for the vector form factors for D—K/" v and ronic rate. Measurements of the semileptonic branching frac-
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tion are now on solid ground: the uncertainties are fairly Whereas the inclusive semileptonic rate is nearly ac-
small, and the results are confirmed by different experimentsounted for by known exclusive modes [h decays, this is
and methods. The traditional technique of using the singlenot the case inB semileptonic decays(The known
lepton spectrum at th¥ (4S) has reached the point where B—X./~ v modes were summarized in Table XXXVo-

the relative experimental error is onk¢3% on the latest getherB—D/~ v andB—D*/~ v account for 60% to 70%
CLEO Il measurement. Averaging over all(4S) experi- of the inclusive semileptonic rate. It is clear from ALEPH
ments gives#g =(10.51+0.21)% in the ACCMM model. and OPAL measurements that B—D X/ v,
However, the model dependence of these results is higheB— D% X/~ v, and otheB—D* X/~ v decays account for a
giving a 4% to 5% relative uncertainfgee Table VIl. To  significant part of the rest. In these studies, the LEP experi-
circumvent this problem, a new technique using dileptorments have exploited the lonB lifetime and used high-
events has been used in place of models to separate the pprecision silicon detectors to associate tracks to decay verti-
mary from the secondary lepton spectrum. The model depertes. If we sum the branching fractions féP_>D+/—;,
dence is substantially reduced, since models are only needgg_.p+*+,~3 andB—D** 7/~ »X (multiplying the last

to extrapolate from the lowest accepted lepton momenturpy 1 5 as an estimate of the total rate includdg®), we
(0.6 GeVk) down to zero, which is only 6% of the spectrum. ghtain (7.9:1.1)%, or (76:11)% of the semileptonic

The recent CLEO Il dilepton analysis gives branching fraction. With an additional contribution from

Ss1.=(10.49:0.17+0.43 %, (180 B—D3X/ v (as yet poorly knowp we are beginning to

. . . see a large part of the semileptonic rate, but the uncertainties
with a relative systematic error of 4%. The LEP measure- gep P '

ments of %, tend to be systematically slightly higher than 2 still quite large. -
those obtai?wLed at th‘é(4S)y(a point th)z;t mgeritg fugr]ther in- we now turn toB— X,/ dgcays. The challenge of un- .
vestigation, but are consistent within errors. Better measure-9€rstanding these processes is formidable, as we have dis-
ments of the charm content of hadromcdecays, although Ccussed in Sec. VLF. Whil@—p/"v, B"—w/ v, and
difficult, will be important in determining the source of the B— 7/ v may well be a large fraction of the rate in the
discrepancy between experiment and theory. The semiletNd-point region of the lepton-energy spectrum, over the en-
tonic branching fraction provides an excellent reality checkiire spectrum there are no dominant modes, so an already
of our understanding of the inclusive hadronic rate, and betsmall rate is divided among a large number of exclusive
ter calculations and measurements should be vigorously pumodes. There is considerable uncertainty associated with the
sued. measurement ofV,,| from the end-point region of the in-
Substantial progress has been made in predicting thelusive lepton spectrum, since such a small part of phase
B-meson semileptonic decay rate using heavy-quark exparspace is involved. The difference between the values of
sions, and the inclusive approach may provide a measurév,,/V.,| extracted using two different mode(&aCCMM
ment of |V¢,| with precision comparable to that from and ISGW is 33%, corresponding to a 66% difference in the
B—D*/ " v at zero recoil. The size of the uncertainty on therate! (This difference may represent a somewhat pessimistic
inclusive calculation is currently a matter of controversy, butyiew of the theoretical uncertainty, since the ISGW model
it is clear that having two competing methods is very usefulwas constructed to give a lower limit for the rate in the
Turning to exclusive semileptonic decays, we have see@nd-point region.We have also seen that calculations based
thatB—D* /v is the most importanB— X/~ v process  on HQET can only predict the rate in the end-point region if
for determining| Vcb|,. both bec.ause it is experimentally VeIY that region is defined to be quite lar¢@ec. V.B. A measure-
clean and because it has desirable features from a theoretical. ¢ of the inclusiveg? spectrum in the region of high lep-

F.O'm toft\;:ew. tThet absence (.)lf Ieadlng;t&dclarro@bco(;rcatc— ton momenta may help to clarify these issues. This measure-
lons 1o the rate at zero recoll means bl Can be deter- \ ant is difficult in an inclusive study, since one must

mined with rather small theoretical errors. In addition, thiscalculate 2 Using onlv the lepton momentum and the miss-
mode provides a way to test many HQET predictions. d g only P

through form-factor measurements, a program that is now['9 ENeray of the ev_ent, which is used to gstlmate the mo-
well underway. mentum of the neutrino. Even so, the technique looks prom-

A conspicuous difference betwe@nandD exclusive de- 1SN at least at a crude level. L
cays is the vector-to-pseudoscalar ratio, whicBidecays is ~ 1he CLEO Il measurement oB— /" v represents a
given by I'(B—D*/~»)/[(B—D/"7). This ratio is mﬂestong in the search for exclusiiBe—~X,/~ v modes, anq
poorly measured at presefsince the branching fraction for observations of other such decays should not be too far in the
B—D/ v is not yet well known, but it certainly differs future. Mapping out these modes and studying their kine-
greatly from the analogous quantity i@ or D¢ decays, Mmatic distributions is one of the most important long-term
where the ratio is significantly less than unity.gf is close  goals in the ongoing program to understand semilept8nic
to the measured value of 1, theoretical predictions for thelecays. Eventually, measurement of the rate for
vector-to-pseudoscalar ratio Bidecays are completely con- B— 7/~ v, B—p/ v, or B —w/ v at highg? should
sistent with the measured value. Better measurements @fovide a reasonably good determination|df,,| by com-
B—D/ v are very desirable and should be forthcoming inparison with the rate predicted from lattice QCD calcula-
the relatively near future. It would also be useful to comparetions. Measurements of kinematic distributions will provide
the g2 dependence of the form factor for this mode with thattests of the predictions fdB— X,/ ~ v decays, just as they
of the form factors iBB—D* /" v. currently are foB— X,/ v modes.
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D. Form factors for B semileptonic decays and made many contributions to the work presented in this
review. We also wish to thank our theoretical colleagues, in
Confidence in our understanding of the dynamics of semiparticular, Mathias Neubert, who provided Figures 22 and
leptonic decays will come from comparisons of form-factor 23: Daryl Scora, who provided Figures 7 and 8; and Nathan
measurements with predictions. With the rgcent CLEO “ngUf, Aneesh Manohar, Martin Savage, K. Ura|tsevy A. Vain-
measurement of the form factors Br~D* /" v, a step has  shtein, and Mark Wise for many valuable discussions and
been taken in this direction. This measurement is the first t@omments_ The text was Substantia”y improved through the
fit all observable quantitiehree angles and®) and to in-  efforts of Kate Metropolis and Pat Metropolis, and Debbie
corporate their correlations. The analysis differs fromceder helped enormously with the manuscript. Nora Rogers
D—K*/"v form-factor studies in two significant ways, provided assistance with the references, and Ray Cowan ad-
even though the quantum numbers involved are identicalvised us on TEX.
First, in theD—K* /" v measurements, thg’ dependence
of the form factors is completely fixed by the assumption of
pole forms with given masses. Thus three paramdmoke = REFERENCES
massep are fixed, while the remaining two parameters
(form-factor ratios at;?=0) are determined by the fit. In the Abachi, S.,et al, 1988, Phys. Lett. 05, 411.
B—D*/ v analysis, three parameters are determined fronfbachi, S..et al, 1995, Phys. Rev. Let74, 2632.
the fit: two form-factor ratios and a form-factor slope, which Abada, A.,et al, 1992, Nucl. Phys. B76, 172,
is closely related to the slope of the Isgur-Wise function. TheAbada, A..et al, 1994, Nucl. Phys. BI16, 675.
pole form for theg? dependence is not used. Since tife  Abe, F. etal, 1993, Phys. Rev. Letf71, 500.
range is quite limited, a simple linear form is assumedAbe, F..etal, 1995, Phys. Rev. LetiZ4, 2626.
which is consistent with expectations. It is significant that the”\breu, P-et al, 1993, Phys. Lett. B11, 379.
analysis determines the form-factor ratios without fixing thisﬁﬁ?;r:a*PDb‘eéta;i 119532' P;‘ﬁ’;é 'T_‘Z‘:;[ IZI;S 1?63?:4
slope; similarly, it determines the slope without fixing the P ¥ ’ : ' :
ratios. As forD —K* /" v, one would really like to allow all ﬁgz\r?aovigche,tl\gi,ei;é.algil,sPEgts{ E?:;té, 2281& 142.
f!ve parameters to vary, but the three form factors have beeﬂdler, Jet al, "1988a" Phy)//s.. Rev. Let6O, 89,
tied to each oth(_ar using results from heavy-quark Symmetryagier, J.. et al, 1988b, Phys. Rev. Let60, 1375.
Thus the analysis does not go as far as one would like, eithe{gjer, J. et al, 1989, Phys. Rev. Let62, 1821.
in precision or in allowing all parameters to vary. Neverthe-agler, J.,et al, 1990, Phys. Rev. Let64, 169.
less, the observed agreement between HQET predictions angterib, D.S.,et al, 1993, Phys. Rev. Let#1, 3070.
experiment on the two form-factor ratios is certainly not re-Akers, R.,et al, 1993, Z. Phys. @G0, 199.
quired by the constraints imposed on the measurement. Inkers, R.,et al, 1995, “A Study of Charm Meson Production in
fact, most models are in approximate agreement in predictingSemileptonic B Decays,” CERN Preprint No. CERN-PPE/95-02.
these form factors, indicating th&—D*/ v is on rela- Alam, M.S.,et al, 1993, Phys. Rev. Letf1, 1311.
tively solid ground theoretically. This mode will undoubtedly Alam, M.S., et al, 1994, Cornell University Preprint No. CLNS-
be studied extensively in the future, as much larger data94-1314.
Samp'es are obtained. Albrecht, H.,et a'., 1987, Phys Lett. B92 245.
Tremendous progress has been made in understandiﬁg%)brecmv H.et al, 1989a, Nucl. Instrum. Methods 275, 1.
semileptonicB decays and in using them to measure the”Precht, H..etal, 1989b, Phys. Lett. 229, 175.
magnitudes of the CKM element4,, andV,,. Much work ~ Albrecht, H.,et al, 1990a, Phys. Lett. 234, 409.
remains to be done: we need higher-precision measuremenﬁ%recﬂt' :"et a:" ggcl)b, gEys. tett. gg‘ ggg'
of B—X./~» modes, and we have just begun to exploreAlbizghE’ H"gi ;" 19912’ th:' ngl 52 634
B— X,/ v decays. With the largB data samples expected Y ’ ' ' ' '

. ) -~ Albrecht, H.,et al, 1991c, Phys. Lett. B69, 234.
at several laboratories around the world, these studies will bﬁlbrecht H..et al, 1992a, Phys. Lett. 75 195.

an important part of the high-energy physics program ovehprecht H. et al. 1992b. Z. Phys. G54, 1.

the next five to ten years. Albrecht, H.,et al, 1993a, Phys. Lett. B03 368.
Albrecht, H.,et al, 1993b, Phys. Lett. B18 397.
Albrecht, H.,et al, 1993c, Z. Phys. &7, 533.
Albrecht, H.,et al, 1993d, Z. Phys. &0, 11.
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