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ABSTRACT
We review recent experimental results on lifetimes and on hadronic decays of
hadrons that contaimandb quarks. The theoretical implications of these results
are also considered. An understanding of hadronic decays of heavy quarks is
required to interpret the charge-parity—violating asymmetrieB itlecays that
will be observed in experiments planned for the near future.
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1. INTRODUCTION

Heavy-flavor physics began in 1974 with the discovery of #tfemeson (1),

a narrow resonance at a mass of 3.1 GeV. Jitewas quickly identified as a
bound state of a charm and anti-charm quark, a previously unobserved quark
flavor with a mass around 1.5 GeV.

Charm was not only the first heavy-flavor quark, it was also the first quark
whose existence was predicted before its discovery. In 1970, Glashow et al
introduced the GIM mechanism and postulated a new type of quark in order to
explain the absence of flavor-changing neutral currents in kaon decay (2).

In 1977, the second heavy flavor, the bottom igpquark with a mass of
my, ~ 5 GeVk? and a charge of 1/3, was observed at Fermilab in forms of
bound states with th& family (3).

The recent observation of the top quark by the CDF and DO collaborations
(4) completes the three quark families of the standard model:

u c t
d S b/)-
The six quarks are divided naturally into heavy and light flavors. & leeand

t quarks are called heavy because their masses are larger than the QCD scale,
A, while the masses of thg d, ands quarks are lighter.
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Weak decays of heavy quarks test the standard model and can be used to
determine its parameters, including the weak mixing angles of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix (5). In addition, the study of heavy-quark
decay provides important insight into the least well understood sector of the
strong interaction: the nonperturbative regime, which describes the formation
of hadrons from quarks.

In the standard model, the charm (bottom) quark decays through the weak-
charged current into a light quark with a charge-efl/3 (+ 2/3), i.e. an
s (c) or d (u) quark. The coupling is proportional to the eleméfy, of
the CKM mixing matrix, whereQ denotes a heavy quark, eitheor b. In
charm decays, the CKM matrix can be approximated byx&2otation matrix
with one real angle, the Cabibbo angle ~ 14°. In this approximation,
¢ — Wstransitions, proportional to c@s, are favored with respectto— Wd
transitions, proportional to sth. These two types of transitions are called
Cabibbo-favored and Cabibbo-suppressed, respectively.

The lowest order decay diagrams for charm (bottom) mesons are shown in
Figure 1. The spectator diagram (Figueeahdb), in which the light antiquark
does not take part in the weak interaction, is thought to be dominant. Similar
to muon decay, the decay rate for this diagram is proportionmgo In the
external spectator diagram (Figur@) 1color is automatically conserved, while
the internal spectator amplitude (Figutg is color suppressed since the color
of the quarks from the virtual W must match the color of the quarks from the
parent meson. In the naive-quark model, the color-matching fgctas a
value of ¥N; = 1/3, so that the decay rate should be reduced by a factor
1/18 [= (1/3)? x (1/+/2)? for the z° wave function] for a decay such as
B® — DO%0.

The exchange and annihilation diagrams (Figuwrarddd) are helicity sup-
pressed. This suppression can be somewhat mitigated by the emission of soft
gluons. There is also a further reduction in the amplitude, which is proportional
to the magnitude of the wavefunction at the origin.

In addition, there are small contributions from the penguin diagram and the
box diagrams, which are responsible &t — B® mixing. These are shown in
Figure 2 andf, respectively. Because of the GIM mechanism, these diagrams
are highly suppressed in charm decay.

Decays of heavy baryons containing charm or bottom quarks are more com-
plex. The annihilation amplitude is absent, but the exchange diagram is no
longer helicity-suppressed. The dominant hadronic decay mechanisms for
charm (bottom) baryons are shown in Figure 2. The external spectator de-
cay mechanism is shown in Figurea 2vhile the diagrams for the internal
spectator contributions are shown in Figuteghdc. Figure 21 shows the
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Figure 1 Decay diagrams foz- andb-mesons.

W-exchange mechanism. The contribution of diagrams other than the external
spectator diagram is expected to be significant for decays of baryons with heavy
quarks.

Decay modes can be subdivided into three categories according to the final
state particles produced. These are leptonic, semileptonic, and hadronic decays.
The first can only proceed by the annihilation diagram, while semileptonic
decays occur by the spectator diagram. Hadronic decays may proceed via all the
decay mechanisms. In contrast to semileptonic and purely leptonic transitions,
hadronic decays involve an intricate interplay of quark rearrangement due to
soft and hard gluon exchanges. In addition, the hadrons in the final state can
rescatter into one another. For example)@can decay directly intd< %z °
or rescatter via the intermediate stadte 7+, sinceK 7+t — KO0 is an
allowed strong interaction. These processes are referred to generically as final-
state interactions (FSI).



Annu. Rev. Nucl. Part. Sci. 1996.46:395-469. Downloaded from arjournals.annualreviews.org
by University of Hawaii at Manoa Library on 05/18/09. For personal use only

CHARM AND BEAUTY PARTICLES 399

Although readily accommodated in the standard model by a complex phase
in the CKM matrix, charge-parity (CP) violation remains one of the least un-
derstood phenomena in physics. So far, it has only been observed in the decays
of kaons. While the results from the kaon sector are consistent with the stan-
dard model, the complications introduced by strong interaction effects make
it nearly impossible to ascertain whether the complex CKM phase is the sole
source for the observed asymmetries. If the standard model is correct, large CP
asymmetries are expected in hadroBidecays to CP eigenstates. Efforts are
now underway at every major high-energy physics laboratory to observe these
CP-violating effects in th® sector.

Data samples at least one order of magnitude larger than those available at
present are required to observe CP asymmetries iB tieson system and to
provide fundamental consistency checks of the standard model. This s the justi-
fication for the construction of high-luminosigyf e~ storage rings in the United
States at SLAC (PEP II/BABAR) and Cornell (CESR PHASE III/CLEO IlI)
and in Japan (KEK-B/BELLE), as well as for the dedicated fixed-target experi-
ment at the HERA ring at DESY. Hadron-collider experiments dedicated to the
study of CP violation have also been proposed at Fermilab and at CERN. In
addition, these new machines will produce large samples of charm mesons and
baryons, which can also be studied in detail.

w
q q q q
q q q q
a) External Spectator b) Internal Spectator
q
2
g 'f Q q
" . ,,
@ q q q
q9 q q q
¢) Internal Spectator d) Exchange

Figure 2 Hadronic decay mechanisms forandb-baryons.
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Table 1 Charm event samples ef e~ colliding beam ex-

periments
Experiment NG Charm events
Mark 111 3.77 GeV 28,00D°D°
20,000D* D~

4.14 GeV 300MsDs
BES 4.03 GeV 6005 D5
CLEOIII ~ 105 GeV 4x 10° cC
ARGUS ~105GeV  Q7x1PcC
LEP 91 GeV 220,00@c per experiment
SLD 91 GeV 14,00@c

@Number produced.

In order to extract information about the weak phase from the asymmetries
thatwillbe observed by these experimentsinthe near future, an understanding of
the interplay between the weak and strong interaction responsible for hadronic
decays and of the lifetimes of particles containing heavy quarks is needed. In
this review, we describe recent experimental results on lifetimes and decays of
mesons and baryons containing heavy quarks, and we report on the progress in
interpreting these results.

Semileptonic and leptonic decays of charm and bottom hadrons have been
reviewed elsewhere (6, 7). More detailed reviews of B decays are also available

).

2. EXPERIMENTAL STUDY OF CHARM AND
BOTTOM DECAY

For many years after the discovery of the charm quark in fixed-targes'zetd
collisions,ete™ colliders provided most of the results in the study of charmed
hadrons. Inthe mid-1980s, however, the introduction of silicon vertex detectors
made fixed-target experiments competitive once again (9). Fermilab fixed-
target experiments now dominate several areas of charm physics, including
lifetime measurements and rare-decay searches.

Table 1 gives the sizes of charm data samples feder colliding-beam
experiments (6). The major advantage offeredetyg annihilation is that
the fraction of hadronic events containing heavy quarks is relatively large and,
hence, backgrounds are small. In fixed-target experiments, the production
cross section is larger but the fraction of hadronic events that contains charm
particles is much smaller. The charm hadroproduction cross section is on the
order of 20ub (for an incident proton momentum of 400 GeVEt), but charm
events represent only about Ff the total cross section (6). Photoproduction
has a smaller charm cross section but a larger fraction of charm produced.
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Table 2 gives the number of reconstructed charm decays for several fixed-target
experiments. The current data samples conta{h(®) reconstructed charm
decays. Samples witA(10°) reconstructed events are expected during the next
few years from Fermilab experiments E781 (SELEX) and E831 (FOCUS), as
well as inete™ annihilation from CLEO Il at CESR.

2.1 efe  Experiments Near Threshold

Most of the current knowledge of the decay®Bahesons is based on analyses of
data collected by experiments at CESR and DORIS. These experiments record
data at ther' (4S) resonance, which is the lowest lyib resonance above the
threshold forBB pair production. Thér (4S) resonance decays exclusively

to BB, as there is not sufficient energy to produce additional particles. The
B mesons are produced nearly at rest, and the average momentum is about
330 MeV; thus, the average decay length is approximatelyr@0

Inrecentyears, advancesin detector technology, in particular the introduction
of high-resolution silicon vertex detectors, have allowed experiments at high-
energy colliders (i.e. LEP, SLC, and the TEVATRON) to observe decay vertices
of b quarks. This has led to precise lifetime measurements, as well as to the
direct observation of time-dependdht- B mixing and to the discovery of new
b-flavored hadrons.

The first fully reconstructe® mesons were reported in 1983 by the CLEO |
collaboration. Sincethen, the CLEO 1.5 experiment has collected a sample with
an integrated luminosity of 212 pb, the ARGUS experiment has collected
246 pb?, and to date the CLEO Il experiment has collected about4fbf
which up to 3fb'! have been used to obtain the results described in this review.

For quantitative studies & decays, the initial composition of the data sample
must be known. The ratio of the production of neutral and chaByedsons in

Table 2 Fully reconstructed charm events samples of fixed-target experiment

Experiment Beam/target Fully reconstructed charm decays
FNAL E691 y Be 170 GeV 10,000

FNAL E687 y Be 220 GeV 100,000

CERN WA75 7~ N 350 GeV 350

CERN NA32 (ACCMOR) K~ andz~ N 200 GeV 1300

CERN WA82 7~ N 340 GeV 3000

FNAL E653 7~ N 600 GeV 1000

FNAL E769 7~ N 250 GeV 4000

FNAL E791 7~ N 500 GeV 200,000

EXCHARM n N 40 GeV

CERN WAS89 ¥~ N 330 GeV
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T (4S) decay is, therefore, an important parameter for these experiments. The
ratio is denotedf, /fo and is measured (10) to be

fy B(Y(4S) — B*B")

fo  B(Y(4S) — BOBO)
The third error is due to the uncertainty in the ratioBff and B* lifetimes.
This result is consistent with equal production®f B~ and B°B° pairs, and
unless explicitly stated otherwise, we assume thdtfo = 1. The assumption
of equal production of the charged and neuBathesons is further supported
by the near equality of the observ&t and B® masses. Older experimental
results, which assumed other valuesfafand fo, have been rescaled.

Two variables are used to isolate the exclusive hadrBnitecay modes at
CLEO and ARGUS near threshold. To determine the signal yield and display
the data, the beam constrained mass is

2
Mé = Egeam_ (Z 6!) ) 1.
i

wherep; is the reconstructed momentum of theaughter of theB candidate.

An example is shown in Figure 3. The resolution in this variable is determined
by the beam energy spread and is about 2.7 MeV for CLEO II, and about
4.0 MeV for ARGUS. These resolutions are a factor of ten better than the
resolution in invariant mass obtained without the beam energy constraint. The
measured sum of charged and neutral ener§igs:s of correctly reconstructed

B mesons produced at the(4S) must also equal the beam ener&yeam to
within the experimental resolution. Depending on Bhdecay modeg g, the

error on the energy differend®E = Epeam— EmeasVaries between 14 and

46 MeV. Note that this resolution is usually sufficient to distinguish the correct
B decay mode from a mode with one additional or one fewer pion.

2.2 High-Energy Collider Experiments

The four LEP experiments and SLD operate onZAeesonance. Atthis energy,
the cross section fdib production is about 6.6 nb and the signal-to-noise ratio
for hadronic events is 1:5, comparable to thé4S) resonance. Compared
with ete™ annihilation, thebb production cross section at hadron colliders is
enormous, about 5Qb at 1.8 TeV. However, a signal-to-background ratio of
about 1:1000 makes it difficult to extraztuark signals and to fully reconstruct
B mesons.

The kinematic constraints available on ¢4S) cannot be used on the®.
However, due to the large boost, thequarks travel: 2.5 mm before they
decay and the decay products of the twvbadrons are clearly separated in the
detector. The large boost makes precise lifetime measurements possible.

= 1.13+0.14+0.13+ 0.06.
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Figure 3 Beam-constrained mass distributions from CLEO Il 8)r8~ events andk) BO events.

2.3 Averaging Experimental Results

To extractB meson branching fractions, the detection efficiencies are deter-
mined from a Monte Carlo simulation and the yields are corrected for the
charmed meson branching fractions. In order to determine world-average
branching fractions foB and D meson decays, the results from individual
experiments must be normalized with respect to a common set of values for
absolute branching fractions of charm mesons and baryons. The branching
fractions for theD® andD* modes used to calculate tBebranching fractions

are given in Table 13. For thB® — K~x* branching fraction, we have
chosen an average of values recently reported by the CLEO Il, ARGUS, and
ALEPH experiments (11). The valu& Dt — K~ n*tz*™) =89+ 0.7% is

used in this review to normalize branching fractionsfor modes. Our value

for B(D® — K~7*x0) is calculated using a recent result from CLEO Il (12),
B(D® - K—n*7%/B(D° - K~nF) = (3.67+ 0.08+ 0.23)%, averaged

with an older measurement from ARGUS (13). The branching ratios of other
DY decay modes relative ©° — K~ * are taken from the PDG compilation
(14). TheD™ branching ratios are also taken from the PDG compilation (14).
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The CLEO Il results foDt — K~z*x™*, however, have been rescaled to
account for the neid® — K~z * branching fraction. For older measurements
of B decays involvingD* mesons, the branching fractions have been rescaled
to account for improved measurements of Biebranching fractions.

Branching ratios for alDs decay modes are normalized relativé{d; —
¢ ™). Two model-independent measurements of the absolute branching frac-
tion for D — ¢z * have been published by BES (15) and CLEO (16). These
have been averaged to determine the value used here (see Table 14). Branching
ratios involvingDZ modes are also rescaled to account for the isospin-violating
decayD} — Dsr? recently observed by CLEO (17).

The determination of branching fractions Brdecays to charmed baryons
requires knowledge oB(A}f — pK~x™). The uncertainty in this quantity,
however, is still large, as it can only be determined by indirect and somewhat
model-dependent methods. In this review, we B8 — pK zn™) =
4.4 4+ 0.6%, determined by the particle data group (14).

Statistical errors are recalculated in the same way as the branching ratios. For
results from individual experiments dhdecays to final states with mesons,
two systematic errors are quoted. The second systematic error contains the
contribution due to the uncertainties inth8 — K~z+, Dt — K~z*x+, or
DS — ¢x " branching fractions. This will allow easier rescaling atatime when
these branching ratios are measured more precisely. The first systematic error
includes the experimental uncertainties and, when relevant, the uncertainties in
the ratios of charm branching ratios, elg(D® - K~ z*7x*7~)/ (D% —
K~n) and the error in thé®* branching fractions. For modes involvirizy
mesons, the first systematic error also includes the uncertainties due to the
D and D* branching ratios. For all other modes, only one systematic error
is given. For world averages, the statistical and the first systematic error are
combined in quadrature while the errors due toEife D+, andDZ branching
ratio scales are listed separately.

With the improvement in the precision of ti¥ andD* branching fractions,
these quantities are no longer the dominant source of systematic error in the
study of hadronidB meson decay. The errors on tBg” and A} branching
ratios remain large.

3. LIFETIME MEASUREMENTS

3.1 Theoretical Expectations for Lifetimes of Hadrons
with Heavy Quarks

In the naive spectator model, the external spectator amplitude is the only weak
decay mechanism and, thus, the lifetimes of all mesons and baryons containing
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heavy quarks should be equal. Differences in hadronic decay channels and
interference between contributing amplitudes modify this simple picture and
give rise to a hierarchy of lifetimes. Experimentally, we find the measured
lifetimes to be significantly different. For example, tBe lifetime is ~ 2.5
times longer than th®? lifetime.

The decay width of charmed hadronigs = I') + ') + hag) IS dominated
by the hadronic component. For example, for & meson, one finds that
the semileptonic componerity = (16.3+ 1.8) x 10'% 1, is a small fraction
of the total widthI" = (94.6 + 1.4) x 10'%~1. The contribution from purely
leptonic decays can be neglected.

Measurements of the lifetime ratiqD*) /7 (D) = 2.547+ 0.044 (14) and
of the inclusive semileptonic branching ratid3} — eX = (17.2 + 1.99%
(14) andD® — e X = (6.644 0.184 0.29)% [using a recent result from CLEO
(18)], show that théd® and D* semileptonic decay widths are nearly equal.

(D% — eX) _ B(D® - eX) ¢(Dh)
I'(D* > eX) B+ —exX) . t(D%

This implies that differences in the total decay widths must be due to differences
in the hadronic decay amplitudes.

In the past, it was suggested that the large difference in the charm meson
lifetimes was due to the presence of the exchange (annihilation) diagram for
the D° (Ds). A more reliable explanation invokes the destructive interference
of the external and internal spectator diagrams, which decrease the hadronic
width of theD*. The external and internal spectator diagrams can give the same
final states only for th®* meson and not for thB° or D mesons (see Figure
la andb). The two diagrams will interfere destructively. This effect reduces
the total width of theD™ (see Section 7.7.2). As a consequence, we expect
Thad(D*) < Thad(D®) ~ T'hag(Ds), or the following hierarchy of lifetimes,

=0.98+0.11 2.

(D% ~ 7(Ds) < (D). 3.

Itis important to note that the difference in the hadronic decay width should be
understandable at the level of two-body decays, since three-body and four-body
decays are experimentally found to be dominated by quasi two-body channels.

The baryon sector is more complex. The exchange mechanism is no longer
helicity suppressed and can be comparable to the spectator diagram. In addition,
color suppression is operative only for particular decay channels.

There are three large effects that modify hadronic widths in charm baryon
decay (19): ) destructive interference between the external spectator (Figure
2a) and the internal spectator (Figure) & a spectator quark isa-quark (asin
AcandE7), analogous to the effectid™ decay; b) constructive interference
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between two internal spectator diagrams (Figurdesadd c) if the spectator

quark is ars-quark (as inE}, E2, and2.); and €) W-exchange contributions
(Figure i), which can be large if the baryon containd-guark (A, and £2).
Neglecting mass differences and Cabibbo-suppressed decays, the nonleptonic
decay rates for charm baryons are qualitatively given by

IM'(Ac) = T'spec+ desint. + Texch 4.
I'(E}) = Ispec+ Cgesint. + Ceonint.

I'(E9) = I'spec+ Ceonint. + Cexch

['(Q2c) = Ispect conint.

where spec is the spectator component, exch is the W-exchange component,
con.int is the component from the constructive interference, and des.int is the
destructive interference component. Models with different relative weights for
these non-spectator effects lead to different predictions. There are two models
that predict a baryon lifetime hierarchy

T(Q) ~ 7(EY) < 7(Ao) < T(EY) 19 5.
T(Q) < 7(EY) < t(Ac) ~ (&) (20).

Since the ground-state hadrons contairbrguarks decay weakly, their life-
times should be in the range of 0.1-2 ps. Ten years ago, before the MAC (21)
and MARK 1l (22) collaborations presented the first measurements db the
lifetime, the only phenomenological guide to the strength of the coupling be-
tween the quark generations was the Cabibbo angle. If the coupling between
the third and second generatiomg.(|) had the same strength as the coupling
between the second and fitst(s|), theb lifetime would be about 0.1 ps. When
measurements at PEP indicated lifetimes longer than 1 ps, it was deduced that
the CKM matrix elementVep| is very small.

As inthe charm sector, we expect a lifetime hierarchyfflavored hadrons.
However, since the lifetime differences are expected to scal¢ra%,1where
Mg is the mass of the heavy quark, the variation in thgystem should be
significantly smaller, on the order of 10% or less (23). Forhlitsystem, we
expect

7(B7) > ©(B% ~ t(Bs) > t(AY). 6.

Measurements of lifetimes for the variobslavored hadrons provide a means
of determining the importance of non—spectator mechanisms in¢ketor.
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3.2 Techniques for Charm Lifetime Measurements

The measurements of the charm hadron lifetimes are dominated by fixed-target
experiments using silicon vertex detectors. The measurement of the lifetime
is, in principle, very simple. One measures the decay lehgtk Syct to
extract the proper time. The typical proper time for a-hadron decay is in

the range 10'2-10*3s, so that high-precision vertex detectors are necessary.
The lifetimes are determined using a binned maximum likelihood fit to the
distribution of reduced proper time, which is definedtas- t — No/Byc,
whereo is the error on the longitudinal displacement (L) between the primary
and the secondary vertex (typically about 4061). The value of N varies
depending on the analysis (typicaly = 3). The reduced proper time avoids

the use of large corrections at shrCorrections for acceptance and hadronic
absorption at long times and resolution at short times are included in the fitting
function. Events from the mass sidebands are used to model the background
lifetime distribution.

This technique must be modified slightly for measurements of the short-lived
charmed hyperons, for example, g lifetime is comparable to experimental
resolution (24). In E687, the fit is performed for all observed times greater than
—0.05 psto retain sufficient statistics. The effect of resolution is significant; itis
included in the analysis by convoluting the exponential decay and the resolution
function (25).

3.3 Techniques for Beauty Lifetime Measurements
The lifetime of a particle is related to its decay lengithby

T Lb
° 7 ype
At LEP energies, the averaggemomentum is about 30 GeV, which results in

an average decay length ob2mm for (z,) = 1.5 ps. Similarly, at CDF, the
mean vertex displacement in the plane transverse to the beam is é®oun0

A variety of methods has been developed to measure the decay length and
to determine thé lifetime. They all follow the same basic steps. A purified
sample is selected and the decay length is either measured directly or deter-
mined indirectly by using the impact parameter. The resulting decay length is
then corrected for the Lorentz boost. An additional correction for background
contamination is applied as well.

To determine the lifetime of a specitichadron, as in charm hadron lifetime
measurements, one would like to have a sample of fully reconstructed decays.
Theb vertex could then be reconstructed, allowing a measurement of the decay
length. The momentum of thie hadron gives the/g factor in Equation 7
without any further assumptions. The resulting proper-time distribution would

7.
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be an exponential function convoluted with a Gaussian resolution function
representing the measurement errors. Although currently limited by statistics,
this procedure will ultimately yield the most precise measurements of individual
b-hadron lifetimes.

The best statistical precision in the determination of lifetimes of hadrons
containingb quarks is currently obtained from measurements using partial
reconstruction of semileptonic decays. These decays represent about 21% of
the totalb decay rate and have the advantage that both electrons and muons
can be efficiently identified with low background. The purity of the sample can
be enhanced by kinematical cuts that take advantage of the large mass of the
b quark, e.g. selecting leptons with large transverse momentum with respect
to theb direction. Event samples with purities above 90% have been obtained
at LEP. However, in such semileptonic decays, the neutrino is not detected, so
theb hadron is not completely reconstructed. One then has to rely on Monte
Carlo simulations to estimate tlb,emomentum and to extract the proper-time
distribution from the decay-length measurements.

For inclusive lifetime measurements, the presence of ajpiglepton or ayr
meson is usually sufficient to demonstrate the presencd ofuark, while for
exclusive measurements of individdahadron lifetimes, an additional decay
particle has to be reconstructed in order to establish a signature characteristic
for the decayindp hadron (Figure 4). Tha,, lifetime, for example, is measured
using a sample of events containing ¢~ or A¢~ combinations.

In early experiments, the vertexing precision was not adequate to measure
the decay lengthl, = yBct, directly. The impact parameter method shown
schematically in Figurea&was developed as an alternative. Because of the

" B lepton
i mis-identified
{ lepton
:

Jet axis

neutrino

a) Impact Parameter Method b) Vertex Reconstruction Method

Figure 4 Lifetime measurements using the impact parameter me#)@h@ decay length method
(b) for inclusive and exclusiv® hadrons.
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finite lifetime of theb hadron, a lepton from the semileptonic decay of the
heavy quark will miss the primary vertex where th&adron was produced.
The miss distance or impact paramedeiis given by

8 = ypBcrysina sing, 8.

whereq is the angle between the lepton and thdirections and is the polar
angle. Theb direction is usually approximated by the axis of the hadronic jet.

A negative sign is assigned to the impact parameter if the lepton track crosses
the jet axis behind the the beam spot, indicating a mismeasured lepton or a
background event. The main advantage of the impact parameter method is that
it is rather insensitive to the unknown boost of the parengmgcreases with

theb momentum, six decreases approximately a&/B for g ~ 1.

In experiments with sufficient statistics and vertex resolution, the decay
length for theb hadron vertex is reconstructed by using the lepton track and
the direction of the reconstructed charm meson, as shown in Figuréhie
momentum of theb hadron is estimated by using the observed decay prod-
ucts, the missing momentum, and a correction factor determined from a Monte
Carlo simulation. The proper-time distribution is then given by an exponential
convoluted with a Gaussian resolution function and the momentum correction
factor. A maximum likelihood fit is used to extract the lifetime (37).

To obtain the most precise value for inclusive and exclubiydetimes,
the results of lifetime measurements from different experiments have been
combined. Using the conventional approach of weighting the measurements
according to their error does not take into account the underlying exponential
decay-time distribution. If a measurement fluctuates low then its weight in the
average will increase, leading to a bias towards low values. This is particularly
relevant for low statistics measurements such aBthdetime. According to
a study by Forty (26), this bias can be avoided if the weight is calculated using
the relative errop; /7.1 We find a 1-3% difference in the average lifetimes
computed, with the second method giving the larger value. A slight bias of
the latter method toward higher lifetime values could be avoided by taking into
account asymmetric errors. This effect has been found empirically to be rather
small, and we omit this additional complication in the calculation of our lifetime
averages.

3.4 Results on Lifetimes of Hadrons That Contain ¢ Quarks

The experimental results are summarized in Figure 5, where updated world
averages for the-hadron lifetimes are given (14, 25, 27). From these results,
the full lifetime hierarchy can be studied.

1This procedure assumes good vertex resolutiongi.e. t/10.
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D" s 1.057+0.015 ps
D] - 0.46740.017 ps
o’ " 0.415+0.004 ps
- . 03522 ps
A . 0.20079°%3) s
=2 0.098°0 %% ps
R 0.064°3'%% ps

‘ 1 H | | L L 1 1 | | 1 1 1 ! 5

4 0.2 0.4 0.6 0.8 1 K <pS)

Figure 5 Summary of measurements of lifetimes of charm hadrons.

The measurements of the charm hadron lifetimes are now very precise. Sys-
tematic effects will soon become the largest component of the error for some
measurements, e.g. ti¥ andD™ lifetimes. These systematic effects are due
to the uncertainty in th® momentum distribution, to the nuclear absorption
of the D meson or its decay products in the target, and to the lifetime of the
background. In the baryon sector the measurements are still statistics limited.
There are now results for tte, lifetime from E687 (25) and WA89 (27) which
complete the baryon hierarchy. It is quite remarkable that the lifetime of this
rare and short-lived baryon is now being measured.

The world averages for lifetime measurements are dominated by results from
E687, which is the only single experiment that has measured all the charmed
hadron lifetimes (28, 25). The results are internally consistent, and the ratios
of lifetimes, which characterize the hierarchy, are to a large extent unbiased
by systematic effects (29). For the charm mesons lifetimes, a clear pattern
emerges, in agreement with the theoretical predictions

(D% < 1(Ds) < (D). 9.

These meson lifetimes are now measured at the level of a few percent, probably
beyond the ability to compute them. The near equality @s) andz(D°) is
direct evidence for the reduced weight of the non-spectator (W-exchange and
W-annihilation) contribution in charm meson decays (30).

The agreement between the measurements of charm baryon lifetimes and
theoretical expectations is remarkable, since, in addition to the exchange dia-
gram, there are constructive as well as destructive contributions to the decay
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rate. The experimental results lead to the following baryon lifetime hierarchy:

T(Q) < 7(8Y) < 1(Ae) < T(E). 10.

Cc

Although statistically limited, the present values tend to favor the model of
Guberina et al (19).

3.5 Results on Lifetimes of Hadrons That Contain b Quarks

Inclusive measurements of thdifetime were important historically to estab-
lish the longb lifetime. In addition, they provided the first evidence that the
coupling between the second and third quark generation is quite small. They
are still needed for some electroweak studies, such as the determination of the
forward-backward asymmetry i — bb, where the different hadrons con-
taining b-quarks are not distinguished. F8r physics, i.e. the study oB
meson decays, exclusive measurements of indivittlzdron lifetimes are
preferable. For example, to extract the value of the CKM matrix elemvgpit
from measurements of semileptoricdecays, the average of i and B°
lifetimes should be used rather than the inclusgivéetime, which contains
contributions fromBs mesons and baryons.

The current world average for the inclusivdifetime, which includes many
measurements, is (32)

() = 1.5634+0.019 ps

The world average for this quantity in 1992 w@ds29 + 0.05) ps. The sub-
stantial change in the value has been attributed to several improvements: the
use of neutral energy when calculating et direction, and better knowledge
of the resolution function as a result of the use of silicon vertex detectors (26,
31).

Precise measurements of exclusive lifetimegffavored hadrons have been
carried out by CDF (33,35), by some of the LEP experiments, and by SLD (47).
The most recent results and the technigues used are given in Table 3.

3.5.1 B~ AND B° LIFETIME MEASUREMENTS The best statistical precision in
the determination of exclusive lifetimes is obtained from measurements using
lepton-particle correlations. For example, a sampl@&®icandidates can be
obtained from events with leptob** correlations of the correct sign; these
events originate from the decd8? — D**¢~v, D** — D%+ andD® —
K~ (see Figure Bfor the method and Figure 6 forthe CDF results). The pion
from the strong decay and the lepton form a detached vertex. This information
combined with the direction of the reconstructdd meson determines the
location of theB decay vertex. To obtain the lifetime from the decay length
requires knowledge of$, which is estimated from the momenta of the observed
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Figure 6 B lifetime measurements by CDFa)(effective mass andj decay length distribution
for D*-¢~ decays. A clear signal is present in opposite sign combinations, whereas no signal is
present when same sign-charged leptons are combinediiticandidates.

decay products. Since the neutrino is not observed, a correction is made.
The uncertainty in the size of this correction is included in the systematic
error and is typically on the order of 3%. Another systematic problem is the
contamination from decayg~ — D** |~ v, followed by D** — D**7x~ where

the #~ from the strong decay of th®** (p-wave) meson is not detected.
These backgrounds will lead toBr meson contamination in thg° lifetime
sample. Since the branching fractions for such decays are poorly measured,
this is another important systematic limitation and contributes on the order of
5% to the systematic error. Significant contributions to the systematic error
also result from the uncertainty in the level of background and its lifetime
distribution. More detailed discussions of exclusive lifetime measurements
can be found in recent reviews by Sharma (31) and Kroll (32).

The systematic problems associated with the boost correction and the con-
tamination from poorly measured backgrounds can be avoided by using fully
reconstructed decays suchB% — Dz~ or B~ — K~. However, since
exclusiveB branching ratios are small, this method has much poorer statistical
precision. In hadron-collider experiments, this approach has been successfully
used to determine thB®, B~, and B; lifetimes from exclusive modes witix
mesons, e.gB% — ¢ K*%, B~ — K~ (34), andBs — ¥ ¢ (35).

A topological vertexing method has been used by the DELPHI and SLD
experiments. Candidat®® and B™ mesons are distinguished on the basis of
the net charge of the tracks at the decay vertex. This method has small statistical
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errors; however, care must be taken to assure that systematic uncertainties from
tracking and incorrect assignments of decay vertices are controlled. The neutral
B lifetime that is extracted represents an average over the lifetimes over all
neutralb-flavored hadrons, includingg, B, andAY. With good knowledge
of the production fractions, the exclusiB? lifetime can be extracted. In the
case of SLD, the excellent resolution of the CCD vertex detector compensates
to some degree for the low statistics.

Using the procedure for averaging measurements (described in Section 3.3.1),
we combine the individuaB~ and B° lifetime measurements and obtain

ts- = 1.62+£0.04 ps
g = 1574004 ps

When averaging the results obtained by studyiritj — ¢ correlations, a com-
mon systematic error of 3% has been assumed.

3.5.2 B LIFETIME MEASUREMENTS The Bg lifetime was measured by CDF
(35) and the LEP experiments using partial reconstruction of the semileptonic
decayB? — DZ ¢*v. CandidateD; mesons were reconstructed in the~ or
K*0K ~ final states. Figure&shows theK ~K*z* invariant mass spectrum
obtained by ALEPH (37) for right-sign and wrong-sifg¢ combinations. The
B decay length was measured and converted td@thgroper time using &s
momentum estimator based on the reconstructed lepton aix thementum,
as well as on an estimated neutrino energy obtained by using a missing mass
technigue. TheBq lifetime was extracted from the proper-time distribution
using a maximum likelihood fit. The result of such a procedure is shown in
Figure D.

The uncertainty in thd lifetime is still dominated by the statistical error.
Assuming a common systematic error of 2% (31) for the uncertainty in the
vertex resolution and the neutrino energy estimate, we obtain

7, =1.55+0.09 ps

For theBs meson, there are two weak eigenstates with different lifetimes that
can be distinguished by their CP quantum number. The dBfay> D ¢*v
contains an equal mixture of the two eigenstates. An appreciable lifetime
differenceAT is expected for thd3s [O(10%)] and should be measurable at
future experiments. Measurements of Biglifetime difference may be used
to constrainViq|/| Vis| (49).

3.5.3 BBARYON LIFETIME MEASUREMENTS Studies ofAf¢~ andA¢~ corre-
lations at LEP are used to determine the lifetime ofAljdaryon. For example,
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using the decay chain,
Ap— ATV, Ac > AX = pr X,

the prr ~ invariant mass distribution shown in Figura®as obtained by OPAL
(42). Although the composition of thie baryon sample is not known, it is
expected that thé\, baryon is the most copiously produced. Both impact-
parameter and decay-length measurements have been used to detgymine
Since theA{ lifetime is short, theA,, decay length can be estimated by using
the displacement of tha ¢~ vertex. The time distribution from the OPAL
analysis, which uses this technique, is shown in Figlre 8

A better estimate of tha? decay point is obtained from fully reconstructing
the A baryon and finding theé\f ¢~ vertex. However, the sample sizes are
somewhat small. Using this method, CDF finds = 1.33+0.16+ 0.07 ps.
Combining the results listed in Table 3, the world averagdifetime is found
to be

a, =1.214£007 ps

2
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Figure 7 B event selection and lifetime measurement by ALER)K ~K 7+ invariant mass
distribution for right-sigrDd ¢~ and wrong-sign (++ ane-—) combinations are shown as a shaded
histogram. 1) K~ K™ invariant mass distribution for right-sign and wrong-siggi¢* combina-
tions. €) Proper-time distribution of the right-sighgd ¢~ sample. §) Proper-time distribution of
the combinatorial background.



Annu. Rev. Nucl. Part. Sci. 1996.46:395-469. Downloaded from arjournals.annualreviews.org
by University of Hawaii at Manoa Library on 05/18/09. For personal use only

416 BROWDER, HONSCHEID & PEDRINI

60 b) R OPAL
B OPAL 30 :
signat
N§ 40 [ right sign g 20 region
> 310
22 g o
S = sideband B A, signal
£ . t't %30 [ reglon B combinatorial 56
g wrong sign * 8
G20 { H {
++*+*++*'}+ “”H H*H* H+H++ H+H

0

L 1
2 2.2 24 2.6 28

L Je [GeV] Decay Length [cm]

Figure 8 Ay lifetime measurement by OPALa) pkr ~ invariant mass distribution for right-sign
AF ¢~ and wrong-signA; ¢~ combinations. If) Decay length distribution of the right-sign and
At~ sample. The inset shows the corresponding distribution for wrong#signcandidates.

This confirms the original indications that the lifetime &f is very short, a
fact that is difficult to accommodate theoretically.

DELPHI and ALEPH have observed small signalsg@n¢~ correlations.
These are expected to come fr@g — E%-vX and8) — Ef ¢ vX fol-
lowed byE. — E~X’. These samples have been used to measure the lifetime
of E, (39, 46).

3.54 MEASUREMENTS OF LIFETIME RATIOS The ratio of theB~ and BO life-

times has been measured by a number of experiments. These measurements

are performed either by using correlations betwBenesons and leptons or by
using exclusive final states suchBis — ¢ K~ andB® — K*0. The CLEO Il
experiment has measur8dB® — X |~v) andB(B~ — X |~ v) using the yield

of leptons found opposite fully and partially reconstructed B decays (48). From
isospin invariance, the ratio of the two branching fractions is the ratio of the
lifetimes.

Table 4 Measurements a8~ /BP lifetime ratio

Method CDF ALEPH OPAL DELPHI SLD

D-I 0.96+0.10+0.05 098+0.08+0.02 099+ 0.147055 100701, £0.10 0947317+ 0.07

excl. 102+ 009+ 015 1277043 +0.03 108538 +£0.10
0.13

topol. 106%5 73 £0.10

B tags 0.93+0.18+0.12

(CLEO 1l)
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Exclusive b Lifetimes
B* . 1.62 £ 0.04
B° i 1.57 + 0.04
B, e 1.55 £ 0.09
A . 1.21 £ 0.07
Lo e 1.37 £ 0.39
Inclusive T, 1.563 £ 0.019
L L 1 ‘E\ L L L |
0.5 1.0 1.5 2.0 2.5
7 {psl

Figure 9 Summary of exclusive-hadron lifetime measurements.

Averaging the results listed in Table 4, we obtain

T8 _ 1.00+ 005

Tgo
Note that this value is not exactly equal to the ratio of the world averages for the
B~ and B lifetimes since the average value6f- /tgo is calculated directly

from the ratios reported by the experiments.

3.6 Lifetime Summary

The experimental results on lifetimes for hadrons withuarks are shown in
Figure 5. For theD® and D* mesons, the lifetimes measurements will soon
become systematics dominated. Itis clear from the observed lifetime hierarchy
that non—spectator effects are important in the charm sector.

A summary of the measurementstotiadron lifetimes is shown in Figure 9.
The pattern of measured lifetimes follows the theoretical expectations outlined
above, and non-spectator effects are observed to be small. Howevay, the
baryon lifetime is unexpectedly short. As has been noted by several authors, the
observed value of tha, lifetime is quite difficult to accommodate theoretically
(50, 51). _

Assuming that the relative production ratiosf, B®, Bs, Apatthez®are
0.39:039:012: 010, the exclusive lifetime measurements can be averaged
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to give (texcl) = 1.551+ 0.025 ps; this is consistent with the world average for
the inclusiveb lifetime, 7, = 1.563+ 0.019 ps.

4. NONLEPTONIC DECAYS OFC-QUARK HADRONS

4.1 Introduction

In the past few years, there has been an impressive increase in the size of charm
particle data samples.

D mesons are the only examples of heavy quark systems in which Cabibbo-
flavored decays, single Cabibbo-suppressed decays, and double Cabibbo-
suppressed decays (DCSD) have all been measured.

The high statistics now available allow for isospin analyses of related decay
modes. The effect of elastic FSI can then be taken into account when making
comparisons with model predictions. Further improvements are sophisticated
amplitude analyses for three-body and four-body final states, from which the
resonant substructure of multibody final states can be determined.

A systematic investigation of charm baryon decay modes has also begun.
This is complementary to investigations of the meson sector. In the case of
charm baryons, the W-exchange mechanism is no longer helicity-suppressed
and can be studied in detail.

4.2 Double Cabibbo-Suppressed Decays

The decay modeDt — Ktztrz~, recently measured by the E687 and
E791 collaborations (52, 53), has an unambiguous interpretation as a dou-
ble Cabibbo-suppressed spectator decay. The debéysi K*z~ and
D® — K*x*7 7~ may occur either by DCSD or bR° — DO mixing (see
Figure ¥). To observe these decay modes, experiments use the decay chain
D** — D% to tag the flavor of the neutrdd. The mixing and DCSD
contribution can be separated by using their different decay time dependences.
The DCSD component follows the usual'/* time evolution, while the rate
for the mixing is proportional té?e~"/* in the limit of small mixing (54). In
the standard modeD® — DO mixing is expected to be small: The ratio of
mixed to unmixed decays,, is less than 16 (55). The best limit o,
comes from the E691 experiment, which foupd< 0.0037 (56). A measure-
ment of the corresponding DCSD parametgg, expected to be on the order
of tarf 6. ~ 0.0026, can be obtained from the time-integrated measurement
of CLEO if no mixing is assumed (57). Since CLEO does not measure time
evolution, their measurement is sensitive to mixing and to DCSD as well as to
possible interference between the two mechanisms.

In Table 5, we summarize the status of the DCSD measurements. Since there
is no Pauli interference for DCSD iD* decays, the ratio of a DCSD decay to
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a Cabbibo-favored decay, which has destructive interference, is expected to be
greater than terd.. The rate for DCSD irD° decay is somewnhat greater than
was expected fronsU(3) breaking. However, the errors are still too large to
draw any firm conclusions.

4.3 Amplitude Analyses of Hadronic Charm Decays

Dalitz plot analyses of nonleptonic decays have become an important source
of information on the dynamics of charm hadron decay. Resonant substructure
analyses of three-body and four-body final state® ofiesons, which correctly

take into account interference effects, allow for meaningful comparisons of
experimental data and theoretical models.

For example, Figure 10 shows tKe" K 7+ invariant mass distribution and
Dalitz plots for theD* and Dg mass region from experiment E687 (58). One
notes that thé<* and¢ bands dominate both decays. A Dalitz plot analysis
shows that these modes are saturated by quasi two-body proce¢ssesand
K*0(892K™ for DI; and¢n™, K*0(892K ™, and K*0(1430K* for D*.
Amplitude analyses have also been performed for sev@rab Kzn and
D — Kawrw modes. These analyses support the hypothesis thataxid Dg
nonleptonic decays are dominated by two-body modes. The one exception is
the decay mod®* — K~ x*x ™, which cannot be fitted without including a
large nonresonant three-body component (59).

It is important to study the decdys — 7~ 7"z ™, which is observed with
a branching fraction of @1 4+ 0.06% [the charm meson branching fractions
are calculated using the procedure described by Browder & Honscheid (8)
with the average branching fractions taken from Montanet et al (14)], in order
to determine the importance of the W-annihilation diagram. In this decay
mode, none of the initial quarks is present in the final state and the decay is
Cabibbo-favored. However, a Dalitz plot analysis is crucial, as the presence
of resonant submodes that contain a meson wstlquark content, such as
DI — fo(980 ™ [theqq assignment of the f mesons is still controversial; see
e.g. (60)], occurthrough a spectator process rather than through W-annihilation.

Table5 Measured decay ratios of double Cabibbo-suppressed to Cabibbo-favored

D decays

Decay modes Ratio

(DY — K*atz7)/ (Dt — K=ntxn ™) 0.0072+ 0.0023+ 0.0017
(D% —» K+tx~)/ (D% - K—xt) 0.0077+ 0.0025-+ 0.0025

(D% - Ktgtr—7)/ I (D - K- wtrta™) < 0.018 (C.L.= 90%)
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Figure 10 The K*K¥x* invariant mass distribution and Dalitz plots in tBe" and Ds mass
regions (58).

Preliminary results from the E687 experiment on this decay have been pre-
sented recently (61). Their Dalitz plot analysis is appreciably different from the
previously accepted scenario (14). No significant nonresdbant> 3 is ob-
served. Two new decay modd3{ — f,(1270x* andD — f3(13007 )
have been found. The presence of a size@ife— f,(980)x+ component
has been confirmed. The absence offife— p°7*+ mode is also confirmed
with higher statistics. We note that all the resonant submodes observed in the
DS — ntx~n* decay have a meson wisls quark content and, thus, can be
attributed to the spectator process.

The observation of a nonresonant contribution might be interpreted as evi-
dence for W-annihilation; however, it is experimentally difficult to distinguish
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this possibility from a coherent sum of wide resonances that could easily mimic
aflat distribution. The observation of the decay mége— o°z* would be a
clearindication of the presence of the W-annihilation mechanism. However, the
absence of th® — p°z* channel may have other explanations and does not
preclude a significant contribution from the annihilation diagram. A sizeable
branching fraction for the decay mod — «» (980 would be a strong
signature for the existence of the W-annihilation diagram (62). E691 finds
DS — (9807t /D — ¢ < 0.5 (63), which is not restrictive enough to
rule out this possibility. More data, therefore, are necessary to demonstrate the
presence of non—spectator contributions in charm meson decay.

4.4 Hadronic Decays of Charmed Baryons

In the baryon sector, only charm baryons with erguark have been observed.
Impressive progress in the study of charm baryons has been made in the last
few years. The existence of tli&; has been established (64). Experimental
sensitivity has progressed to the level that Cabibbo-suppressed decay modes of
A¢ have been observed (65, 66).

The study of charm baryons gives information complementary to that gained
from the study of the charm mesons. Due to the presence of a diquark, the
exchange diagram is no longer helicity-suppressed. Predictions for decay rates
of charm baryons into two-body final states are now available (67).

To date, the decaya; — A(nm)*, Z0%nz)*, =~ (nm)*, =+ (nn)°,
pK~(nm)*, and pKs(nm)? with n < 3 and including up to &° have been
reconstructed. Recently, some decay modes.okith ann meson in the final
states have been observed (68); these decays are expected to proceed entirely
through nonfactorizable internal W-emission and W-exchange diagrams.

The observation of certain decay modes such@gs— E*K* (69) or
A} — ¢ (70) provides strong evidence for the importance of W-exchange
in charm baryon decays. The simplest way, in fact, for these decays to proceed
is through the W-exchange diagram, although it is hard to completely rule out
contributions from FSI. Table 6 gives branching fractions for this class.of

Table 6 Decay modes of\. which can occur
through the W-exchange diagram

Decay mode Branching fraction (%) (14)
A — ATTK™ 0.7+04

Ac— ZT¢ 0.30+0.13

Ac — EOK* 0.34+0.09

Ac — 20K T 0.234 0.09
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decay modes. Evidence for color-suppressed decay modes sigh-asp¢
has also been found by CLEO (65).

5. INCLUSIVE B DECAY

5.1 Motivation

Because of the large mass of theguark, B meson decays give rise to a large
number of secondary decay products. Forinstance, CLEO finds that the charged
and photon multiplicities at th¥ (4S) arencparges= 10.99 & 0.06 £ 0.29 and

n, = 10.00+ 0.53=+ 0.50, respectively (71, 72). The high multiplicity of final-
state particles leads to a large number of possible exclusive final states. Even
with a detector that has a large acceptance for both charged tracks and photons,
it is difficult to reconstruct many exclusive final states because of combinatorial
backgrounds. Furthermore, the detection efficiency drops for high-multiplicity
final states. Thus, to get a complete picturéBafneson decay, it is important

to study inclusive decay rates.

A number of theoretical calculations of inclusiBdecay rates have been
made using the parton model. It is believed that measurements of such inclu-
sive rates can be more reliably compared to the theoretical calculations than can
measurements of exclusive decays While this is sufficient motivation for study-
ing the inclusive rates, there is also a need for accurate measurements in order
to model the decays d8 mesons, both for high-energy collider experiments
and for experiments at the(4S). As a specific example, the inclusive rate for
B — v has been used to determine fBeneson production cross section at
the Tevatron (73).

The branching ratios for inclusiv® decays to particular final-state particles
are determined by measuring the inclusive yields of these particles in data taken
ontheY (4S) resonance and subtracting the nonresonant background using data
taken at energies below thg4S) resonance. The off-resonance data are scaled
to correct for the energy dependence of the continuum cross section. Results
on inclusive production at th€ (4S) are usually presented as a function of the
variablex, which is the fraction of the maximum possible momentum carried by
the particlepmax = \/ Eeam— M2. The endpoint for production iB decays
isatx = 0.5.

The results reported by the different experiments have been rescaled to ac-
commodate the new charm branching fraction. The world averages for inclusive
B — meson decays are given (see Table 8).

5.2 Inclusive B Decay to Mesons

CLEO 1.5 (74) has measured the branching fractions of incluBidecays to
light mesons, while ARGUS (75) has determined the average multiplicities of
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Table 7 Multiplicities and branching fractions of light mesons in B meson decay

CLEO 1.5 (74) ARGUS (75)
Mode (Branching ratio) (Multiplicity)
B/B — n* 3.59+ 0.034+ 0.07
(not fromKg, A)
B/B — n* 4.114+0.034+0.08
(incl. Ks, A)
B/B — K* 0.85+ 0.07+ 0.09 0.78+ 0.02+ 0.03
B— K~ 0.664+ 0.05+ 0.07
B— Kt 0.19+ 0.05+ 0.02
B/B — KO/K©° 0.63+ 0.06+ 0.06 0.64+ 0.01+ 0.04
B/B — K*0 0.146+ 0.016+ 0.020
B/B — K** 0.182+ 0.054-+ 0.024
B/B — o° 0.209+ 0.042+ 0.033
B/B— w <0.41 (90% C.L.)
B/B — fo(975 < 0.025(90% C.L.)
B/B — 1 0.176+ 0.011+ 0.0124 (CLEO II)
B/B—1n <0.15(90% C.L.)
B/B — ¢ 0.0234 0.006+ 0.005 0.039+ 0.003+ 0.004

lightmesons irB decay. If more than one meson of the particle type under study
is produced in &8 B decay, then the branching fraction and the multiplicity will
differ. Unless otherwise noted, the results reported in Table 7 are averaged over
B andB decay.

In the decayp — ¢ — s, the charge of the kaon can be used to determine
the flavor of theb quark. A first attempt to measure the tagging efficiency
and misidentification probability for this method was made by ARGUS (75).
With the large sample of reconstruct&d and B+ decays from CLEO I, it
should be possible to measure these quantities directly. The experiments also
measure the momentum spectra for the particles listed in Table 7. These results
provide important information needed to improve Monte Carlo generators and
to determine tagging efficiencies for futuBeexperiments [the importance of
measurements of inclusive B decays for future experimentsis discussed atlength
by Dunietz (76)]. The inclusive production B, D+, D, andD** mesons in
B decay has been measured by ARGUS (77) and CLEO 1.5 (78). Preliminary
measurements of several of these inclusive branching fractions from CLEO ||
have also become available (79, 80). To improve signal to background and
obtain low systematic errors, only ti2° - K—7+, D* — K~ z*x*, and
DI — ¢x* decay modes are used. The results are given in Table 8.

Analyses of the shape of tH2s momentum spectrum (Figure 11) indicates
a substantial two-body component. In model-dependent fits, the ARGUS and
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CLEO 1.5 experiments find two-body fractiongb8+ 7 &+ 9)% (77) and 56+

10)% (78), respectively. CLEO Il finds a somewhat smaller two-body fraction,
457+ 1.9+ 3.7+ 0.6%; here, the last error accounts for the uncertainty due to
model-dependence in the predictions for the rates of two-body modes (79). This
result does not include additional uncertainty from B — ¢z * branching
fraction. Averaging the results from the three experiments, we find a two-body
component 0f(48.3 + 3.6)%, which leads ta3[B — DgX (two body)] =

(4.9 £ 1.3)%. Itis important to determine what mechanisms are responsible
for the production of the remainder, the lower momentDgymesons. Two
possibilities are externaV~— emission withW~ — csor W~ — ud with

ss quark popping. A limit on the latter possibility<(31% of Ds mesons

are produced by this mechanism) is obtained from the absence of wrong-sign
DS — ¢+ correlations.

Results on inclusiv® decay to final states witth andy’ mesons have been
reported by CLEO 1.5, ARGUS, and CLEO 1l (81) and are given in Table 8. In
the most recent high-statistics analysis from CLEO I, the effect of final-state
radiation has been taken into account. The resulting invariant dielectron and
dimuon mass distributions are shown in Figure 12. The theoretical predictions
for the production of charmonium statesBndecay (82, 83, 93) are discussed
in Section 7.6.4.

The momentum spectrum f@ — 4, v’ transitions has been measured
(Figure 13). The two-body component dueBo— ¥ K andB — ¥ K*
saturates the spectrum in the momentum range between 1.4 and 2.0 GeV. By
subtracting the contributions frogi's originating iny’ and x. decays, CLEO
and ARGUS measured the momentum distribution of the direct component
shown in Figure 1B. The average branching ratio for diregtproduction is
found to beB(B — ), wherey not fromvy’ = (0.82+ 0.08)%. The two-
body component constitutes about 1/3 of dirggiroduction. The composition
of the remainder is not yet determined.

Results oninclusiv8 — x.X, xc — y ¥ decays have been reported by AR-
GUS (85) and CLEO 11 (81, 86). ARGUS assumes there igggroduction.
CLEO Il has significantly betteg. mass resolution than ARGUS and allows
for both possibilities. The branching ratio fgg — y v is (6.6+1.8) x 1073,
so the contribution of the,o meson to theyy final-state can be neglected.
CLEO finds evidence at the 2.5 standard deviation level fBra x con-
tribution, which would indicate either nonfactorizable contributions or higher
order processe®(«2) in b — cCcs(83).

The decay oB mesons to the lightest charmonium state,thihas not yet
been observed. A recent CLEO Il search placed an upper limit of 0.9% on the
processB — ncX at the 90% confidence level (82).
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By using the results in Table 8, it is possible to isolate the component of
B — i production, which is due to production of higher charmonium states in
B decay and the direct component. Similarly, the dif@ct> x.1 component
can be determined by removing the contribution fr8m-> ', ¥’ — xc1y.
It is assumed that all’ mesons are directly produced.

5.3 Inclusive B Decay to Baryons

ARGUS (87) and CLEO 1.5 (88) have observed inclusive productign of,

&, and the charmed} baryon. Recently, CLEO Il has reported the observation
of B — XX (89),B — EZX, andB — E} X (90). The measured branching
ratios for these decays and the world averages can be found in Table 8.
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The momentum spectrum @& — A, transitions has been measured by
CLEO (89). The spectrum is rather soft, indicatiig production or the pres-
ence of a significant multibody component. Similarly, CLEO II has found that
B — £2X andB — =} *X decays have no two-body contribution.

In addition to the inclusive branching ratios given above, the experimental
data have been used in attempts to disentangle which of the baryon production
mechanisms shown in Figure 14 dominates. CLEO 1.5 (88) and ARGUS
(87) have investigated baryon correlationdBimlecay in order to elucidate the
underlying decay process. We follow the notation of Crawford et al (88)NLet
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denote baryons witB = C = 0 (e.g.p, n, A, N*). LetY refer to baryons with
S=-1,C=0(eg.A, X% +). LetY, refer to baryons witts = 0,C = 1
[e.g. A, ={HOFD)]. Then, the following final states can be used to distinguish
possible mechanisms for baryon productiorBilecay (Figure 14).

1. B - Y.NX, B — E;Y X These final states are produced by the usual
b — cW~ coupling in a spectator or exchange diagram in conjunction with
the popping of two quark pairs from the vacuum (as shown in Figuras 14
andb). It should be noted that the two mechanisms can be distinguished
by examination of th&; momentum spectrum, since the exchange diagram
will produce two-body final states (e.@.cp or £F+*A~7).

2. B - DNNX, B — DYY X The non—charm baryon-antibaryon pair
is produced from W fragmentation after hadronization with two quark-
antiquark pairs popped from the vacuum (as shown in Figuresddd).
TheD mesonis formed from the charm spectator quark system. If this mech-
anism is significant, inclusive production of charmless baryon-antibaryon
pairs should be observed Bidecay.

3.B — Y.YX, B — E.YcX These states are produced by the internal
spectator graph withWV~ — cs in conjunction with the popping of two
guark-antiquark pairs.
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4. B — D;Y.NX, B — D;E.YX Thisis the same as Mechanism 1 with
W~ — cs. Since the minimum mass of the final-state system is 5.2 GeV,
this mechanism is highly suppressed by phase space.

The low rates foB — AAX, A pX, andD* ppX suggest that Mechanism
2 is small. The absence of a two-body component in the momentum spectra of
B — AcX, EcX indicates that the W-exchange mechanism is small. Thus, it
was thought reasonable to assume Bat- YN X with an external spectator
b — cW~ coupling (Figure 14) is the principal mechanism iB to baryon
transitions (87). B _

If B decays to baryons are dominated By— A.pX andB — A:nX,
then measurements of the branching fraction®fer pX, B — ppXcan be
used to extract the absolute” — pK~x* branching fraction. The CLEO 1.5
measurements giviB(A. — pK -7 ) =4.34 1.04-0.8%, which can be used
to normalize all other measured! branching fractions. In a similar fashion,
ARGUS finds(4.1 4 2.4)% for this branching fraction.

An alternate explanation for the absence of a two-body componeBt in
decays to baryons was recently proposed by Dunietz et al (91). These authors
suggested that the primary mechanism in such decays is the internal W-emission
procesd — ccs. This might lead to two-body final states suchBas> A¢Ec,
which would account for the softness of the momentum spectrum. CLEO
has searched for the mechanism suggested by Dunietz et al in a variety of
ways. By examining\.-lepton correlations, it is possible to constrain the size
of theb — ccscomponent inB — baryon decays. Thie — ccscomponent
gives rise to opposite-sigh! ¢~ correlations (Figure 15, whereas the internal
process W-emission procebs— cud gives same-sigm\{ ¢ correlations
(Figure 1%). From the ratio of same-sign to opposite-sigg-lepton yields,
CLEO findsb — ccs/b — cud = (20+ 12 + 4)% for internal W-emission
processes. This shows that> ccs, although present at a modest level, is not
the dominant mechanism operatingBrdecays to baryons.

Since theb — ccs mechanism is presenE; and EQ baryons should be
produced inB — baryon transitions. HoweveE? baryons can also be pro-
duced fromb — cud transitions withss popping. CLEO Il has observed
signalsB — EF andB — E% The observed rates are consistent with
what is expected from the measurements\gflepton correlation and quark
popping.

To verify whether the dominant mechanism for baryon productioB are-
cays is the external spectator mechanism with> cud as was previously
assumed by the CLEO and ARGUS analyses, CLEO Il has searched for evi-
dence oB — A N<£v. This should give rise to several distinctive experimental
signatures:A-lepton correlationsA-lepton correlations, and semi-exclusive
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B — Al p¢ v production having a missing mass consistenhwitB decay.

No significant signals were observed in these correlations (92). This indicates
that the conventional and previously accepted picture of baryon production in
B decay is incorrect.

A possible explanation of all the existing data requires the simultaneous
presence of several production mechanisms. The internal spectator process
b — cud followed byuu or dd quark popping is dominant. This leads to pro-
duction of a high-mass excited anti-nucleon in conjunction with a charm baryon
and accounts for the soft momentum spectrum of charm baryons produced in
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B decay as well as the absence®f— A N X{¢v. The internal spectator
processd — ccswith quark popping as well as the internal spectator process
b — cud with ss quark popping are also operative at the 10—-20% level. The
latter two mechanisms appear to account for the productiéh dfaryons inB
decay.

5.4 Charm Production in B Decay

The measurements of inclusive decay rates can be used to test the parton level
expectation that mod decays proceed viala— c transition. If we neglect

the small contributions frorh — u and penguin transitions, we expect about
1.15 charm quarks to be produced Battecay. The additional 15% is due to the

fact that the virtual W forms sc quark pair with a probability of approximately

0.15. To verify this expectation, we use the experimental results listed in Table

8 and determine the charm yield, denotgdto be

nc = B(B — D°X) + B(B — D™ X) 4+ B(B — DsX)
+ B(B — AcX) + B(B — EX) + B(B — &2X)
+2xBB—>yX)+ 2x BB — ' X)+ 2x B(B— xaX)
+2x B(B = xc2X) + 2 x B(B — ncX (incl. other ©))
=115+ 0.05.

The factor of 2 accounts for the two charm quarks producednl i+ ccs
transitions. Wherever possible, the branching fractions for direct production
are used. The contribution @& — n.X and other charmonium states is
generously taken to be at the CLEO 90% confidence level upper limit for the
procesB — n.X. This value ofn is slightly larger than the value reported in
the 1995 conferences due to the use of a smaller world average for the absolute
branching fractioB(D° — K~z ) (81).

Another interesting quantity is the fraction Bfdecays in which two charm
guarks are produced, which is naively expected to be about 15%. This expec-
tation can be compared to the sum of the experimental measurements

B(B — X) = B(B — DsX) +B(B — ¥ X) + B(B — 'X)
+ B(B = xaX) 4+ B(B > x2X) + B(B — EcX)
+ B(B — ncX (incl. otherc))
= (15.8+2.8)%,
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where the direcB — i andB — x¢; branching fraction have been used. The
contribution fromB — E2X is reduced by 1/3 to take into account the fraction
that is produced not by the — ccs subprocess but by — cud + ss quark
popping. The measured valueB{B — Xc) is far below 30%.

The possibility of an additional contribution frol8 — DDK X decays
to the hadronic B width was suggested by Buchalla et al (95). These decays
proceed via the quark level procdss— ccswith light quark popping at the
uppercs vertex. Such decays give wrong-sifrlepton correlations from the
D mesons that hadronize, from the virtival

Note that such decays would increase the calcul&t&d— ccs) but do not
modify the determinations af; (the number of charm quarks produced Ber
decay).

Preliminary evidence for the presence of this decay mechanism has been
presented by CLEO from the observationf- ¢~ correlation inBB events.

An energetic lepton above 1.4 GeV is chosen in the same hemisphere as the
D meson in order to tag the flavor of the otH@rmeson. After subtracting
backgrounds from mixing and lepton misidentificatidiB — DX)/I'(B —

DX) = 0.1074+0.0294+-0.018, which gived3(B — D X) = 8.14+2.6% for the
branching fraction of the new mechanism. Attempts to reconstruct exclusive
modes such aB — DDK (*) X are in progress (93).

With the addition of recent experimental results, the understanding of baryon
production in B decay is improving. In contrast to meson productioB in
decay,B — baryon transitions proceed predominantly through the internal W-
emission process — cud followed by light quark pair popping. In a parton
level calculation with diquark correlation taken into account, Palmer & Stech
(94) have performed a calculation of the total rate for includveecay to
charm baryons. They fin(B — charm baryonsy 6%. In order to compare
this prediction with experimental data, we assume ni$b charm baryon
decays proceed through/e. baryon but correct for the small fraction &f;
baryons produced by — cud transitions combined witks-popping. This
gives

B(B — charmed baryons= B(B — AcX) + 1/3 x B(B — &2)
— (7.1+ 1.6)%.

The experimental result for the charm yield fBedecay is consistent with the
naive expectation that15 charm quarks are produced jpedtecay. However,
it is not consistent with a number of proposals that suggest ti3atHarm
qguarks should be produced gedecay. Such a high charm yield is required
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by recent theoretical efforts that explain the discrepancy between theoretical
calculations and experimental measurements of the inclusive semileptonic rate
by an enhancement of the — ccs mechanism (see Section 7.8 for a more
detailed discussion).

6. EXCLUSIVE HADRONICB DECAY

The experimental branching ratios fBrmeson decay to exclusive final states
containingD mesons are given in Tables 9 and 10.

Table 9 World averageB~ branching fractions
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Mode Branching fraction (%)
B~ — DO~ 0.50+ 0.054+ 0.02
B~ — D%~ 1.37+ 0.18+ 0.05
B~ — D% tn—n— 1.28+ 0.35+ 0.05
B~ — D*On— 0.524 0.084+ 0.02
B~ — D*0p- 1.514+ 0.30+ 0.06
B~ — D%~ 0.13+ 0.054 0.01
B~ — D*tx 7 n0 1.69+ 0.76+ 0.01
B~ — D%~ 0.33+0.21+0.01
B~ - D7z~ xt 0.95+ 0.274+ 0.04
B~ — D*%a 1.89+ 0.53+0.08
B~ — Dfmr ™ <0.14 (90% C.L.)
B~ — D*tx—x~ 0.20+ 0.074 0.01
B~ — D*0(24207~ 0.16+ 0.054+ 0.01
B~ — D*0(2420p~ <0.14 (90% C.L.)
B~ — D*0(24607~ <0.13(90% C.L.)
B~ — D*0(2460p" <0.47 (90% C.L.)
B~ — DDy 1.364 0.28+0.33
B~ — DD~ 0.94+ 0.31+ 0.23
B~ — D*'Dg 1.184 0.36+ 0.29
B~ — D*D;~ 2.70+ 0.81+ 0.66
B~ — yK~ 0.102+ 0.014
B~ — y/K~ 0.070+ 0.024
B~ — yK*~ 0.174+ 0.047
B~ — y/K*~ <0.30(90% C.L.)
B- — yK wtm~ 0.140+ 0.077
B~ — /K ntn~ 0.207+ 0.127
B~ - xaK~ 0.104-+ 0.040
B~ — xeaK*~ <0.21(90% C.L.)
B~ — ym~ 0.00574+ 0.0026
B~ — yp~ <0.077 (90% C.L.)

B~ — va;

<0.120 (90% C.L.)
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Table 10 World averageEO branching fractions

Mode Branching fraction (%)
B - D*tn~ 0.31+ 0.04+ 0.02
BY > D*p~ 0.84+ 0.16+ 0.07

B Dtz m-nt  0.83+0.2440.07
BY — D*tx~ 0.28+ 0.04+ 0.01

BY — D*tp~ 0.73+0.154 0.03
B » D**n m x™t 0.80+ 0.144 0.03
B® — D*ta; 1.274 0.30+ 0.05

B® — Do%rtm~ <0.17 (90% C.L.)

BY — D**+(24607~ < 0.22 (90% C.L.)

BY - D**(2460p~  <0.49 (90% C.L.)

B - D*Dg 0.74+0.2240.18

B® - D*Di™ 1.14+ 0.42+0.28
B® — D**Dg 0.94+0.24+ 0.23
B — D**Di~ 2.00+ 0.544 0.49
BY — yKO 0.075+ 0.021

BO — ¢'K© <0.08 (90% C.L.)
B — yK*0 0.153+ 0.028

B — y'K*0 0.151+0.091

BY —» yK~x™ 0.117+ 0.058

B —» ¢/'K-nt <0.11(90% C.L.)
B — xc1K® <0.27 (90% C.L.)
BO — xc1K*0 <0.21 (90% C.L.)
B — yx0 < 0.006 (90% C.L.)
I%O — Yp° <0.025 (90% C.L.)
B - ya? < 0.027 (90% C.L.)

6.1 Measurements of )~ Final States

To date, final states containinglx meson and one or two pions have been
observed. Tosele&@ — Dp~ candidates, additional requirements are imposed
on ther ~7¥ invariant mass and the helicity angle inB — Dz~ 7% decays.

By fitting thewr ~© mass spectrum and the helicity angle distribution, CLEO ||
finds that at least 97.5% of th®@ — Dx~x° rate in thep mass region can

be attributed to the deca — Dp~. [Two models are considered: non-
resonanB — Dz~ 7%andB — D**(2460x . Both give very similarr ~7°

mass spectra and comparable limits on the non-rho contamination in the signal
region.]

6.2 Measurements of nz )~ Final States

Final states containing@* meson and one, two, or three pions have also been
observed. These include tBe— D*7~, B — D*p~, andB — D*a; decay
channels.
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The B~ andB? signals in theD*7 andD*p decay channels from the CLEO
Il experiment are shown in Figure 16. It is found ti&t— D*z 7 in the
7~ 7% mass region near the meson is saturated by the decBy— D*p~
(Figure 17) and a tight upper limit of 9% at 90% C.L. is set on a possible
nonresonant contribution. [CLEO Il considers two modela) the 7~ 7°
system, which is produced nonresonantly following a phase space distribution;
or (b) the D** 7~ 7 system, which is produced from the deday*=~. Both
give similar limits on the norp fraction.]

The CLEO Il data also suggest that the sign@8ir> D*z~ 7~ 7t arises pre-
dominantly fromB — D*a; . Takinginto accountthe, — =~z ~x* branch-
ing fractions, it follows that3(B — D*a;) =2 x B(B — D*z 7~ n™). A
fit to thex ~7~ 7™ mass distributions with contributions froB — D**a;
and aB — D**7~p° nonresonant background gives an upper limit of 13% on
the nonresonant component in this decay.

The Cabibbo-suppressed decay modes sucB as DK should also be
observed and studied in the near future. These modes, in partiBilar-
DK+ and Bt — D°K* with D® — |fcp) (where|fcp) denotes a CP

30 — 40 —
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Figure 16 Beam-constrained mass distributions from CLEO Il &rB~ — D*Ox ~ decays, f)
B~ — D*9~ decays, ¢) B® — D*tx~ decays, andd) B® — D**p~ decays.
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eigenstate), may be used at B factories to constrain one of the three angles of
the unitary triangle.

6.3 Polarizationin B— D*"p~ Decays

By comparing the measured polarizationBf — D**p~ with the expecta-

tion from the corresponding semileptonic B decay, a test of the factorization
hypothesis can be performed (see Section 7.6.2). The polarization is obtained
from the distributions of the helicity angle€3, and®p-. The D** helicity
angle,®p-, is the angle between tHa° direction in theD** rest frame and

the D** direction in the rest frame of thB meson. After integration over,

the angle between the normals to b&" and theo~ decay planes, the helicity
angle distribution can be expressed as

d?r
d cos®p-dcosB,

1 .
o Sir? @p- Sir? O, (|H,1)2 + [H_1/?)

4 o€ Op- €og O,|Hol?, 12.
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whereH; are the amplitudes for the various possiBlé helicity states. The
fraction of longitudinal polarization is defined by
o _ |Hol?
r IH11/2 4 [H_1]? + [Hol?’
If ' is large, both theD** and thep~ helicity angles will follow a co$®
distribution, whereas a large transverse polarizatitn,gives a siA® distri-

bution for both helicity angles. An unbinned two-dimensional likelihood fit to
the joint(cos®p-, cos®,) distribution gives

(CL/Dgrpe,e = 93£5+5% 14.

13.

The same procedure has been applied to a sample of exclusively reconstructed
B~ — D*0p~ decays. WhileB® — D**p~ is an external spectator decay,
B~ — D*%p~ can proceed via both the external and the internal spectator
mechanisms. The interference between the two amplitudes can modify the
polarization (96). CLEO Il finds (97)

(ML/D)g-—pwo,- = 842+5.1% 15.

6.4 Measurements of D Final States

In addition to the production d andD* mesons, the charm quark and spectator
antiquark can hadronize as#* meson. TheD**°(2460 has been observed
experimentally and identified as thB & 2+ state, while theD**°(2420 has
been identified as thetistate. These states have full widths of approximately
20 MeV. Two other states, a"Gand another 1, are predicted but have not yet
been observed, presumably because of their large intrinsic widths. There is
evidence forD** production in semileptoni® decays (98), an®** mesons
have also been seen in hadronic decays. However, early experiments did not
have sufficient data to separate the two narf¥ states and, hence, reported
branching ratios only for the combination of the two (see Tables 9 and 10).

In order to search foD** mesons fromB decays, the final-state8~ —
D**z~n~ andB~ — D*'z~n~n" are studied. These decay modes are not
expected to occur via a spectator diagram in whictctipeark and the spectator
antiquark form &D* rather than &** meson. ThéD** is combined with ar ~
to form aD** candidate. CLEO Il has also looked fbr* production in the
channel8~ — Dtx~7~ andB® — D% ~x*. SinceD*°(2420 — Dx is
forbidden, only theD*°(2460) is searched for in th®x 7 final state.

CLEO Il has reported a significant signal in tB&*°(24207~ mode. AR-
GUS has also found evidence fBr — D**(2420x ~ using a partial recon-
struction technique in which they observe a fast and slow pion fronDttte
decay but do not reconstruct ti¥ meson (101).
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Other final states with higher pion multiplicities should be systematically
studied in the future.

6.5 Exclusive Decays to D andsDesons

Anotherimportant class of modes are decays to two charm mesons. As shownin
Figure 1, the production of an isolated pair of charm mesdd§and D]
proceeds through a Cabibbo-favored spectator diagram in whickctpair

from the virtualW~ hadronizes into &7 or aD}~ meson and the remaining
spectator quark and tleequark form aD® meson. These modes have been
observed by the CLEO 1.5, ARGUS, and CLEO Il (79) experiments. B mesons
are reconstructed in eight decay moddd; D, D; D% DD+, DD,

Dg D**, Dy D*°, D~ D**, andD;~ D*°. The sum of the branching fractions
for the exclusive modes, averaged oBerandBP decays, is 50+0.81%. This

can be compared to the branching fraction of the two-body component found
in the fit to the inclusiveDs momentum spectrum of. 94+ 1.3%. The error

is dominated by the uncertainty B\Ds — ¢). The remaining contribution

to the inclusive production obDs mesons must be due to the decay modes
B — D#*D®, B — D{D™(nr), or D' D.

Partial reconstruction techniques have also been used to improve the size of
the signals irB — D®D{*. Larger samples not only reduce the statistical
error in the branching ratio measurements, they also allow the polarization in
B — D*D}* decays to be measured. Comparison of the yield in partially
reconstructed and fully reconstruct& — D*D{"* events gives a model-
independent measurement B{Ds — ¢z ™), which sets the scale for the
Ds branching fractions. Branching fractions and background levels for CP
eigenstates such & — D™+ D®~ will also be studied.

Since the internal spectator mechanism cannot contribute tB the D*)

D{¥ decay modes, in the absence of higher order processe8, tizand B°
decay widths will be equal:

r(e°—- D®DY) B(B°—» DWDY) 15
r(B- > D@DY)  B(B- - D®DY) 18
Using the world average for the lifetime ratio, we find
F(I§° — D®D{)
r(B- — D®D{)
which is consistent with this expectation.

=1

=0.78+0.23,

6.6 Exclusive B Decay to Baryons

The first exclusiveB —baryon decay has been observed by CLEO 1l (103). A
small number of decays were reconstructed inthe m8des A pz+*x~and
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B® — A pr~ corresponding to branching fractions 01622912 + 0.038+

0.026% and (635953 + 0.0124 0.010%, respectively. In addition, CLEO I
has set limits on other higher multiplicity exclusive modes with baryons in the
final state.

6.7 Color-Suppressed B decay

6.7.1 EXCLUSIVEB DECAYS TO CHARMONIUM In B decays tac mesons, the
c-quark from theb decay combines with equark from the virtuaW~ decay
to form a charmonium state. This process is described by the color-suppressed
diagram shown in Figurell The branching fractions for these modes are listed
in Tables 9 and 10. _ _

The decay modeB? — ¢ K®andB° — 'K are of special interest since
the final states are CP eigenstates. These decays are of greatimportance for the
investigation of one of the three CP-violating angles accessible to stuly in
decays. Itis also possible to use the deBiy— v K*0, K*0 — K%z which
has a somewhat higher branching ratio, but this final state consists of a mixture
of CP eigenstates. It has even CP if the orbital angular momenture-if br
L =2and odd CP if L= 1. If both CP states are present, the CP asymmetry will
be diluted. A measurement of CP violation in this channel is only possible if
one of the CP states dominates, or if a detailed moments analysis is performed
(103). Measurements of the polarization in the deB&y-> v K*0 can be used
to determine the fractions of the two CP states.

Decay modes of thistype have been reconstructed by CLEO 1.5, ARGUS, and
CLEO . The CDF collaboration (105) has also reported signalBfes v K*0
andB — ¢ K~ and measurements of polarizatiorBn— v K* decays (107).
Because of the large uncertainties associated with-tingark production cross
section at the Tevatron, the results are given as ratios of branching fractions,

0 0
BB = ¥KD _ 11340224 006%
BB = yKH)
B(BY — yK*0)
BE"= VR _ 1334027+ 011%
BB = UK+ ’
B(BT — ¢ K*t)
BT = ¥R _ 1554046+ 0.16%
BB = yK) :

Assuming equal production @* and B mesons, the measurements can be
combined to determine the vector to pseudoscalar rat®-# ¢ decay
B(B — ¥ K*)

—1.324+ 0.23+0.16. 16.
B(B = yK)
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Using the world average branching fractions from Tables 9 and 10 and
combining B~ and B? decays, we determine the sum of the exclusive two-
body decays t8[B — v K(K*, 7)] =0.258+ 0.030% and5[B — v’ K
(K*, )] =0.22 + 0.09%. Thus, about 1/4 of the inclusive rate for direct
B — 1 production can be accounted for by exclusive modes. The experimental
investigation of the remaining fraction is important, since any additional quasi
two-body channel open ® — i transitions could be useful for future studies
of CP violation.yr mesons of lower momentum could originate from multibody
final states or from two-body decays involving heawel resonances.

Evidence for the decay mod® — x; K has been reported by CLEO Il (86,
100) and ARGUS (99). The average branching fractidf(iB~ — x.K™) =
(0.104+ 0.040%. The CLEO Il collaboration has also placed upper limits on
xc1 K and .1 K* production inB decay.

Signals for Cabibbo-suppressBdalecays with charmonium states have been
found by CLEO Il and CDF in the decay mo@e™ — ™ (108, 110). [An
updated value foB(B® — v ) is given by Bishai (109).]

6.7.2 POLARIZATIONINB — ¢ K* The polarizationirB — 1 K*is studied by
using the methods described for tB&8 — D**p~ polarization measurement
in Section 6.3. After integration over the azimuthal angle between/thad
the K* decay planes, the angular distributionBh— 4 K* decays can be
written as

d?r
d cos®,,d cosO-

1.
o sir? O+ (1 4 cof Oy)(|H,1/% + [H_1/?)

+ cog Ok- sirf O, [Hol?, 17.

where theK* helicity angle®- is the angle between the kaon direction in the
K* rest frame and thK * direction in theB rest frame@,, is the corresponding

¥ helicity angle, andH_.1 o are the helicity amplitudes. The fraction of longi-
tudinal polarization inB — ¢ K* is determined by an unbinned fit to thie
andK* helicity angle distributions. The results obtained by the CLEO II, AR-
GUS, and CDF collaborations are given in Table 11 . The efficiency-corrected

Table 11 Longitudinal polarization
of ¢ mesons fromB — ¢ K* decays

Experiment ry/r

CLEO I 0.80+ 0.08+ 0.05
ARGUS (109) 097+£0.16+0.15
CDF (110) 065+ 0.10+ 0.04

Average 078+ 0.07
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Figure 18 Distributions of the efficiency-correctel and K* helicity angles in reconstructed
B — ¢ K* decays from CDF. The smooth curves are projections of the unbinned maximum
likelihood fit described in the text (109).

distributions in each of the helicity angles g and co®k- are shown in
Figure 18. Assuming that the systematic errors from the various experiments
are uncorrelated, these three results can be averaged to obtain

r
?L(B — YK*) = 0.78+ 0.07. 18.

In addition, CDF has reported the first measurement of polarization for the
Bs — ¥¢ mode,

r
?L(Bs — Y¢) = 0.56+0.21139%2

Although the decay mod8 — ¢ K* may not be completely polarized,
it is dominated by a single CP eigenstate and, therefore, will be useful for
measurements of CP violation.

6.7.3 EXCLUSIVE DECAYS TO AD%® AND ANEUTRALMESON B decaysthat can
occur via an internal W-emission graph but that do not yield charmonium
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mesons in the final state are expected to be suppressed relative to decays that
occur via the external W-emission graph. For the internal graph, in the absence
of gluons, the colors of the quarks from the virtidimust match the colors of

the c-quark and the accompanying spectator antiquark. In this simple picture,
one expects that the suppression factor should b8 ih rate for decays involv-

ing %, p°, andw mesons. In heavy-quark decays, the effects of gluons cannot
be neglected, and QCD-based calculations predict larger suppression factors on
the order of ¥50 (111). If color suppression is much less than expected, as is
the case for some charm meson decays, then Beferay modes could also

be useful for CP violation studies (112).

CLEO Il has searched for color-suppressed decay modBsnoésons that
contain a singleD® or D*0 meson in the final state (these modes are also
accessible via the W-exchange graph, which is expected to be srBalkoay).

[See Table 19 for the relevant modes. No signals were observed; however, the
upper limits (14) on the branching ratios for color-suppressed modes are given.]
These limits indicate that color suppression is presei itecay.

7. HADRONIC DECAYS: THEORETICAL
INTERPRETATION

7.1 The Effective Hamiltonian

The Hamiltonian for weak hadronic charm (or beauty) decays is modified by
gluon exchange between the quark lines in two ways. Hard gluon exchanges
can be accounted for by perturbative methods and renormalization group tech-
nigues (113). There are also long distance or non—perturbative interactions are
responsible for the binding of quarks inside the asymptotic hadron states. It is
possible to separate the two regimes by means of the operator product expan-
sion (114), which incorporates all long-range QCD effects into the hadronic
matrix element of local four-quark operators (111). The effective Hamiltonian
(115), for example in the case of the charm decays, can be expressed as

Herf = (j/ch*sVud S —; =
where Cabibbo-suppressed transitions and penguin diagrams are neglected.
Here,(dq;) denotesfy* (1 — y¥°)q;, G is the Fermi coupling constant, and
c. are the Wilson coefficients. Gluon exchange has the effect of generating
the second term, which is an effective neutral current. Without QCD correc-
tions,c, = c_ = 1 and the usual weak Hamiltonian is recovered. The Wilson
coefficientsc.. (1) can be evaluated from QCD in the leading logarithmic ap-
proximation (111). There is a large uncertainty in the calculation from the

Cy —

C- _ .
5 (sdy(o) |, 19.

(Tmd)(so +
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choice of the scalg.. The usual scale is taken to e~ mg, so that for
the c-quark jm. = 1.5GeV, A® = 234 MeV] andb-quark [n, = 5GeV,
A® = 200 MeV] we obtain,

cy +c_ C, —C_

=+125 o= =049 20.

Cy —C_
=+ 112 c2=+2 =027

c-quark :c; =

Cy +C_

b-quark :c; =

7.2 Factorization

The hypothesis that the decay amplitude can be expressed as the product of two
single current matrix elements is called factorization. This hypothesis is taken
by analogy to semileptonic decays where the amplitude can be decomposed
into a leptonic and a hadronic current.

A qualitative justification for the factorization hypothesis based on color
transparency was suggested by Bjorken (117). For exampleBin@decay, a
ud pair, which is produced as a color singlet from the virtat, could travel
fastenoughto leave the interaction region without influencing the second hadron
formed from thec-quark and the spectator antiquark. Buras et al (118) show
that factorization is valid in the limit AN, — 0 and have considered leading
1/N. corrections to this limit. Dugan & Grinstein (116) have suggested that
factorization follows from perturbative QCD in certain kinematic regions. Itis
expected that the factorization hypothesis will be more reliabl® lradronic
decays than in the equivaleBt hadronic decays because of the larger energy
transfers.

There are several phenomenological models of the nonleptonic two-body
decays of heavy flavors (119). The model of Bauer, Stech & Wirbel (BSW) is
widely used (120). In addition to factorization, the BSW model uses hadronic
currents instead of quark currents and allows the coefficaants of the prod-
ucts of currents to be free parameters determined by experimental data. The
effective Hamiltonian becomes

G
H = LV Vuglar@d) (SOH + 82(Sd (TO)H]. 21.
V2
The relation betweea,, a, and the QCD coefficients, ¢, is
a=Cc+éc 29
a =C+£&Cy,

where the facto£ (= 1/N,) is the color-matching factor.

Three classes of decay can be distinguished: decays determiagddiyss
), e.g._D0 — K~x* (Figure B); decays determined bs (class Il), e.g.
DY — K90 (Figure b); and those where both tlag anda, contributions are
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present and interfere (class 1), e.g. the deBdy— KO9z+. Inthis model, the
rate for any exclusive two-body decay can be calculated once the parameters
ay anda; are given.

For example, the amplitude for the decBYy — K~z (neglecting the
exchange diagram term) is given by
Ge
\/é cs
where the first matrix element is the amplitude for creating a pion from the
vacuum via the axial current, proportional to the pion decay condtarthe
second term is the matrix element for the transitbh — K~ that can be
expressed in terms of form factors extracted from the data on semileptonic
decays (6).

7.3 Final-State Interactions

FSI can dramatically modify observed decay rates. These interactions occur in
a space-time region where the final-state particles have already been formed by
the combined action of weak and strong forces but are still strongly interacting
while recoiling from each other (10). The relation between the decay amplitudes
A, corresponding to final-stateand the bare amplitudé? (without FSI) is

A= S
j

whereS denotes the strong interacti@®matrix for hadron-hadron scattering.

As a result, there is mixing between channels that have the same quantum
numbers and relative phases will be induced. It is worthwhile to note that, in
general, the final-statemight not be directly accessible through weak-decay
diagrams. For example, the observed rate for a decay mode that is small
in a short-distance quark level calculation can be dramatically enhanced by
rescattering from modes with larger branching fractions. The factorization
approximation can only be used to determine the bare decay ampliﬁj’des
One way to eliminate the uncertainties associated witlSthaatrix is to sum

over all decay channels with the same conserved gquantum numbers. From
Equation 24 and the unitarity of tHe@matrix, we have

STIAP=YIA)A 25,
i j

that is, the sum of related decay rates remains unaffected by FSI.
It is customary to distinguish elastic and inelastic FSI. For example, for two
coupled channels, Equation 24 gives

A _ ne2i51 . i /;]__n2ei(51+52) A(l) 26
A, i /I p2eGrtdn  efite A '

A= Vugay (7 7|(Ud)0) (K ~[(50n|DY), 23.
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whereé,, §, are the strong interaction phase shifts anslthe elasticity param-
eter (120, 121). Inelastic F$h < 1) alter the observed amplitudes compared
with the factorization predictions. It should be noted that elastic(hSt 1)

may also change the observed width of coupled channels by modifying the
interference between two isospin amplitudes.

7.4 Heavy-Quark Effective Theory

It has recently been appreciated that there is a symmetry of QCD that is useful
in understanding systems containing one heavy quark. This symmetry arises
when the quark becomes sufficiently heavy to make its mass irrelevant to the
nonperturbative dynamics of the light quarks. This allows the heavy quark
degrees of freedom to be treated in isolation from the the light quark degrees
of freedom. This is analogous to the canonical treatment of a hydrogen atom,
in which the spin and other properties of the nucleus can be neglected. The
behavior and structure of the atom are determined by the electron degrees of
freedom. Heavy-quark effective theory (HQET) was developed by Isgur &
Wise (122), who define a single universal form factqy - v'), known as the
Isgur-Wise function. In this function, andv’ are the four-vector velocities of

the initial and final-state heavy quarks. In the heavy-quark limit, all the form
factors for hadronic matrix elements suchBis- D* andB — D can be
related to this single function. The value of this function can be determined
from a measurement of thB — D*¢v rate as a function of® (122). The
theory also provides a framework for systematic calculations of corrections to
the heavy-quark limit.

The evaluation of amplitudes for hadronic decays requires not only the as-
sumption of factorization, but hadronic form factors and meson decay constants.
Based on HQET, many of the hadronic form factorshfor> ¢ transitions can
be calculated in an essentially model-independent way. This has been done
by several groups (111, 123). The comparison of these theoretical predictions
with the experimental results can be used to test the range of validity of HQET
and the extent to which/Mq corrections to the heavy-quark symmetry are
needed. It is not yet clear whether HQET can also be correctly applied to the
calculation of form factors for charm quark decays.

7.5 FSIlin Charm Decay

The presence of FSI often complicates the comparison between experimental
data and theoretical predictions. In charm decay, FSI are particularly problem-
atic because there are several resonances that contribute in the mass region.
From the measurements now available, it is possible to disentangle these con-
tributions.

Anisospin analysis gives quantitative results about the FSI. For example, con-
sider the decay®P® — 77+, D® — 7n%°, andD* — 7% *, which repre-
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sent all possible two-bodp — 77 transitions. The amplitudes for these final
states can be expressed in terms of amplitudes for the isospin 0 and 2 eigenstates.
The isospin decomposition gives (124)

AD® — 77+ = jg(ﬁAo + A

A(D? —» 799 = ;é(_AO +2A2)
A(Dt — 7%t) = /3/2A,,

27.

where A, = A, €% is the complex amplitude for isospin | adds the phase
shift from FSI.
These expressions lead to the following phase-independent relations:

|AD® — 777 )2+ |AD® — 7% = | Agl? + | Aol
3
IA(DT = 7% )% = 5|A2|2. 28.

Using theD branching fractions from this review, we have calculated world
averages for phase shifts and isospin amplitudes. The results in Table 12 show
that several phase shifts between different isospin amplitudes are closg to 90
indicating large contributions from FSI. Moreover, the lower isospin amplitudes
are always larger than the higher ones.

If inelastic FSI can be neglected, it is possible to extract branching frac-
tions corrected for FSI (120). The prescription consists in adding the isospin
amplitudes with zero phase shift.

InTables 13, 14, and 15, branching fractions for a number of Cabibbo-favored
and Cabibbo-suppressed decays are compared to predictions of the BSW model
using updated values fag anda,. The values in parentheses are BSW model
predictions corrected for isospin phase shifts (taken from Table 12) due to FSI.
These corrections generally improve the agreement with the data. However,

Table 12 Isospin amplitudes and phase shifts for hadrdhic
decay modées

Decay mode Ratio of isospin amplitudes § = §; — §;-

Km [A1/21/1As/2| = 4.12+ 0.40 88 + 8
K*m |A1/2|/|A3/2\ =5.23+0.59 90 + 16°
Kp |A1j2l/| A2l = 322+ 0.64 10 £47
K*p |A1/2l/|Agj2l = 4.93+£195 33 £57
KK |A1]/] Aol = 0.58+ 0.12 47 £13
T |A2|/| Aol = 0.63+0.13 8T +10°

aCalculated using the isospin decomposition and updated branching
fraction.
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Table 13 Comparisons of measured branching fractions for
Cabibbo-favored D decays to predictions from the BSW nibdel

Decay mode Branching fraction (%) (18) BSW model (%)

DO K~—x*t 3.76+0.15 5.0 (3.8)
DO — KO0x0 1.99+0.26 0.8 (2.0)
DO — K0p? 0.74+0.16 0.3

DO — KOp0 1.10+£0.17 0.3 (0.9)
DO - K~ p* 98+12 8.7 (8.1)
D° — KO 17405 0.3

DO - K* gt 51406 2.6 (2.3)
DO — K*050 2.7+05 1.0 (1.2)
D0 — K* p* 59+24 17.1 (15.3)
DO — K*0,0 14403 1.9 (3.6)
D+ - KOr+ 2.44+0.43 25 (2.5)
D+ — KOp+ 7.3+£25 11.9 (11.9)
D+ — K*0z+ 21404 0.1 (0.1)
D+ — K*0p+ 22415 12.3 (12.3)
Dt — KO 7.9+20 3.2

2The values in parentheses take into account isospin phase shifts.

some serious discrepancies still remain in the decays to vector particles such as
K*andp. These discrepancies could be due to either an incorrect determination
of these form factors or to mixing betwe&p andK*x due to inelastic FSI.

While the BSW model agrees reasonably well with the experimental mea-
surements of branching fractions for two-body decay®&fand D, it fails
to predict the observed pattern &8ff decays. For example, the ratio of
hadronic branching fractions(Ds — nz ™)/ T'(Ds — n'n*) = 0.3940.13
(14) is considerably different from the corresponding semileptonic ratio
['(Ds — n¢*tv)/T(Ds — n'£Tv) = 2.454+ 0.94 (125). These two ratios
are expected to be nearly equal if factorization holds. A possible explanation

Table 14 Measurements of branching fractions for Cabibbo-
favoredDs decays compared to predictions from the BSW model

Decay mode Branching fraction (%) (18) BSW model (%)
Dt — ¢t 36+09 2.7
D — KOK+ 36411 15
D — nat 19+ 0.6 2.8
DS — npt 103+32 5.2
D — n'nt 50+19 16
D — K*OK+ 34409 1.8
D — K*tKO 43414 0.7

D — ¢p+ 6.7+23 16.8
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Table 15 Measurements of branching fractions for Cabibbo-
suppresse@ decays to predictions from the BSW matiel

Decay Mode Branching fraction (%) (18) BSW model (%)
DO - 7z nt 0.154+0.01 0.26 (0.18)
D% — 7070 0.08+0.02 0.03(0.10)
D% > K-K™* 0.43+0.03 0.38 (0.30)
DO — KOK?O 0.11+0.05 0. (0.08)
D% —» K*tK~ 0.31+0.08 0.37
DO — K* K+ 0.184+0.10 0.14

D% — ¢p° 0.184+ 0.05 0.08

Dt —» ntn0 0.25+ 0.07 0.10 (0.10)
D+ — KOK+ 0.68+0.19 0.97 (0.97)
Dt — K*OK* 0.50+0.10 0.37

Dt - ¢nt 0.66+ 0.08 0.26

D+ — K*OK*+ 26+111.91

aThe values in parentheses take into account isospin phase shifts.

could be the interference between spectator and annihilation diagrams (126); a
relatively small annihilation amplitude could have a large effect via an interfer-
ence term. Alternately, there could be a gluonium component in'theeson
that is responsible for the enhancement of the hadronic modes.

Another puzzling problem is the anomalous value of the ratio of the Cabibbo-
suppressed decay 8 into K+ K~ andz 7~ (14):

(D% — KK
(DY - —xt)
Models predict a substantially lower number,1.4, from SU(3) breaking in
the decay constants. The suggestion that penguin contributions could explain
such a high value (127) seems to be ruled out by a recent calculation (128). FSI
seem to be responsible for the sizeable branching fra®i@’® — KoK %)
as the quark level contributions from two W-exchange diagrams are small. A
better way to look at this problem would be to consider the ratio (129)

= 2.85+0.20. 29.

r(D° - K-K*)+ I'(D° - KoK ?)
(D% — 7w~—7+) + (DY — 7%70)

=23+04 30.

This ratio should not be affected by elastic FSI because the sudf decay
modes is independent of strong interaction phases. The measured value is still
above the expected level of SU(3) breaking (1.4). Inelastic FSI may explain this
ratio (121, 128). Arecent calculation that takes into account both non—spectator
diagrams and rescattering effects can also accommodate this result (130).
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Inelastic FSI are probably responsible for the decay nidtie> gb?o, which
is observed at the level of®+ 0.1%. Initially, this decay mode was called
the smoking gun for W-exchange in charm decay, since it cannot occur at the
quark level in any other way. However, Donoghue noted that the large rate for
the ¢?O channel could be the result of rescattering from other decay modes
such aslT*on (131). This explanation requires that the branching fraction for
DY — K*On be large enough O(2%) to allow for significant rescattering. The
observed valud; (D°® — K*On) = 1.7+ 0.5%, supports this interpretation. In
this sense, the decdy® — ¢?O should now be considered the smoking gun
for inelastic FSI in charm decay.

Observation of the deca@™ — ¢K™ was reported by the E691 collab-
oration (132) with a branching rati8B(D* — ¢K*)/B(D* — ¢nt) =
5.8"32 + 0.7%. This decay mode is quite unusual and intriguing. At the quark
level, it is doubly Cabibbo-suppressed and requires annihilation. Rescatter-
ing may contribute, but the rescattering must proceed from an initial state that
is doubly Cabibbo-suppressed. Observation of a similar nonresonant decay
Dt — K*tK~x* was reported by the WA82 collaboration (133). These sig-
nals are not confirmed by E687, which finds (1B4D" — ¢K*)/B(D* —
¢nt) < 2.1% atthe 90% confidence levelaBD ™ — KTK~K*)/B(D* —
K-ntrnt) < 2.5% at the 90% confidence level, which are marginally consis-
tent with the original observations.

7.6 Tests of the Factorization Hypothesis
7.6.1 TESTS OF FACTORIZATION WITH BRANCHING FRACTIONS The factoriza-
tion hypothesis can be tested by comparing hadronic exclusive decays to the
corresponding semileptonic mode. These tests can be performed for exclusive
hadronic decays of eithé or B mesons (135). _

As an example, we consider the specific casBbf> D**z~. The ampli-
tude for this reaction is

G _ —
A= 7;vcbvti‘dcm*|<o|u>|0><D*+|<6b>|B°>. 31.
The CKM factor|V,gq| arises from th&V— — ud vertex. The hadronic current
that creates the — from the vacuum is related to the pion decay constént,

by
(7 (PIEW|0) = —if, p,. 32.

The other hadron current can be determined from the semileptonic B_@c-ay
D*t¢~v,. Here, the amplitude is the product of a lepton current and the hadron
current that we seek to insert in Equation 32.
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Factorization can be tested experimentally by verifying the relation

I'(BO — D**7™)

dr -
d—qz(BO—) D*t¢ V|)|q2:m§

= 6722 £2|Vyql%. 33.

Here,qg? is the four-momentum transfer from tf&2meson to theD* meson.
Sinceq? is also the mass squared of the lepton-neutrino system, by setting
g?> = m? = 0.019 GeV? we are requiring that the lepton-neutrino system
have the same kinematic properties as does the pion in the hadronic decay.
For the coefficient;, we use the value.12 4+ 0.1 atu = my, deduced from
perturbative QCD for the factorization tests involving hadrdBidecays (the
error is due to the uncertainty in the scale at which to evaluate the Wilson
coefficient). The error irc; reflects the uncertainty in the mass scale at which
the coefficientc; should be evaluated. In the original test of Equation 33,
Bortoletto & Stone (136) found that the equation was satisfiedfet 1. In

the following discussion, we denote the left-hand side of Equation 3Ry

and the right-hand side bieo.

We now consider the channel3® — K-zt andD® — K* xz*, which
are examples oP — PP andP — V P decay modes, respectively. The
semileptonic modes that should be comparediare- KZv andD — K*2v,
respectively. An updated value fay is used in place of; in the factorization
test, while the semileptonic quantities are extracted from a recent review (6).
In the following, each form factor is assumed to have a pole form fogthe
dependence, witM, = 2.1 GeV£? for the vector andM, = 2.5 GeVk? for
the axial vector. The other ingredients for the factorization test are collected in
Table 16.

We emphasize that the branching fraction with elastic FSI removed is the
guantity that should be compared to the semileptonic rate for a factorization
test. Therefore, we correctthe measured branching fractions using the values of
the isospin amplitudes and phase shifts from Table 12. For examplBthe
K ~z* branching fraction without elastic FSI i8(D° — K~ 7%)no rsi =
1.3+ 0.1) x I'(D® - K~ 7M)measured The results of factorization tests for
charm decays are given in Table 17.

There is excellent agreement for the pseudoscalar decay mode, while we
note a serious discrepancy for the vector mode. On the other hand, we have
already observed that models based on factorization give a poor description of
the observed rates for charm decay modes involving vector particles, such as
K* andp.

An alternative way to test factorization has been proposed by Kamal & Pham
(137). The main feature of their proposal is to compare quantities that are
independent of the strong interaction phases (see for example Equation 29),
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Table 17 Test of factorization in hadronic and semileptonic
decay rates

Rexp (GeV?)  Rineo (GeV?)

Charm D% — K—z* 1194014  118+0.03
D% » K*zt 3.09+0.82 118+0.03

Bottom B° - D*fz~  114+021 122+0.15
B® —» D**p~ 2804069 326+ 0.42
B —» D*fa;  3.6+09 30+0.50

focusing on the isospin amplitudes instead of the decay amplitudes. The break-
down of factorization in channels involving vector particles is attributed to an
inelastic coupling betweeK p andK 7 channels in the & 3/2 state, which
could feed theK " r final state at the expense of tKep channel.

The large samples of reconstructed hadrdBidecays have been used to
obtain precise measurements of branching fractions, as discussed in Section
6. These results can also be used to test the factorization hypothesis. The
factorization tests can be extendedBodecays by using the modd®® —

D*t X~ decays,e.gX =n~, X~ =p~,0ra;.

To obtain numerical predictions fd®,e,, We must interpolate the observed
differential g2 distribution (since the form factor foB — D*¢v is slowly
varying, the width of thep~ meson does not significantly modify the result.)
for B — D*¢ vtog? = mZ, m3, andmj , respectively. Until this distribution
is measured more precisely, we have to use theoretical models to perform this
interpolation. The differences between the extrapolations using models for
B — D*¢ v are small, on the order of 10-20%. The measurement of this
differential distribution recently published by CLEO II can be combined with
the earlier results from the ARGUS and CLEO 1.5 experiments (136, 138).
The values ofil"'/dg?(B — D*¢v) used for the factorization test are given in
Table 16. Using the information listed in Table 16, we obtain from Equation
33 the results (which are similar f@*p) given in Table 17.

At the present level of precision, there is good agreement between the exper-
imental results and the expectation from factorization for hadr8niecays
in theg® range 0< g < m3 . Note that it is possible that factorization will
be a poorer approximation for decays with smaller energy release or tgtger
Factorization tests can be extended to higifeusingB — D*D{* decays, as
is discussed in Section 7.6.3.

7.6.2 FACTORIZATION AND ANGULAR CORRELATIONS More subtle tests of the
factorization hypothesis can be performed by examining the polarizatiBn in
(or D) meson decays into two vector mesons (139). Again, the underlying
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principle is to compare the hadronic decays to the appropriate semileptonic
decays evaluated at a fixed valuegih For instance, the ratio of longitudinal

to transverse polarizatiod’(/I't) in B — D**p~ should be equal to the
corresponding ratio foB — D*¢v evaluated agi? = m,? = 0.6 Ge\~.

| N _ r X
F—:(BO—> D*tp7) = F—:(B — D)o 34.

The advantage of this method is that it is not affected by QCD corrections (139).
ForB — D*¢v decay (orD — K*¢v), longitudinal polarization dominates

at low g2, whereas neag? = g2, transverse polarization dominates. There

is a simple physical argument for the behavior of the form factors near these

two kinematic limits. Nean? = g2, the D* is almost at rest and its small

velocity is uncorrelated with thB* spin, so all thred* helicities are equally

likely and we expectt/I', = 2. At g? = 0, the D* has the maximum

possible momentum, while the lepton and neutrino are collinear and travel in

the direction opposite to the*. The lepton and neutrino helicities are aligned

to give S, = 0, so neag? = 0 longitudinal polarization is dominant.
Factorization breaks down in the charm sector as a result of the presence

of FSI. From MARK Il results (145) on the decay mo@® — K*°p~, and

the measured form factors for the semileptonic decay mode, we can evaluate

Equation 34 for this vector-vector decay mode:

r

(D% K*p~)  =0.90+0.65
FT 35.
F—:(DO — K*v)|gemme = 0.78+0.07.

This result supports the factorization hypothesis with large errors. The obser-
vation of large transverse polarization anavave component in the color-
suppressed decd)® — K*9pCindicates the presence of large nonfactorizable
contributions (146, 147). In the future, polarization in the vector-vector mode
DI — ¢p™ will also be measured.

For B — D**p~, we expect 88% longitudinal polarization from the ar-
gument described above (141). Similar results have been obtained by Neubert
(142), Rieckert (143), and Kramer et al (144). Using the measyfreibstribu-
tion for B — D*¢v, Neubert (141) calculated the transverse and longitudinal
polarization inB — D*¢v decays. Using his result, we fifd, /T" to be
85% atq? = m,2 = 0.6. The agreement between these predictions and the
experimental result (see Section 6.3)

I /T = 93+5+5% 36.

supports the factorization hypothesis in hadrdBimeson decay fog? values
up tome.
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The strength of FSI iB decay can be determined by performing an isospin
analysis of related decay channels suctBas— D%z ~, B® — D%, and
B° — D*x—, as was done for th® — Kz andD — K*z systems.
At the present level of experimental precision and in contradD tdecay,
there is no evidence for non-zero isospin phase shiftB idecay. From a
maximum likelihood fit to the observed branching fractions, Yamamoto found
that coss* > 0.82 at the 90% confidence level, whéreis the phase shift for
the B — Dx system and comparable constraints, ands¢os 0.57(0.92)
forthe B — D*n (B — Dp) isospin multiplets (148). IB (and D) decays
to two-vector mesons, such &— D*p, the presence of FSI could also be
probed by studying the angjebetween thé* andp decay planes. FSI would
cause a phase shift between the helicity amplitudes and break the symmetry of
the x distribution. The presence of FSI would lead to a angular distribution
proportional to siry or sin 2y (149).

Until the Ds decay constantfp_, is measured more precisely by — v,
tests of the factorization hypothesis based on branching fractions cannot be
applied toB — D*Ds decays. As data samples increase, it will become
possible to measure the polarizationBd — D** Dz~ decay modes and to
investigate whether factorization is still validgt = m3, .

7.6.3 APPLICATIONS OF FACTORIZATION If factorization holds, hadroni®
decays can be used to extract information about semileptonic decays. For
example, we can determine the poorly measured Bate- D**(2420 ¢ v

from the branching ratio oB — D**(2420x. By assuming that the rate

for B — D**(2420x is related tadI'/dg?(B — D**(2420¢v) evaluated at

g2 = m2. Using the model of Colangelo et al (123) to determine the shape of
the form factors, we obtain the ratio

I'(B— D™(2420 ¢t v)
['(B — D**(24207)

Combining this with the experimental res8{B~ — D*°(24207"] =
0.16 4+ 0.05% (Table 9), we predid§(B — D**(2420¢v) = 0.51+ 0.16%.
This is not inconsistent with the average of recent direct measurements (8)
B[B — D** (2420¢v] = 1.17 + 0.24%.

A second application of factorization is the determinatiorfgf using the
decaysB — D*Ds. The rate forB® — D** Dy is related to the differential
rate forB® — D*"¢~v atq? = mf_if factorization continues to be valid at
larger values of%:

I'(BO — D* D)

dr —
d—qz(BO—> D*t+¢ V)|q2:m2DS

= 67128 % 3 | Vsl 37.
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The factors = 0.37 accounts for the different form factors that enteBir>
D*Ds andB — D*¢v (111).

Using the value listed in Table 16 fdi"/dq?(B — D*¢v) atq? = m3_and
the average branching ratio 8B — D*Dg) = 1.02+ 0.27%, we obtain

fo, = (277=+ 77)\/3.6%/B(Ds — ¢7+) MeV,
and withB(B — D*D?~) = 2.23+ 0.60%, we find § = 1)

fp: = (2434 70)1/3.6%/B(Ds — ¢ +) MeV.

This result can be compared to the value

fo, = (288+ 30+ 30+ 24)\/B(Ds — ¢ +)/3.6% MeV

that was obtained from a direct measurememof-> v decays in continuum
charm events (150). Both values tf_ are entirely consistent with theoretical
predictions that are in the range, = 200-290 MeV (151). If both the
DI — ¢xn™ branching fraction andp, are measured more precisely, then
measurements of the branching ratio8of> D*Dg decays can be used to test
factorization inB decay ag? = mZDS. As noted earlier, it will also be possible
to test factorization in thig? range by measuring, / I' in B — D*D} decays.

7.6.4 FACTORIZATION IN COLOR-SUPPRESSED DECAY It is not obvious whether
the factorization hypothesis will be satisfied in decays that proceed via inter-
nal W-emission, e.®8 — ¥ K®. Two observables have been compared to
phenomenological models based on the factorization hypothesis: the ratio of
vector to pseudoscalar modes, and the polarizatid® # ¢ K* decays.

Using the results listed in Tables 9 and 10, we can determine the ratio of
vector to pseudoscalar meson production

B(B — ¢ K*)
————— =169+0.33 38.
B(B — ¥K)

Combined with the CDF measurement (Equation 17), we obtain
BB = VKD 4740021 39.
B(B — ¢ K)

This quantity can be calculated using factorization and the ratio dBthe
K*andB — K form factors. The revised BSW model of Neubert et al (111)
predicts a value of 1.61 for this ratio, which is close to the experimental result.
Another test is the corresponding ratio it decays

B(B — ¥'K*)

=21+15. 40.
B(B — y'K)
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This measurement can be compared to the revised BSW model, which predicts
1.85 for this ratio. Gourdin et al (152) argue that the r&ioB — n.K*)/B

(B — nc<K)would provide a good test of the factorization hypothesisininternal
spectator decays. However, it will require a significantly larger data sample than
is available at present before this ratio can be measured with sufficient precision.
Other ratios of decay rates in modes with charmonium mesons may also be used
to test factorization (153).

The experimental results ahK * polarization can be compared to the theo-
retical predictions of Kramer & Palmer (154), which depend on the assumption
of factorization and on the unmeasud- K* form factor. Using the BSW
model to estimate the form factors, they fiid/ " = 0.57. Using HQET to
extrapolate from the E691 measurements of the> K* form factor, they
obtainT". /" = 0.73. Gourdin et al and Aleksan et al have noted that there is
no set of experimental or theoretical form factors that can simultaneously re-
produce the measured valuedgf/ I' andB(B — ¢ K*)/B(B — ¥ K) (155,

156). They conclude that there is either a fundamental problem in heavy to
light form factors or a breakdown of factorization for this class of decay modes.
Kamal & Santra have suggested that all the measured observables in exclusive
B — 4 can be accommodated with a single nonfactorizable amplitude (157).

CLEO finds evidence at the 2.5 standard deviation leveBfes x, tran-
sitions at a branching ratio of26 + 0.10 £ 0.03%. If confirmed, this would
indicate the presence of either nonfactorizable color octet contributions that are
neglected in the usual treatment of hadrdBidecays or higher order processes
O(a?) in b — ccsdecays (81).

7.7 Determination of the Color-Suppressed Amplitude

7.7.1 COLOR SUPPRESSION IRAND D DECAY Inthe decays of charm mesons,
the effect of color suppression is obscured by the effects of FSI or reduced by
nonfactorizable effects. The nonfactorizable contribution arises from the soft
gluon exchange between color currents (146). Table 18 gives ratios of sev-
eral charm meson decay modes with approximately equal phase space factors
where the mode in the numerator is color-suppressed while the mode in the
denominator is an external spectator decay. With the exception of the decay
DY — K90, it is clear that the color-suppressed decays do not have signifi-
cantly smaller branching ratios.

The data on charm decays supportsribes factorizatiorscheme (118), that
is Nc — oo in Equation 33. This scheme gives valuesapf~ 1.25 and
a, ~ —0.49 for nonleptonic charm decays. Assuming that the values of the
coefficients can be extrapolated frgm= mZ to x = mZ, taking into account
the evolution of the strong coupling constant we obtain the predictions
a; ~ 1.12 anda, ~ —0.27 for B decays.
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Table 18 Measured ratios of decay rates for color-suppressed
and external spectator diagrams

Ratio Branching ratio (18)
roo — ﬂno)/F(DO - xt) 0.56+0.15
(D% — K99,/ (D% — K—xn™t) 0.534 0.07
(D0 — K99/ T(D® — K~ p*) 0.11+0.02
(D% — K*070),/ (D% — K*= 7 t) 0.53+0.11
(D¢ — K*OK+)/T (D — ¢) 0.95+0.10
(D¢ — KOK*)/r(Df — ¢77) 1.01+0.16

The smaller magnitude &, means that, in contrast to the charm sector,
one expects to find a more consistent pattern of color suppress®mieson
decays.

In Section 6.7.3, we obtained upper limits for color-suppre&sdecays with
a DO or D*9 meson in the final state. In Table 19, these results are compared to
the predictions of the BSW and the Rl models.

In contrast to charm decay, color suppression seems to be operative in
hadronic decays dB mesons. The limits on the color-suppressed modes with
D% and neutral mesons are still above the level expected by the two mod-
els, but we can already exclude a prediction by Terasaki (158)3{B% —

D%% ~ 1.8B(B° — D*x~). To date, the only color-suppressBdneson

decay modes that have been observed are final states that contain charmonium
mesons, e.gB — ¥ K andB — yK*. (The branching ratio for the modes

B - ¥K andB — i K* can be accommodated by the vakie- 0 while

& ~ 1/3 gives a branching ratio that is about a factor of 4 too low.)

Table 19 Measured and predicted branching fractions of color-suppre3sktays

Decay Mode U.L. (%) BSW (%) B (BSW) Rl model (%)
B® — D% < 0.048 0.012 0.282(fp/220 MeV)2  0.0013-0.0018
BO — DOp0 < 0.055 0.008 0.143( fp /220 MeW)? 0.00044

BY — D% < 0.068 0.006 0.143( fp /220 MeW)?

BO — DOy < 0.086 0.002 0.083( fp /220 MeW)?

B° — D% < 0.063 0.008 0.142(fp /220 MeV)2

B? - D*0° < 0.097 0.012  0.2a%(fp,/220 MeV)2  0.0013-0.0018
BY — D*0p0 <0.117 0.013 0.282(fp, /220 MeW)?>  0.0013-0.0018
B? — D*0y < 0.069 0.007 0.182( fp, /220 MeV)2

B® — D*0y <027 0.002 0.082( fp, /220 MeV)2

B® —» D*% <021 0.013  0.28%(fp,/220 MeV)2
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7.7.2 DETERMINATION OF|ay|, |az| AND THE RELATIVE SIGN OF @/a1) We have
determined the free parametexrsanda, of the BSW model forD decays
taking into account the isospin phase shifts due to FSI. Using updated world
averages for the branching fraction of the de€ay> K, where no inelastic
effects are expected, gives

a3 =+ 1.10+0.03 41.
a; = — 0.50+0.03

A comparison with the QCD Wilson coefficients (see Equation 21) shows that
a ~ c; anday =~ ¢, that is& ~ 0. This result is anticipated in the/ i,
expansion by Buras et al (118) and implies that quarks belonging to different
color singlet currents do not easily combine to form a single meson (159).

If instead we use the perturbative QCD result, Equation 23 ijth= 3, we
obtain the following values od; anday.

c-quark: a =+ 1.08 a, = —0.07; 42.
b-quark: a; =+ 1.03 a,=+0.11

The value of, from the QCD calculation is inconsistent with the experimental
results for hadronic charm decay. This discrepancy suggests that nonfactoriz-
able contributions and FSI play an important role. Nonperturbative soft gluon
effects become more important in decays with smaller energy release, allowing
for FSI. This may explain why, is class-dependent in charm decay, whereas

it appears to be fairly stable i decays (146).

Kamal et al (160) [see also Cheng (161)] recently arguedahatda, (in
the factorized amplitude) should be replaced by the effective and unitarized
parametersaf‘eff andag'eﬁ. These quantities receive contributions from anni-
hilation and nonfactorizable processes as well as from FSI. Since these effective
parameters are process-dependent, factorization tests (comparing hadronic to
semileptonic rate) should be used as a tool to determine the moduli of these
guantities (160). In this way, much of the predictive power of the phenomeno-
logical models (based on factorization) is lost, becausagthada, parameters
are now dependent on the particular decay channel.

In the BSW model (111), the branching fractions of ®&normalization
modes are proportional & while the branching fractions of tf& — v decay
modes depend only aag. A fit to the branching ratios for thB decay modes
B — D*xn—, D*p~, D**n~, andD**p~ using the model of Neubert et al
yields

|a;| = 1.07 4 0.04 & 0.06, 43.
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and a fit to the modes witltht mesons in the final state gives
|ag| = 0.234+0.01+0.01 44,

The first error onja;| and |ay| includes the uncertainties from the charm or
charmonium branching ratios, the experimental systematics associated with
detection efficiencies, and background subtractions, as well as the statistical
errors from the branching ratios. The second error quoted is the uncertainty
due to theB meson production fractions and lifetimes. We assumed that the
ratio of Bt B~ and B°B° production at thér (4S) is one (10) and assigned an
uncertainty of 10% to it.

The magnitude of the amplitude for external spectator procergescan
also be determined frold — D™ D{* decays. Since these transitions are not
subject to interference with the internal spectator amplitude, we can combine
B~ andB° decays to reduce the statistical error. Using the average branching
fractions given in Tables 9 and 10, we obtain

|a|pp, = 0.98- 0.06+ 0.04, 45,

It is interesting to note that this value [af;| agrees with the result of the fit to
theB — D®x andB — D™ p modes (see Equation 44). In genetal,|
could be different for exclusive — cud andb — ccs processes.

By comparing branching ratios &~ and B° decay modes, it is possible to
determine the sign dod, relative toa;. The BSW model (111) predicts the
following ratios:

_ B(B™ — Do)

R = = (14 1.23a/a1)% 46.
1 B(BY > Do) ( b/a1)
B(B~ — D%") 2
Ro=—— L 7 — (14 0.663/a)% 47.
> B(BY 5 D po) ( b/a1)
B- D*O —
Re= DB = D7) 141 2gm, a2 48.

" B(B® — D*tx-)

B(B~ — D7) )

Ry = B(BY 5 D) ~ (14 0.75a/a;1)". 49,

Table 20 shows a comparison between the experimental results and the two
allowed solutions in the BSW model. The systematic errors due to detection
efficiencies partly cancel each other out. In the raRg@nd R4, the D meson
branching ratio uncertainties do not contribute to the systematic error.

A least-squares fit to the ratid® to R gives

ay/a; = 0.26+ 0.07 4 0.05, 50.
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Table 20 B~ to B? branching ratios to determine the signagfa;®

Ratio az/a; = —-0.23 ay/a; =023 Experiment Rl model

Ry 0.51 1.64 160+ 0.30 1.20-1.28
R> 0.72 1.33 161+039 1.09-1.12
Rs 0.49 1.68 185+040 1.19-1.27
R4 0.68 1.37 210+ 061 1.10-1.36

aThe magnitude ofy/a; is the value in the BSW model that agrees with our
result forB — 4 modes.

where we have ignored uncertainties in the theoretical predictiByss not
included in the fit since the model prediction in this case is not thought to be
reliable (V Rieckert, private communication). (The result of a fit includitag
is not significantly different. We find in this caag/a; = 0.2824+-0.07+0.06.)

The second error is due to the uncertainty inBraeson production fractions
and lifetimes that enter into the determinationaafa, in the combination
(fi 7 /foto). Asthisratio increases, the valuemfa; decreases. The allowed
range of( f.t, /fpto) excludes a negative value af/a; .

Other uncertainties in the magnitfdef fp, fp- and in the hadronic form
factors can change the magnitudeagfa; but not its sign. The numerical
factors that multiplya,/a; include the ratios oB — 7n(B — p)to B — D
(B — D*) form factors, as well as the ratios of the meson decay constants.
We assume values of 220 MeV fdp and fp- (162). To investigate the model
dependence of the result, we have recalculggd|a,|, anday/a; in the model
of Deandreaetal. Wefind;| =1.004+ 0.04+0.06,|a;| =0.24+0.014+0.01,
anday/a; = 0.25+0.0740.05, consistent with the results discussed above.
A different set ofB — n form factors can be calculated using QCD sum rules.
By using the form factors determined by Belyaev et al (163) and by Ball (164),
ay/a; changes by 0.04. Kamal & Pham have also considered the effect of
uncertainties in form factors, the effects of FSI, and annihilation terms. They
conclude that these may change the magnitude 4, but not its sign (165).
Systematic uncertainties in the ratio@tbranching fractions could also modify
its magnitude.

The magnitude of, determined from this fit to the ratio &~ andB® modes
is consistent with the value af determined from the fit to thB — i decay
modes. The sign ad, disagrees with the theoretical extrapolation from the
fit to charm meson decays using the BSW model. [In the fits of Neubert et al
(111), the CLEO 1.5 data favor a positive sign while the ARGUS data prefer a
negative sign.] It also disagrees with the expectation from fi tule (166,

2\We considered variations ofp between 120 and 320 MeV: fofp = 320 MeV, we find
ap/a; = 0.18.
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167). The result may be consistent with the expectation of perturbative QCD
(168).

7.8 The Sign of ga; and the Anomalous Semileptonic
Branching Ratio

The observation that the coefficierdsanda, have the same relative sign in

B* decay came as a surprise since destructive interference was observed in
hadronic charm decay. Although constructive interference has been observed
in all the B™ modes studied so far these comprise only a small fraction of the
total hadronic rate. If the constructive interference observeBtirdecay is
present at the same level in the remainder of hadr@&ticdecays, then we
would expect a lifetime rati@g+ /g0 ~ 0.83 unless there is a large compen-
sating contribution from W-exchange BY decay (169). Itis also possible that
there is no interference in higher multiplici§ decays that have not yet been
reconstructed. It, therefore, isimportant to measyi@nda, for a large variety

of decay modes.

It is intriguing thata; determined fromB — D®x, D®p modes agrees
well with the value ofg; extracted fromB — DDs decays. The observation
of color-suppressed decays suchBfs— D°7° would give another measure
of |ay|, complementary to that obtained froBn— charmonium decays .

Keum (96) has suggested that the relative siga;ainda, could be deter-
mined from a measurement of the polarizatiorBn — D*°p~ decays. For
a/a; > 0, the amount of longitudinal polarization should be less than 88%,
while for ay/a; < 0, the converse will hold. At the present level of precision,
both possibilities are consistent with the data on polarization.

The experimentally measured semileptonic branching ratio is determined to
be (10.35+ 0.17 &+ 0.35% in the model-independent dilepton analysis (8).
Comparable, but more precise, rates are also obtained from the analysis of
the single lepton spectrum. These measurements are significantly below the
theoretical lower boun#g; > 12.5% from QCD calculations within the parton
model (170).

Itis possible to understand the origin of the theoretical limit in a simple way.
In the absence of QCD corrections, the virtWdlemitted by theb quark can
decay into either a lepton-antineutrino paig a d quark pair, or & — s quark
pair. For the decay into a quark pair, there are three possible color states that
are equally probable. In addition, corrections must be made for the reduction
in phase space in th& — tv andW — csdecays. Then the semileptonic
fraction, Bs, is given by

fe

=" 51.
5fc+3f65+ fC‘L’

BsL
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Using the phase space factoffg, = 0.45, fs ~ fo, = 0.12 givesBs, =
16.5%. QCD corrections modify the hadronic contributions to the width and
give Bs|. = 14.3%. The theoretical lower limit of 18% is obtained by varying
the quark masses and QCD scale to their lower limits.

Several explanations of this discrepancy, awaiting experimental confirmation
have been proposed.

1. There might be an increasbd- ccscomponent of thé8 meson hadronic
width (170, 94, 171). However, recent experimental data rule out the mecha-
nism suggested by Dunietz et al (171) as a major contributBr-te baryon
decays.

2. Higher order contributions might reduce the theoretical expectation, or the
assumption of duality may not hold férquark decay (172). The former
has been advocated by Bagan et al, who find results consistent with the
experimental result (173, 174) but who also predigt= 1.28 + 0.08 for
the number of charm quarks produced peecay, again due to higher order
enhancements of the— ccschannel (174).

3. Constructive interference iB~ decays would reduce the theoretical ex-
pectation for the semileptonic branching ratio. A small contribution from
W exchange td° decays would keep the lifetime ratio close to unity and
satisfy the experimental constraints on this quantity (169).

4. There could also be a large contribution to the inclusive rate that has not
been measured. It has been suggested by Palmer & Stech (9% )-thats
followed bycc — gluons, which in turn hadronize into a final state with no
charm, has a large branching ratio. The charm content for this mechanism
would not be properly taken into account.

5. It is possible that the rate for the hadronic penguin diagbam sgis
larger than expected (176). This possibility will lead to significant produc-
tion of high-multiplicity charmless final states, which are quite difficult to
distinguish experimentally.

Increasing théd — ccs component would increase the average number of
qguarks produced pé&rquark decay and would lead to another interesting prob-
lem: The predicted number of charm quarks Ipelecay would increase to 1.3
while the current experimental world average for this numbeiS+#0.05 (see
Section 5.4). MoreoveB3(b — ccs) = 15.8 £ 2.8%, which is far below 30%.
With the recent observation @ — DDKX transitions, the branching
fraction for (b — ccs) has increased from 1%+ 2.8%, to 239 + 3.8%,
which is now consistent with the QCD calculations of Ball et al. However,
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the new source dh — ccs decays does not modify the charm yield and was
already included in the determination iof. This suggests that the problem
of reconciling the semileptonic branching fraction amdhas not yet been
completely resolved.

The data are not yet sufficiently precise to convincingly rule out the possi-
bility of a larger charm yield. In addition, there are several possible systematic
experimental flaws in the computation of the yield of charm quarks. The charm
meson absolute branching fractions can contribute a systematic uncertainty,
although the errors from this source have been significantly reduced by the
precise determinations @(D° — K—z*) (11) andB(D* — K- n*rxt).

The effect of a small change in the branching fractions for charm meson is
demonstrated by the following example: Decreas#@® — K~z ™) and

B(DT — K~zxtxnt) by 7% increases the total charm yield Bidecay to
125+ 6% (CLEO Il measurements). Note that the valuerforeported here is
slightly higher than the value given at the 1995 conferences due to the smaller
world average for the absolute branching fracti®D® — K~z*) used in

this review. The absolute branching fraction scales for@eneson andi
baryons are still quite uncertain. Since the inclusive branching ratios to these
particles are small, a substantial change to the branching ratio scale would be
required to significantly modify the charm yield.

A systematic study of inclusive hadroni decays to mesons and baryons
and more precise measurements of charm meson absolute branching fractions
will be required to resolve this problem.

8. CONCLUSIONS

Significant progress in the physics Bfand D mesons has been made in the
last several years.

Fixed-target experiments with silicon vertex detectors such as E691 and E687
have led to precise measurements of charm meson and baryon lifetimes. The
observed hierarchy of lifetimes can be compared to theoretical models and is
used to assess the size of non—spectator effectsDTH®?C lifetime difference
is attributed to constructive interference B decays. This conclusion is
supported by the observation of destructive interference in many exciDgive
decay modes.

There has also been rapid progress in the measurement of lifetinies of
flavored hadrons from the LEP experiments, SLD, and CDF. These results
now clearly show that to a good approximatiogi ~ tgo ~ tg, While the
Ay lifetime is significantly shorter. The small value ofAy) is unexpected
and cannot be easily accommodated in most theoretical frameworks given the
observed size of non—spectator effects in charm decay (50, 51).
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The fixed-target experiments and CLEO have reported many new measure-
ments of hadronic charm decay modes. There are now sufficiently precise data
to isolate the effects of FSI, and to solve for the isospin amplitudes and relative
phases in a number of quasi two-body decay modes. Unambiguous evidence
for DCSD in D* decay has been observed. There is no compelling evidence
for W-exchange or W-annihilation in charm meson decay from measurements
of either hadronic decays or the lifetimes. Charm baryon decay shows strong
evidence for W-exchange contributions. In this case, however, there is no helic-
ity suppression. Comparison of the observed rates for hadronic charm meson
decays and models based on factorization show a humber of discrepancies in
DY DT, andDs decays. The most dramatic of these are in excluSiydecays
to final states withy andn’ mesons. These discrepancies may indicate the
breakdown of factorization in hadronic charm decay.

Results from CLEO Il have significantly changed our understanding of
hadronic B decay. A complete experimental picture of incluévdecay is
now emerging. The problem of simultaneously accomodating the valog of
and theB semileptonic branching fraction remains. The data and measure-
ments of exclusive hadronic branching fractions are now of sufficient quality to
perform nontrivial tests of the factorization hypothesis, including comparisons
of rates forB® — D** X~ (whereX~ = = ~, p~, ora; ) with rates forD** ¢~ v
atg? = M%, as well as comparisons of the polarization8fh— D**p~ with
B° — D**¢~v,. Inall cases, the factorization hypothesis is consistent with the
data at the present level of experimental precision ang%or mgl, in contrast
to the situation in charm decay. No evidence for FSI is observesi diecay.
Limits on the strong interaction phase shiftBn— Dx, B — Dp have been
obtained.

Improved measurements of branching ratios of two-body decays with a
meson in the final state have been reported from ARGUS, CDF, and CLEO II.
The decayB — K* is polarized with[", / T" = (78 &+ 7)%. Therefore, this
mode will be useful for measuring CP violation. However, it is difficult to
simultaneously accommodate these results on polarization and the ratio of
B(B — vK*)/B(B — ¢ K) branching fractions in models that assume fac-
torization.

Color suppression appears to operate in hadr@iecays in contrast to
charm decays. There is no experimental evidence for (color-suppressed) decays
of neutral B mesons to a charm meson and light neutral hadron in the final
state. The most stringent limi3(B® — D°z%)/B(B° — D*x~) < 0.07
from CLEO I, is still above the level where these color-supprefekcays
are expected in most models. The observatioB of> » modes shows that
color-suppressed decays are present. The appearance of many internal spectator
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decays at levels comparable to external spectator decays in the charm sector
may be due to FSI.

Using results on exclusivB — v decays from CLEO 1.5, CLEO II, and
ARGUS, we obtain values of the BSW paramé#gf = 0.23+0.014+-0.01. We
also report a new value for the BSW parametef=1.03+ 0.04+ 0.06. By
comparing the rates f@~ andB® modes, itis been shown that the sigragfa,
is positive, in dramatic contrast to what is found in charm decays. It is difficult
to reconcile this result with the near equality of tBe&/B° meson lifetimes
unless the pattern is significantly different for higher multiplicity decay modes
or unless there is a large W-exchange contributioB%alecay.

In the next few years, the samples of reconstructed charm particles should
increase by a factor of 10 as E791 complete their data analysis and as FOCUS,
the upgrade of the E687 experiment, SELEX, and CLEO Il begin taking data.
These large charm samples will allow for more sensitive searché’fer D°
mixing, rare decays, and CP violation, and for a systematic investigation of
charm baryons and their lifetimes.

Large samples of reconstructed hadroBiclecays will be obtained in the
next few years by CLEO II/CLEO lll as a result of further improvements in the
luminosity of CESR and upgrades of the detector. There will also be significant
increases in the size of data samples available from the CDF experiment. Ac-
curate tests of the factorization hypothesis over thegtilange will become
feasible. The large tagged sample at CLEO can be used to study inclusive
properties of* and B® decays. Measurements of additional decays to final
states with charmonium mesons will be performed and other color-suppressed
decays will be observed.

The ultimate goal of the study of heavy-flavor mesons is to measure the
large CP asymmetries predicted by the standard model in decay modes such as
B - yK% B — 7tx—, andB~ — DPK~. In order to throughly test the
consistency of the standard model’s description of CP violation in these decays
at future facilities, the mechanisms that operate in hadronic decays of heavy
guarks must be well understood. This review shows that rapid progress is being
made in this program.
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