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Recent results on heavy flavours from non-LEP experiments are reviewed. In
the beauty sector emphasis is made on decays useful for CP violation studies
and on processes relevant to the determination of the CKM matrix: semileptonic
decays, BB mixing, and searches for b — sy transitions. The discussion on
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lepton decays (including LEP results) are presented.
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HEAVY FLAVOUR PHYSICS

Michael V. Danilov
Institute of Theoretical and Ezperimental Physics,
117259 Moscow, USSR

ABSTRACT

Recent results on heavy flavours from non-LEP experiments are reviewed. In the beauty sector
emphasis is made on decays useful for C'P violation studies and ou processes relevant to the deter-
inination of the CKM matrix: semileplonic decays, BE mixing, and searches for b -—— s transitions.
The discussion on charm is lirnited mainly to Cabibbo-suppressed and semileptonic decays and new
measurements of D* and ), decays. Finally, new precise measurements of 7 lepton decays (includ-

ing LEP results) are presented.

INTRODUCTION

The physics of heavy flavours is & very rich
field. It comprises searches for new phenom-
ena, determination of the fundamental parame-
ters of the eleciroweak theory, quantitative tests
of Quantum Chromodynamics (QCD), and stud-
ies of non-perturbative processes in strong inter-
actions for which a model independent theoreti-
cal approach has yet to be developed.

The search for new eflects heyond the present
theory is the main motivation behind studies of
heavy flavours. One should keep in mind how
drastically our undetstanding of nature was
changed by studies of the semiheavy strange
quark, recalling that, at the time of the discovery
of particle-antiparticle oscillations, P and CP vi-
olation, the strange quark was the heaviest know
flavousr. : '

There is 2 hope that investigation of charin
and especially beauty will bring equally impor-
tant surprises. The reason behind this expec-
tation is the large mass and long lifetime of ¢
and b quarks. In particular further studies of the
beauty quark are expected to play a crucial role
in solving the puzzle of CP violation. Beauty
and charmed particle decays can be sensitive to
phenomena at a latger mass scale than presently
available al acceleratots, for instance to charged
Higgs bosons or supersymmetric particles.

The tau lepton is thought to be the sequen-

tial lepton of the third genetation. However, this

assumption is not well tesied and further stud-
ies could bring surprises. Moreover, there are
some indicalions of discrepancy between theoret-

ical expectations and experimental data which
question even e — u — T universalily.

From the LEP studies we know that there are
only 3 light neutrino species and therefore most
probably only 3 famil‘es of quarks and leptons.
"This limited number of quark and lepton families
should reflect some fundamental feature of na-
ture which is yet to be discovered. At present the
quatk and lepton sectors of the. Standatd Model
(SM) contain the largest number of free parame-
ters which are not predicted by theory. There are
6 quark and 3 lepton masses (assuming neutri-
nos are massless), and 4 independent parameters
of the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix, V, which rotates the quark mass eigenstates
(d, s,b) into the weak eigenstates (d’, ¢, b'):

dl‘ Vud Vm Vub d
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It is possible that a more fundamental theory
will eventually specify these parametets. Mean-
while experimental measurements ate extremely
important in giving sonie indication about what
a more complete theory should look like. Eight
out of the 13 parametets mentioned above can
be determined from studies of heavy flavouts.

Finally, heavy quarks and leptons provide

_unique possibilities for studying sirong interac-

tions. The large masses of the b and ¢ quarks con-
siderably simplify theoretical calculations and al-
low, in many cases, quantitative lests of QCD.
Tau lepton decays offer very clean initial condi-
tions for a sludy of low mass tesonarnces. -

The top quatk lias not yet been found [1].
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Therefore, this talk is devoled to beauly and
charm particles and te the 7= lepton. Due to
space limitations only recent results are mainly
discussed, with apologies for unavoidable per-
sonal bias in the selection of topics. There are
many excellent’ comprehensive reviews on these
subjects [2] where more details can be found.
LEP tesults on heavy flavours are discussed in
a separate talk by Roudeau |3].

The first part of the paper is devoted to B
mesons. The topics include mnonleptonic and
semileptonic decays, updates on BB mixing and
searches for b — s+ {ransilions. The available in-
formation on the CKM malrix elements is then
summarized in {erms of the unitarity triangle.
Charmed particles are discussed in the second
part with the main emphasis on Cabibbo-
suppressed and semileptonic decays. The third
part is devoted to decays of 7 lepton including
the LEP resulis.

BEAUTY

Before LEP, information about b quarks came
mainly from the ete~ slorage rings DORISUI
and CESR, working just above the threshold for
ete™ — BB. The reason for this is the exis-
tence of the Y(45) resonance which decays into
B°BO and B* B~ final states with J” = 1~. The
‘Y(45) resonance has a relatively large peak cross
seclion of aboul 1nb and provides very clean con-
ditions with accurately known (within a few
MeV) B meson energy. Tagging one B meson
uniquely identifies the other produced along with
it. The ARGUS and CLEO 1.5 experiments have
collected 209 x 10% and 244 x 10% YT(45) de-
cays, respeciively. In 1989 the CLEO 1I delecior,
with an excellent Csl electromagnetic calorime-
ter, was brought into operation. More than a
million of B decays have been collected with this
detector. The first results from this sample are
now starting o appear.

‘The total width of ¥(45) is 3 orders of mag-
nilude larger than the widths of T resonances
which lie below the BB {lreshold. Therefore il
is assumed in this talk that the T(45) decays
only into BB pairs and ihat non-IBB decays of
. the T(45) can be neglected. Ilowever, scarches
for non-B T decays are discussed in the next sec-
tion.

1. Search for non- BB Decays of Y(45)

More than a year ago CLEO [4] and ARGUS
[5] observed fast J /4% mesons at the Y(45) encrgy
with momenta above the kinematic limit for pro-
duction in B decays (see Fig.1). No signal was
seen in the continuum by either experiment, in-
dicating that the J/vy were produced directly in
T(45) decays. However, the probability that the
signal observed at the T(4.5) was due to J /4 pro-
duction in the continuum was a non-negligible,
being about 1% in both experiments. Neverthe-
less, CLEO interpreted the signal as the obser-
vation of non-BB decays of Y(4S5) into J /49 [4].
ARGUS did not publish their result becaunse they
believed the signal conld be a statistical fluctua-
lion in J /9 production from the continuum.

Indication of direct Y(45) decays into J/¢X
created a lot of excilemenl because the decay
width for Y(1.5) — J/#X was 3 orders of mag-
nitude smaller [6], so that Lhese unusual Y(45)
decays could indicale new physics. Several au-
thors discussed a possibility that Y (45) was not
a pure bb state, but had some gluon or light quark
admixture [7,8,9,10]. On the experimental side
there is no evidence for any other non-BB fi-
nal states in YT(45) decays. The CUSB search
[11] for direct photon production predicted in
some models [8,7] has led to 90% confidence level
upper limits BR(Y(45) — vX) < 0.65% for
Iy ~ 500 MeV and BR(Y(45) — vX) < 0.08%
for B, ~ 4 —5 GeV. The first limit is alrecady
in contradiction with one of the theoretical pre-
dictions {8], while the second is only marginally
consistent with another explanation [7]. By com-
paring lepton and dilepton rates at the Y(485),
CLIEO [12] has set an upper limit on the {raction
of non-3B decays f,on_pg = 1~ f+ — fo < 14%.
at 95% CL. _

At this conference CLEO [13] has presented a
preliminary study of high momentum J/:[r;s in
the new data sample collected with CLEQO 11 de- -
tector. In contrast with their previous siudy,
CLEO now observes continuum production of
J/1 mesons with momenta above 2 GeV /¢ (See
Fig.1d). In the combined new and old continuum
dala sample there are 12 events in J/4 region
with an estimated background of 3.6 0.6 events.
The probability that a Poisson dislribution with
a mean of 3.6 will give rise to an upward fiuc-
tuation of 12 or more events is 3.7 x 10~1, At
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Figure 1: Dilepton invariant mass distributions (for z > 0.38) for CLEO 90 (left) and CLEO 91
(right) data. (2) and (c) on Y(45), (b) and (d) off T(4S5).

the T(4S) energy the rate of fast J/i) mesons
is 3 times smaller in the new data than in the
old (see Fig. 1c). Consequently in the combined
data sample the excess of J/4i production at the
Y(45) beyond the continuum component is only
0.5 & 9.6 events, an average which is marginally
consistent with the CLEO 90 result. At the mo-
ment CLEO Las no explanation, other than a
statistical fluctuation, for this development.
In order to determine

Rjjy =c(ee” = J/yX)/o(ete™ — putp™)
CLEO combines continuum and Y(4S5) data, as-
suming that all fast J/¢ (z = py/y/Poeam >

0.38) are produced in continuum. This leads to

Rjysy(z > 0.38) = (1.0 £ 0.3+ 0.3) x 1073,

a value in reasonably good agreement with theo-
retical predictions for J/y production in the con-
tinuum near 10 GeV, which range from R;/, =
3x107*% to Ry, =2 x 1073 [14].

2. Nonleptonic Decays of B mesons

The masses of B mesons have beecn measured
using reconstructed hadronic B decays. The re-

sults from the fits to the ARGUS [15,16] and
CLEO [12,17] data are given in table 1. The dii-

ference beiween the B- and B~ masses is consis-
tent with zero. The mass splitting has important
implications for theoretical estimates of the ra-
tio, fi/fo, where fo and f. are the branching
ratios for Y(4S) — B°BO and Y(4S) — B* B~
respectively. A knowledge of f; and fo is impor-
tant for the determination of B meson branching
ratios and hence for the extraction of the funda-
mental parameters of SM. Recent theoretical es-
timates (18,19,20], which include the momentum
dependence of the Y(4S) — BB vertex func-
tion and the effects of the B~ and B° form fac-
tors, indicate that f, /fo = 1.004:0.05, where the
error reflects the theoretical uncertainty in the
momentum dependence of the vertex function.
Throughout this paper the ratio f,/fo is fixed
to one and the systematic error is not included
in branching ratios of B mesons.

Tables 2 and.3 list B® and B~ hadronic branch-
ing ratios measured by ARGUS [15,16] and
CLEO {12,17]. At present about 15% of hadronic
B~ decays and about 20% of hadronic B° de-
cays have been observed.' All branching ratios
are calculated using MARK III measarements



Table 1: ARGUS and CLEO results for B meson masses,

MBn JIB— ]\lgo = ﬂlg—-
ARGUS 527944 0.6+£2.0 | 5280.6£08+£20 | —1.2+1.0£05 |
"CLEO 52785+ 04+ 2.0 | 5278.4+04+20 | +0.1+0.6+0.5
“Average 5278.84+0.3+2.0 | 52788+ 04120 | —0.2+05+05

Table 2: Branching ratios for nonleptonic B® decays in % .

BSW model

Mode ARGUS CLEO average
BY - CFx™ 0.48 4 0.16 | 0.28 4 0.08 | 0.32 £ 0.07 0.39
B® — Dtp~ 0.94: 0.6 — 09406 1.03
B® — D%° < 0.3 < 0.06 < 0.06 0.00
B - DYp-n-nt = 0.8 -:0.3 0.8+0.3
B° - D*D7 1.4 41.2 0.9 0.5 1.04+0.5 1.56
B° - DtD!- 2.341.9 — 23+1.9 0.92
B S D r 0.28 £0.11 | 0.36£0.10 | 0.324£0.09 | 0.31
B? — D*tx—a° 1.8+ 0.6 - 1.8406 |
BY — D**p~ 0.7+04 1.9+14 0.84 0.4 0.97
B —» D*tpp gt 1.240.6 1.6 0.5 1.4+04
B - D**tay - 1.8+0.8 *| 1.8+0.8 1.34
B 5 D**aa-ata® | 41422 — 41422
B® — D**t Dy 1.2:£0.9 1.84+1.0 1.540.7 0.7
B° - D**+ D!~ '2.3%1.3 - 23+1.3 2.54
BY S J/4K° 0.08 4+ 0.06 | 0.06 4 0.04 | 0.06 &+ 0.03 0.03
B — J/pE*° 0.1140.05 | 0.14+0.06 | 0.12 +0.05 0.12
B® — J/yK-=xt — 0.10+0.05 ! 0.10+ 0.05
BY — ¢'K° < 0.28 < 0.15 < 0.15
B - Y RO < 0.23 0.14 4+ 0.0 | 0.14 4 0.09
B® - ¢'K—nt < 0.10 — < 6.10

for the decays of D and D* mesons [2i]. D}
branching ratios are reliably known only relative
to BR(D} — ¢nt) *. The latter has been mea-
sured using indirect methods and it is hard to
estimate the relevant systematic eriors. There-
fore a fixed value of 2.7% is assumed throughout
this paper for BR(D} — ¢n+) [22]. In order to
compare different experiments, results have been
rescaled where necessary to these common values
for charm branching ratios. '

The last column of tables 2 and 3 shows the
predictions of the BSW model [23] with the two
free parameters of the model fixed by a fit {o the
measured branching ratios [12].

*References in this paper to a cpecific charged state
ulso imply the charge conjugate state.

2.1 Decays B — DS‘)D(')

Decays into channels with a D, or D} meson
account for aboul one third of known hadronic

B meson branching ratios. Three decay channels’

with a D{*) have been first observed by CLEO
[24]. Recently ARGUS [16] obtained evidence

for all eight possible decay modes DS')D(‘) (see -

Fig.2 and tables 2, 3). The rates for the
modes involving a D, meson depend on the an-
nihilation constant fp, (see Fig. 3), which re-
flects basic dynamical properties of a bound qg
system related to its size. Knowledge of meson
decay constants is essential for the extraction of
fundamental CKM parameters from many weak
processes, including B®BY mixing. Very little is
known experimentally about the decay constants



Table 3: Branching ratios for nonleptonic B~ decays in % .

Mode ARGUS CLEO average BSW model
B- 5 D~ 0.20+0.10 | 0.514-0.09 | 0.40 :t.0.07 0.29
B~ — D%~ 1.34£0.6 — 1.34+0.6 0.91
B- - D% rnt — 1.2+ 04 1.2+ 0.4
B~ — D°D; 2.1+1.1 2.240.9 2.24+0.7 1.56
B~ — D°D;- 1.4+1.0 - 14+1.0 0.92"
B~ — D*x— 0.40 -+ 0.18 0.7+ 0.2 0.52 £ 0.15 0.20
B~ — D'~ 1.0+ 0.7 — - 1.0+0.7 0.71
B~ — D*°D; 1.14+0.8 — 1.1+0.8 0.70
B~ — D*°D!- 27415 - 2.7+ 1.5 2.52
B~ - D*trm™ 0.26 4 0.16 < 0.4 0.26 + 0.16
B~ — D**r=x® 1.8+ 0.9 — 1.840.9
B~ - D*Yrmraat < 1.0 — <'1.0
| B — J/YyK~ 0.074+0.03 | 0.08 4+ €.03 | 0.08 £ 0.02 0.03
B~ — J/YpK*~ 0.16+0.11 | 0.13:£0.09 | 0.14 £ 0.07 0.12
B~ — J/[YyK~w~ =t < U.16 0.1240.07 | 0.12 £ 0.07
B~ - 'K~ 0.18 - 0.09 < 0.05 0.18 4 0.09
B~ — ¢'K*~ < 0.49 < 0.35 < 0.35
B- —» ¢'K~nxt 0.19 4+ 0.12 — 0.19 4 0.12
B~ — xaK~ 0.1940.14 — 0.19 £ 0.14
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40L , _- Figure 3: Diagram for B — D$'+)D(‘) decays.
200 111 .
| lished an upper limit on fp < 290MeV [25].
00H——F s :L i 4? A T Assuming factorization one can estimate fp,
5.15 5.20 5.2 930  from the measurements of B — DS')—E(.), Using
Mass (GeV/ cz) predictions of so called Heavy Quark Effective
Theory (HQET) [26,27] one finds st.) = (296
Figure 2: Mass distiibutions of a) B? — 48)MeV (CLEO (28,27]) and st-) =

(267 & 28)MeV (ARGUS [16]). In HQET val-
ues of fp.and fp;are equal and therefore have
been averaged. For different values of BR(D;} —

D{*"* D™~ and b) B+ — DD

of D and B mesons. Only MARK III has estab-



¢nt) the decay constanl fp, scales as
' (27%/BR(D} - ¢nt))V/?. The experimental

error on fp,is quite small. However, one should

nol forget the important assmmplion of faclor-

ization which is used in this method. The esti-

mates for fp, obtained by ARGUS and CLEO

are closer Lo the upper end of the theoretical
" predictions, which range from 91 to 590 MeV,
but are mainly concentrated between 200 and
300MeV (for a compilation see, e.g.,[16]). -A
large value of fp implies a large

BR(DY — v, ) = 2.74%(fp. /200 M eV)?

[27] and therefore improves prospects of vy de-
tection. :

2.2 Evidence for . Production in B Decays

Production of cZ-states in B meson decays of-
fers a unique opportunity for study of the intér-
play between the weak and strong interactions.
These processes are expected to proceed through
diagrams shown in Fig. 4. According to theoret-
ical models, J/4 and 9’ mesons are produced
by the vector current, while ihe axial vector cur-
rent is responsible for transitions to 7. and xa
mesons [29]. An experimental study of the latter
is an ‘mportant compiement to previous results
on the J/¢ and ¥’ channels, testing the vari-
ous theoretical approaches. Production of the
other charmonium states, ycp and yesz, in 3 me-
son decays is forbidden, if the effect of soit-gluen
exchange is ignored [29]. One should also men-
tion that B meson decays to charmonium states
like B® — J/yKD or B® — J/1: K" are ccnsid-
ered to be among the best candidates for future
studies of C'P violation. Decays to x.1 and 7,
mesons could also be useful, provided the corre-
sponding branching ratios are large enough.

Recently ARGUS obtained the first evidence
for inclusive and exclusive B decays into x¢1
mesons. The search for y. mesons is.made in the
decay mode x.— J/¢y, where the J/¢
is reconstructed in the leptonic mode
J/¢ — ete~(utp~).Photons which can be com-
bined with another photon to form a pair within

-+70 MeV/c? (about :£30) of the nominal #® me-
sun mass are rejected in order to suppress back-
ground from 7% meson decays. Finally, the J/¢y
combinations are required lo have momenta less

b c

\ /‘/‘_3
W\

B

q q
Figure 4: Diagram for B — Xe1 K decay.

than 1.7 GeV/c, which is the kinematic limit for

_xe production in B meson decays.

The mass spectrum for all accepted J /¢y com- -
binations is shown in Fig.5 after continuum sub-
traction. An enhancement in the x. mass region
is seen in this plot, while the continuum contri-
bution is small and exhibits no enhancement in
the signal region. The solid line in Fig.b repre-
sents a Monte Carlo estimate of the background
normalized to the number of lepton pairs in the
J /4 mass region.
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-t L .
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Mass(J/¥7) (GeV/c?) .

Figure 5: Invariant mass distributions of J/y oy
combinations for direct T(45) decays (points)
and nearby continvum (histogram}. The solid
line shows the expected background.

Fitting the signal with a single Gaussian de-
sctibing x¢1 contribution ARGUS obtains 33+11
evenls. Under the assumption of no x.; produc-



ion, this corresponds to

Br(B - xa1 X) = (1.05 4 0.35 + 0.25)%.

ARGUS also observes four candidates for B* de-
cays into xo) K* (see Fig.6) which leads to
BR(B* -+ x K%)= (0.194 0.13 4 0.06)%.

Siich a large branching ratio implics that the
analogous decay B° — y K? will be useful in
future searches for C'P violation in B decays,
particularly if background allows the use of direct
Xe1 decaysinto3(ntn~), 2(atn™ ), KT K- rtn-
or other final states.
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Figure 6: x, K mass (ARGUS)

At this conference, CLEO confirmed the AR-
GUS cbservation of y; production in B decays.
After a similar analysis they observed 24.4-+6.54
4.4 events at the y.1 mass (see Fig. 7) which cor-
responds to

Br(B — xa X) = (0.54 & 0.15 % 0.14)%.

CLEO has a y.; mass resolution which is 4.5
times better thanthat of ARGUS. Thercfore they

arc able to show that the signal is indeed due to

Xe1 prodaction and that there is no indication of
the y .2 meson, in agreement with the theoretical
expectations {29]. CLEO also observes four can-
didates for B* decays into vy K% which leads
to

BR(B* — xo K¥) = (0.10 4 0.06)%.

Averaging ARGUS and CLEO results one ob-
tains

-also be usefui

CBr(B o x X) ='(0.64 + 0.19%,
‘Bi(Bt = ya K%)= (0.11 4 0.055)%.

_ The inclusive branching ratio is twice as large
as the theoretical predictions [29]. After sub-
tracting cascade contributions, one concludes
that direct yields of J/4, ¢’ and y. are com-
parable, being approximately 0.70%, 0.46%, and
0.60%, respectively.. This again does not agree
well with the theoretical predictions [29],
although errors are still large.
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Figure 7: M(J/yvy) M(J/v)) mass difference.

2.3 Measurement of J/l,’ Polarization
in B Decays

B decays into J/y K *® with K*¢ — K27x° can
for C'P violation studies [ 0], de-
pending on the relative helicity population of the
K*%. In particular, the (C,C) final state in this
decay is a pure C'P eigenstate. The relative frac-
tion of the (G,0) state can be determined by mea-
suring J/v: or K% polarization.

The first evidence for J/ih polarization has
been obtained by ARGUS [31] from an analy-
sis of the decay angle © of the lepton from ‘the
J/v decay in the cm-system of the J/¥ meson
with respect to the direction of the J/4 in the
B meson cm-system. For fast J/¢" mesons with
momenta above 1.4 GeV /c the angular distribu-
tion exhibits a sin? © distribution (see Fig.8a)
as expected for a (0,0) state (in contrast to the
1+ cos? O distribution for (+1, &1) states). A fit
to the measured angular distribution of the form

do

el xx%—f-a,\coa (]
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yields @« = —1.17 -k 0.17. This implies that J/3)
mesons from the decay 8 — J/¢:K*, which dom-
inate the rate in the high-momentum region, are
predominantly produced with hielicily zero. How-
ever, a similar nnalysis performed by CLEQ [32]
results in a = -0.25 4 0.43 (see Fig.8b). Al-
though the CLEO value is marginally consistent
with the ARGUS result, it leads instead Lo the
“conclusion that the fraction of the (0,0} state in
B — J/¢yK* decays is small. )
o As o further demonstration that the J/+
mesons produced in H — J/I* decays are lon-
gitudinally polarized, ARGUS has studied the
distributions of the helicity angles for the J/i
aud /(7 decays in 12 events containing IJ mesons
reconstrucled in these two-body chaunels. The
corresponding  distributions
figure 9.

are shown in

Both arc in good agreewwent with the expecta-
tion for o J/HK* system in a (0,0) state. The
best fit corresponds to a pure (0,0) helicity state,
a CF eigenstate, with a lower limit of Too/T et >
0.78 at the 95% CL. Consequeutly the dilution
of OP asynmuuetry is small, and the sensitivity of
the decay B — J/¢K*° with K*° — K22°%in
searches for C'P violation will be comparable 1o
that for B% — T/ K.

Observation of the decay B —» x K%, dom-.
inance of the helicily (0,0} state in the decay
BY — J/4K° | and larger theoretical estimaltes
of fu [33] suggest that the luminosity required
Lo observe C'P violation could be substantially
gmaller than conservative estimates used in B
factory design studies [30]. This is a good news
for a 1? {actory. )
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Table 4: Inclusive B meson hranching ratios.
- o BR (%) ]
Decay mode ARGUS CLEO
| B D¥X 231445 25+4+3 |
B - D°X 46+ 6 £ 7 55+ 4+ 8
B — DX 10.8 4+ 3.5 17.142.24 4.4
B -7ACX 76414418 6.4:4 1.1
B —»"cg"X | 4-(1.07T40.16+0.22) | 4-(1.12 4 0.18)
by 91.7+12.0 | 10204114

2.4 Charm Counting in B Decays

The decays of B mesons are dominated by
b — ¢ transitions. The latest ARGUS and CLEO
[12] yields for stable charmed particles and char-
monium stales are summarized in table 4. The
sum over all inclusive channels is lower than the
expected value of 1.15 ¢ quark per B decay, where
one ¢ quark comes from b — ¢W ™ transitions and
an additional 15% originates from charm produe-
tion in the fragmentation of W~ — ca. Contri-
butions of about 2% from b — uW ™ transitions
(see discussion below) and an estimated 1-2%
from loop-induced b — s transitions [34] can be
neglected at the present level of accuracy. If one
uses the PDG values for the D meson branching
ratios [22], instead of the MARK 11I results, the
charm yield in B decays increases to 1.02 4 0.12
(ARGUS) and 1.14:£0.13 (CLEO). This is closer
to expectaiion. llowever, the present level of ac-
curacy does not allow one to exclude the possi-
bility of a sizable fraction of non-charm B decays
(or non-BB Y(4S) decays) even at 20% level.

3. Semileptonic B Decays

Semileptonic B decays are best understood
both theoretically and experimentally. Their
study provides at present the best method for
determining the values of CKM malrix elements
|Ves| and |Vy,s).

3.1 Inclusive Lepton Spectrum

The inclusive semileptonic branching ratio of
B meson has been determined quite precisely.
The latest results obtained al T(45) energies are
summarized in table 5. The average branching

Table 5: Recent measurements of B meson

semileptonic branching ratio at Y(45) energy.

- | BR(B Xt 0) (%) ]
CARGTS 10.2404402

CLEO 1054+ 0.3+ 0.4

CLEO (l1) 10.6 054 0.6

CUSB 10,0 £ 044 0.3

X Ball 12.04 0.54 0.7
Average 103102

ratio BR(B — 1X) = (10.3+0.2)% ! is too small
to be understood in a siraight-forward way in the
spectator model where a branching ratio of 12-
14% is predicted [36]. Measurements at the Z°
peak, which actually represent average semilep-
tonic branching ratios for an unknown mixture
of b-flavoured hadions, yield sinilar values of less
than 11% [3] (except for L3).

Since the low momentum part of the lepton
spectrnm is dominated by leptons from charm
decays, only the energetic region can effectively
be used for the determination of the B meson
semileptonic branching ratio. Extrapolation to
the whole momentum interval is usually
performed using the ACM model [37] (as was
done in table 5). One possible explanation of
the discrepancy befween experiment and theory
could be an under-estimation of the contribution
from soft leptons. Semileptonic B decays into
baryons could be a source of soft leptons. How-
ever, ARGUS has demonstrated that Lhis source
cannot solve the problem [38].

In the recent CLEQO analysis based on the

1This value represents semileptonic branching ratio of
the sixture of B® and B+ mesons, Using tagged samples
of B mesons CLEO has measured BR(B? — X*t1-5) =

10.4 + 2.27 1% (35].
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ISGW model [39] the fraction of D**li final state
is allowed to vary. This leads to a larger sennilep-
tonic branching ratio of (11.2 1 0.3 0.4)% {35].
However, such a procedure is almost equivalent
to an arbitrary change of the shape of ihe lepton
spectrum and therefore does not add much to
our understanding of the problem. The problem
could be solved by invoking unexpectedly large
nonspectator effects at about the 207% Jevel. A
recent discussion of this possibility can be found
in {36). One could also question the validity of
the spectator model esiimates {or a process which
is dominated by a few exclusive channels [40].
Semileptonic B decays into D and D* comprise
about 65% of the in¢lusive braunching ratio.

3.2 Decays B — D*lv

ARGUS pioneered the measureniont of B —
I+~ decay using a missing mass technique
141]. The tecoil mass squared against DI com-
bination, M""“m‘, is calculated from the D*t and
{” momenta, neglecting the small momentum of
the I3 meson in the laboratory frame:

M} o= (Eg- - Ep- — Ei-)* — (Pp- + - ).
The resolution on M2, ;, is suflicient to achieve
a good separation from backgrounds.

the ARGUS coliaboration has
extended the M? ., technique to B~ — D*%~p
decays, where D*? meson is reconstructed in the
decay chain D%y. The main difliculty for 'Y re-
construction arises from the large combinalorial
background created by many soft photons {rom
n¥ decays. In order to reduce this background
to a manageable level no more than 5 plolons
with an energy larger than 80 MeV are allowed
in the ¢vent. In addition photons [rom 7% decays
are removed by ¢liminating those photon pairs
whose invaiiant mass lies within 4:50 MeV /c? of
the nominal 7% mass.

The distribution of D%y invariant mass after
subtraction of the D sideband contribution is
shown in figure 10 for [M2Z .| < 1 GeV?/c*
There is a prominent peak near the mass of the
D*? meson. The shoulder on the low-mass side of
the peak is a contribution from the decay *% —
D% followed by 7® — yy. If one of the two
photons is used lo make an entry in the D%y
mass distribution, the corresponding I2*? sigual

Recently

:‘1"'1”1"[‘TT‘I’T] LA | T]’rl TT r1 7T

XS EAALRRALES LERARARESRIED:
|Aulnnu-uluulnulm

Figure 10: D% mass.

is shifted to lower inasses. This photon is not re-
jected by the anti-7° cut because the second pio-
ton typicully has an energy below 80MeV and
therefore is nol used in the analysis. The dotted
line in the figure 10 represents the background
due to uncorrelated D%y combinations normal-
ized to the number of D° mesons observed in
events with leptons.

;‘; : T F 1T I iy ' T XN rl R R I T e = 3
% BU,OE 3
Lol ) .
= E
= 5 3
£ 100 E
b k 3
[oes] - =
r:g.'): OG I-—J--‘-—fl_ -L | 1E

: RN

O Y )
(00 (GoV?/)

recoi

ra 1l
-4.0  -24

recoil
traction of all backgrounds.

Figure 11: M2 __(D*%~) distribution after sub-

The observed peak in figure 10 also includes a
possible  contribution from cascade decay
B — D**{v toliowed by D** — D*%x. Since the
laiter is nol measured, its contribution is eval-
uated from the data by examining the distribu-
tion of the signal in recoil mass squared shown
in figure 11. The solid line is the result of a
fit to the recoil mass distribution using the sum
of two Gaussians, corresponding to the contri-
butions from the signal channel and the cascade
decays. The signal for 3~ — D*%€ 7 is deter-
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Table 6: Branching ralios for B® — D*+1=is and B~ -+ D*°l~ i decays.

BR(%)

Decay mode ARGUS

54+09+13

51+13+1.2 |

[
B D p
BT DY

46£0510.7 |

CLEO ;§3_<"!3Zé!"!"___"1_'f§?5r?é5 )

BO:34 | 57+1.6

Table T: Determination of [V, from B — D*lv
decay. '

~ Model Voo
~ DBSW [44] | 0.043 + 0.005
KS [45] 0.039 -+ 0.004
GISW {39] 0.040 £ 0.004
| KP [46] 0.036 + 0.004

mined to be 224 -+ 54 events, which corresponds
to

BR(B~ — D*°lI'p) =58+ 1.4+ 1.3%.

BR(B — I'lr) ate summarized in table 6, in-
cluding an indirect measurement by the Crystal
Ball collaboration [42].

Theoretical models predict partial widths of
exclusive semileptonic B decays in terms of CKM
matrix elements. To transforin measured branch-
ing ratios into decay rales we assume
Tpo=7p+=(1.28 4: 0.06) x 10712 sec [3]. In order
to minimize effects due to possible differences be-
tween e and T+, we use the average branching
ralio: '

) 1
BR(B — D*lv) = 3 {BR(B~ — D¢ )
+BR(B® — D*' )} = 5.0 + 1.0%.

Table T lists the values of |143| derived from this
result using different theoretical models. The
sinall scattering of the values obtained using dif-
ferent models does not demonstrate that the
model dependence is small, since models which
do not describe tlie experimental data (especially
I't /T [41,43]) have already been discarded.

3.3 Determination of |Vip| in HQET

HQET has attracted large interest during the
last three years [26,47]. There is some hope that

this approach can provide a basis for a model
independent description of beauty, and perhaps

~even charmed hadrons.

The possibility of |[17,;] extraction from the de-
cay B — D'l in the infinite quark mass linit
was first discussed by Voloshin and Shifman [47].
They have shown that the decay rate for B —»
D*l when the momentum of the D* is small
can be found in a model independent way. Cor-
rections to this prediction are of the order of
uz/'m.c2 ~ 5%, where p is a characteristic mo-
mentum of quarks in the meson. HQET [26]
generalizes this result. In this approach, the de-
cay width over the full Dalitz plot depends only
on the |V.| matrix element and a single univer-
sal function, the Isgur-Wise function £(y), where
y = v-v' is a product of the four-velocities of the
B and D* mesons. The product |V;4]£(1) can be
determined by exirapolation from the full ro-
mentum interval [48].

For the determination of |V|, the y distribu-
tions of D** and D*® mesons from B® — D** ¢ v
and B~ — D*°f~/decays have been investigated.
The latter channel is particularly suitable since
the reconstruction efficiency for the D*? is prac-
tically independent of momentum, in contrast to
the case for the D** in the decay B® — D**¢ .
Figure 12 shows |V,3| £(y) extracted from the AR-
GUS and CLEO data [48,49]. The shape of the
Isgur-Wise [unction is not fixed by theory, but is
equal to one at the zero recoil point y = 1. The
fit with a linear parametetization for the Isgur-
Wise function finds |V = 0.044 £ 0.007 [48]
and |V,5| = 0.043 2. 0.009 [49] for B® and Bt re-
spectively. Similar results are obtained for |V.|
under different parameterizations for the Isgur-
Wise function,.such as a single-pole inodel or an
exponential dependence.

3.4 Decays B — Dlv

Exclusive B — Dlv decays are more difficnlt
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Table 8: Branching ratios for B = Dliv and B

T BR (B~ - D p)
BR (B% — D€ ir)
BR (B~ — D*°¢p)

BR (B? - D*t( i)

1.64 064 0.3%
1.840.6 +0.3%

4.6405+0.7%

— D*l.s decays.

TCLEO | ARGUS
115205 £03%
1.5+ 0.5+ 0.3%
4.4+40.6+05%
4.4+ 0.6+ 0.5%

+0.807
41i08 09/*)

" BR(B — D'fp)/BR(B — Div)

2. r+1 +10

2 o305
)_0.6-0.8 V-0.6-0.3

— 7y /70 (f+/]o)

|'l!lJLl!LII

002 g
B oot g
@ :
= .

ol ]
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-
Figure 12: Distributions of |Vp|&(y) for (a)

— D*tf"U and (b)Y B~ — D*°0¥ decays.
The solid lines show the fit results.

to detect experimentally than B — D*lv decays
because of a large combinatorial background and
feed-down from the dominant B — D*lv decays.
Nevertheless, they have been observed by AR-
GUS [50] and CLEO [51). The D* contributions
peak at a slightly positive values of M2, (DI)
enabling simultaneous indirect measurement of
the branching ratios for B — D*li- decays. The
results are presented in iable 8.

Unlike I? meson decays, vector I?* mesons are
produced about 3 times more frequently in
semileptonic B decays than pseudoscalar
D mesons. This agrees with the expectations
from naive spin counting. A lifetime ratio for

108940194 0.13 | |

. and neutral B mesons.

100&018:}_012

neutral and charged B mesons can be determined
from the ratio of branching ratios of
B~ — D% ¥ and B® — D~ ¢tv decays. Aver-
aging the values of 7o /7p+ from table 8 with
that derived from the study of B — D*lv decays
with fully reconstructed D* mesons, one finds:

fo
b

This result is in agreement with the theoretical 4
expectations of almost equal lifelimes of charged
It is supported by the
measurements [3]:

TBY _ 1.00+0.14
TB+

direct ALEPH

— 1.492° +0.5240.18

Tge = - 0.48-0.40 PS€EC,

T+ = 1. 35*8 :?g 23 psec.

T T T T I ¥ T T A l 1 l"“ii v 1 T T
= 60 ik
gL .
Te)

X 40L _
3
=] s J
DL
& R0 -
? 0o @ 2 o .
00 % Lo b s )
0.0 20.0) 50.0 7.0  100.0

Decay Length ~ {mm)
Iigure 13: Decay lergth distributions for neu-

tral (histogram) and charged (points) B mesons
(E653).

Ilowever, measurements of B® and Bt life-
times in emulsion by the E653 collaboration [52]
illustrated in Fig. 13 give quite different values:

o = 0.61922 psec and g4 = 2.4157 psec.



The pattial width of a semileptonic B decay
to a psendoscalar meson depends only on one
non-negligible form factor and therefore can be
reliably calculated. Again using the average

branching ratio:

1
BR(B — Dlv) = Q[BR(B" — D% %)
+BR(B® » D ttv)] = 1.6 4+ 0.4%
one derives the values of |V, listed in table 9.

Table 9: Determination of |V] from B — v

decay,
Model V]
BSW [44] 0.040 £ 0.006
KS [45] 0.039 + 0.005
GISW {39 0.034 -+ 0.005
KP [46] 0.038 + 0.005

3.5 Semileptonic b — u Decays

The existence of charmless semileptonic decays
is reliably established. ARGUS [53] and CLEO
[54] have observed leptons above the kinematic
linit for the b — clv transition. Both collab-
orations have checked that the observed excess
cannot be explained by other processes includ-
ing hypothetical non-BB decays of Y(45).

In order to obtain additional confirination that
the excess of high momentum leptons indeed orig-
inates from b — ul~ 7 transitions, ARGUS has
made a systematic attempt to completely recon-
struct the signal events. As a result of this search
one fully reconstructed event was found [55], con-
sistent with expectation. In this event the T(45)
decays into a pair of B mesons, indicating that
one B® meson has oscillated into a B%: Thus, the
event simultaneously demonstrates the existence
of b — u transitions, and B°B% mixing. One B
was reconstructed in the mode B® — D**p~.
The second B? meson was seen in the channel
B° — xtp~ b, representing the first direct ob-
servation of a b — u transition. Relevant kine-
matic quantities for this event agree nicely with
expected values.

Having explicitly shown that b — ul~p tran-
sitions are responsible for the excess of leptons
with momenta above the endpoint for b — cl™ &

13

transitions, the strength of the b - u coupling
can be inferred {rom the inclusive specira. How-
ever, using only a narrow portion of the full mo-
mentum interval, the extracted value for |V,;;] is
quite model dependent. Using the ACM model
[37] ARGUS [55] and CLEO [54] derived
[Var!/ [Ves] values of 0.11-£0.01 and 0.1240.2, re-
speclively.  For the latter, only the CLEO
measurement. in the momentum interval
2.4-2.6GeV/c has been used. Over the wider
range 2.2-2.6GelV /¢ their result is not statisti-
cally significant and relies heavily on a precise
knowledge oi the large I -+ ¢l” & contribution,
which has to be subtracted. Other models lead
to a wide range of values for |Vy3] / [Ves| from 0.1
to 0.2 [101].

Since the measurement of the lepton spectrum
from b — wl” i transitions in a wider momen-
tum interval seems to be hopeless at present,
ARGUS made a first attempt to reconstruct ex-
clusive B% — p%* 1 decay in order to constrain
theory [57]. To achieve sufficient background
suppression ARGUS applies all possible cuts us-
ing the decay kinematics and then compares the
resnlt with the Monte Carlo prediction for the
b — cl~ 7 transition. In the n* 7~ invariant mass
distribution they observe an excess of 31 £ 10
p mesons which can be attributed to the decay
Bt — p°l*v. This corresponds to the branching
ratio of (1.13 + 0.36 4 0.26) x 10~3. Obviously
this analysis relies heavily on the Monte Carlo.
ARGUS has checked that the simulation well de-
scribes other distributions in the data.

4. B°B° Oscillations

The observation of unexpectedly large Bgﬁg
mixing was first reported by ARGUS [58] and
confirmed by CLEO [59]. Recently ARGUS and
CLEO [35] updated their results on B°B® mix-
ing. The mass difference AM between the CP
eigenstates in the B system is proportional to
|Vea)? m?. The value of AM can be obtained
from the measurements of the experimentally ac-
cessible mixing parameter » which is connected
to AM by

_ Prob(B°— BY%) _ (AM -n)?
" Prob(BY = BY) 2+ (AM -n)?

BYB® mixing manifests itself in the production
of B°B® or BB’ pairs. Due to the low efficiency



14

for the reconstruction of B meséns a partial re-
consiruction is usually nsed which is sufficient to
tag the flavour of both B mesons.

Table 10: Dilepton rates and a mixing
parameter ».

ARGUS CLEO
Nyves 48.1 + 14.1 325+9.2
Nipyi- 505 + 27 426 + 22
r 0214007 | 0.17:40.07

At present the most accurate method for mea-
suting the mixing rate is by tagging B® and B
mesons with the charge of the lepton from the
semileptonic decays. B® mesons decay only to [+
while B mesons producc only I-. B°B? mixing
leads to like-sign lepton pairs. The ARGUS [60]
and CLEO [35] dilepton rates after background
subtraction are listed in table 10. In this method
the number of like-sign lepton pairs from charged
B decays should be subtracted. In order to esti-
mate this nuinber we take

fatse ) 04014

foTpo

and assume 7o /Ty = 1.0+ 0.1 [61]. This leads
tor = 0.194 0.05.

Table 11: The number of B¢t and B"(~ events
and the mixing parameter .

ARGUS CLEO

Ngest 6.7+3.4 1.9+3.1

Ngog- 291458 | 202463
r 0.23+0.12 | 0.094 0.16

In & second method cine B° meson is recon-
structed using the decay B° — D*~ It v while the
recoil B is again tagged with the lepton charge.
Table 11 gives the number of such events ob-
served by ARGUS [60] and CLEO [35]. This
method yields » = 0.18 & 0.10. Combining Lhe
two results on r one finds:

r = 0.184-0.043,

L = 0.1554+ 0.031,
147

AM .1, =06710.10

X =

i

4

Using this result, together with the estimate

Béfg = (140 £ 40) MeV and m, < 200 GeV/c?
from the analysis of electrowcak radiative correc-
tions to My /Mz, one obtains

The upper limit on {Vjg|, inferred by invoking
unitarity of the CKM matrix, depends on the
model dependent ratio V3] /|Vip|. For the
quoted value, we use |Vi|/ |Ves| < 0.2 [53,54,55].

The SM with three generations predicts a large
rate for BY B® mixing:

2 Val®
T4 l‘tdl

> 5.

Table 12: B°BY mixing at high energies.

—

X = faXa+f,Xs

LEP (dileptons) 0.143 4+ 0.023
UAl 0.145 4-0.038
CDF 0.176 + 0.050 !
Average 0.148 +0.018 I

Thus a determination of z, would be a crucial
test. Information on x, can be obtained from
the measurements of BB mixing at high energies,
where a mixture of all beauty hadrons, including
BY and B? mesons, is produced.
assumes that y

Usually one
= 0.375x4 + 0.15y,, where x4
and y, represent the mixing parameters for BY
and B® mesons respectively.

The latest measurements of BB mixing at high
energies [3] are summarized in table 12. Combin-
ing these results with those from ARGUS and
CLEO on x4, one obtains a small allowed region
in the x,-vq plane (see figure 14), which is consis-
tent with the practically complete B?E? mixing
predicted by the SM.

5. A Search for b — s Transitions

The transiiions b — 87 and b — sg can also
provide information on the |V;,| matrix element,
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Figure 14: 90% CL limits on the mixing paramn-
eters xq and x,. The hatched area shows the
allowed region z, /&4 > 5 predicted by the SM.

as can be seen in Fig.15. Recently CLEO [62] and
XBall [63] have oblained new limits on b — sy
transitions, which are collected in table 13.

<2
s

Figure 15: One of the diagrams for B — K*y
decay.

Theoretical estimates for exclusive channels are
model dependent. For example, predictions of
Br(B® — K*°(892)y) vary from 4.5% to 40%
[65]. The inclusive branching ratio is estimnated
with less ambiguity to be about 4 x 10~* for
my = 120 GeV/c? [66,65]. The photon euergy
spectrum in B decays is shown in Fig.16 [62].
More than 70% of photons from b — sy transi-
tions should populate the region 2.2-2.7GeV [62].
The excess in this region is not statistically sig-
nificant and CLEO quotes an upper limit listed

Table 13: Upper limits on electromagnehc pen-
guin-mediated B decays.

. BR 10" (90% CL)
Final CLEO | ARGUS | XBALL
state [62] [64] (63]
| K*0(8%2)y | 0.92 4.2 15
K‘ H(892)y | 3.7 5.2
0(1270)y | 5.5 78
. (1270) 11 66
1(;’(1400)1 5.4 48 16
KH(1400)y | 4.8 20
K 0(14%0) 1.3 4.4
KiY(1430)y | 8.7 13
K3°(1780)y | 7.6 110 12
i K3t (1780)y | 14 50 '_
b— sy 8.4 28 |
400.0 .
< 300.0 =
B 3
EZOO.(} ]
= 160.0 -
- o4
Fysanlacsatsvlairel ciial e g
16 21 Q6 Jd1 36 41
Ey (GeV)

Figure 16: Photon energy spectrum in B decays
(CLEO).

in table 13. The experimental upper limits on
penguin-mediated electromagnetic B decays arc
alteady very close to the SM predictions and con-
strain theories which go beyond the SM [65], such
as models with light charged Higgs particles or
left-right symmeiric models.

0. Unitarity Triangle

Unitarity of the CKM matrix requires

LV 4+ Vg —sinfo Ve = 0.

u

Based on the LEP results for the Z°, we know
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that the three elements of this equation form a
closed triangle in the complex plane, since there
are only 3 generations of quarks and Jeptons.

fu = 100 Me¥

? / }. ::--‘_'

—

fu = 150 MV

‘.\\ \f.‘-\"\ l

04 L

Figure 17: Unitarily triangle.

Constraints on the sides of the unitarity trian-
gle come from the measurements of 557 mix-
ing (Via/ V), charmless semileplonic B decays
(Vus/Ves), and C P violation in i'° decays. These
constraints depend on the ¢ quark mass, the de-
cay constant of the B meson, and the bag pa-
rameter Br. The shape of the unitarity tri-
angle would be practically fixed, or even over-
constrained, if these parameters were known pre-
cisely. Unfortunately thisis not tlie case. Taking
Bx = 0.8 0.1, Vi3]/|Ves| = 0.10 + 0.008 (de-
rived using ACM model [37]), and m, = 137 +
39GeV/c? from a radialive correction analysis,
Schmidtler and Schubert [67] performed a fit for
different fixed values of fz. The resulls of this

fit are shown in Fig.17 where p aud 7 are the
Wolfenstein parameters [68] defined using the
PDG parameterization of the CKM matrix [22]
as

p = #13c08613/812823,

N = 3133i7)(sl3/5121723.

The vertex of the triangle lies in the second
quadrant for the small values of fg preferred by
theorists for a long time. However, for the large
values of fy obtained by recent lattice calcula-
tions [33] the vertex moves into the first guad-
rant. This would simplily a study of CP vio-
lation at {7 factories [30]. Values of |Vip|/ [Ves]
derived using other models lead to somewhat dif-
ferent allowed regions in the p — n plane. How-
ever, the general pattern remains unchanged.

7. Beauty Summary

New CLEO data do not support their ear-
lier claim for observation of non-BB decays of
T(45), but provide instead evidence for fast J /¢
production in conlinuum., Aboul 18% of non-
leptonic B decays have been measured. The de-
cays B — D{:)D(‘)mnstitutc aboul one third of
these. The observation of the decay B — xa K
and the dominance of the C'P eigenstate in the
decay B" — J/3% K% will simaplify ihe study of
CP violation at B factories.

The analysis of the seinileptonic B decays into
D** and D*" using HQET leads to |V,,| = 0.43+
0.008. Similar valucs are obtained from the stud-
1es of inclusive semileptonic B decays and B de-
cays into . From the measurements of charm-
less semileptonic B decays |Vyp|/ [Vep| = 0.11 £
0.01 can be derived using the speciator model
[37]. Other models lead to |Vyy|/|Ves! in the
range {rom 0.1 to 0.2. -

The ARGUS and CLEO updates on B? B® mix-
ing confirm the original observation and give

r = 0.184 £ 0.043,

x = 0.155 + 0.031,
z = 0.67 + 0.10.

Measurements at high energies demonstrate that
B?B? wixing is consistent with being complete
in accordance with the itheoretical expectations.
However, systemaiic uncertainlies do not allow



an accurate estimate of »,. New CLEO limits
on b - sy Lransitions are very close to the SM
predictions.

Our knowledge of the fundamental parameters
of the SM describing quark mixing is imited not
by the experimental errors but by the theoretical
uncertainties in the estimation of hadronic inter-
sctions and the unknown top gquark mass. Re-
cent developments in HQET, lattice calculations
and other theoretical approaches offer some fu-
ture prospect for a miodel independent extraction
of these parameters from the experimental data.

CHARM

1. Charmonium spectroscopy in
pp annihilation

Our knowledge of charmonium spectroscopy
comes mainly from e
a clean initial state and a large signal to back-
ground ratio. However, only vector states can
be produced in e¢te™ annihilation. Many other
states cau be reached by vector state decays, but
some are hard to observe. For example, up to
now there is no convincing evidence for the 1' Py
state.

te~ colliders, which provide
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Figure 18: Measured cross-section at the y.; res-
onance. Dotted curve shows the experimental
resolution.

On the other hand all states can be produced
in pp annihilation. The R704 collaboration at the
ISR pioneered this approach [69] and achieved a
much better mass resolution than at ete™ ma-
chines. Even more impressive results have been
obtained recently by the E760 experiinent at Fer-

17

milab [70]. By stochastic cooling of antiprotons
they achieved ap/p a2 2 x 10~ 4, which translates
into a mass resolution of about 0.25MeV/c?. This
resolution is much emaller than the intrinsic
widths of y, states (see Fig. 18). ET60 has
already considerably improved the accuracy of
the x. parameters, including a first determina-
tion of the width of the x.y resonance I'(x.;)
= (0.88 £ 0.11 4+ 0.08)MeV [70]. However, the
most interesting results are expected in the fu-
ture. They anticipate observing the 1' P, state,
for which a recent analysis predicts [71]

3536 MeV/c® < M(1'Py) < 3560.TMeV/c?,

and should be able to make more precise mea-
surements of other states.

2. D' Decays

There is a long standing problem in charm
spectroscopy. The branching ratio for the de-
cay D*t — D%+ was measured to be (18 & 4)%
[22] while theory predicts only about 3% — 5%
[72,73]. This discrepancy has stimulated consid-
erable speculation, including a conjecture of an
anomalous magnetic moment of the.charm guark
[72]. Recently CLEO II has searched for this
decay [74] using their excellent :lectromagnetic
calorimeter. They find no evidence for this mode
(see Fig. 19), while observing a beautiful signal
in D* 7 channel (see. Fig. 20).
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Figure 19:
D%y mode.

The upper limit obtained, BR(D*t — D*ty) <
8.0%, angrees comfortably with the theoretical ex-
pectations. The decrease in radiative branching
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Table 14: D* branching ratios in (%).

Mode CLEO PDG
D% 430+ 3.7+4.2 45 + 6
Dz% | 5T.04+3.74+4.2 5646
D¥y 1 38+28+20. 18+ 4
Dtr° [ 309+1.6+44 | 272425
D%+t | 65.34:2.4 4 6.0 56 4 4

ratio is compensated by a larger rate for D** —
D°x* (see table 14). Other channels are in a
good agreement with previous measurements. The
decay D** — D%zt is very often used for charmn
tagging and therefore the new branching ratio
will influence many published results. However,
B meson decays into D** are not affected much,
since lower D° branching ratios are preferred by

the PDG [22] and by recent measurements at
LEP (3].

3. Cabibbo-Subpressed D Decays

More than 30 new measurements of Cabibbo-
suppressed D decays have been performed re-
cently. CLEO (75} observed D® decay into n%n®
(see Fig. 21) with a branching ratio of (0.11 +
0.04)%. Thus D° decays more frequently to two
kaons than to two piens [75]:

BR(D® — KK~
BR(D® = nta-

or 'Kofi:o)

or 19x0)

=2+4+04

while theory predicts approximately equal rates
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[76). This is a long standing problem [76]. How-
ever, in four prong Cabibbo-suppressed decays
the kaon fraction is much smaller [77,78]. For
the ratio

BR(D® - K*K~n*n~)
BR(D® — ntw

691 and CLEO obtained

—ntr)

~+0.07
0.267 5 06 £ 0.05
0.87+0.16+0.13

and
0.24 £+ 0.08

0.80 + 0.14"
respectively. So on average kaon production in
Cabibbo-suppressed D® decays is probably not
enhanced.

ARGUS and CLEO [77] improved an upper
limit on the the branching ratio for the double
Cabibbo-suppressed decay D — K+#n~ to 0.9%
and 1.1% at 90% CL, respectively.

ARGUS has observed D* and D} decays into

K**+T°° [79] (see Fig. 22). For the D* this s the
strongest Cabibbo-suppressed decay seen so far,
with BR(D* — K*+*K"%) = (2.6 £ 0.8 + 0.7)%.
This channel doubles the total known rate of
Cabibbo-suppressed decays, which now amounts
to about 5%. This value is almost twice as large
as the naive spectator model estimate of 3%. On
the other hand such an enhancement is natural
if the large D1 lifetime is due to interference
between the d quark produced at the weak de-
cny vertex and spectator d [76]. Such interfer-
ence is responsible for reducing the fraction of
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Cabibbo-allowed D' decays, but does not exist
in Cabibbo-suppressed decays.

4. D, Decays

Contrary to D? and Dt mesons,a majority of
D} decays is not known yet. Some time ago the
MARKII [80] collaboration claimed to observe
D} decays into prt and 'n* with very large
branching ratios which would account for about
a quarter of all D, decays. Other experiments
obtained smaller values or limits. New precise
CLEO measurements lead {o even smaller values
for these branching ratios of 0.54+4:0.0940.09 and
1.2040.1540.18 relative to BR(D} — ¢nt) [81].
However, they are still larger than the theoretical
predictions [85,23].

Recent measurements of 17, branching ratios
[81,79,82] have tripled amount of known decays.
They are listed in table 15 together with the pre-
vious measurements [22] and theoretical predic-
tions. With BR(D} — ¢nt) = 2.7% the sum of
known D, branching ratios is now close to 50%.

5. Semileptonic Charm Decays

Semileptonic decays are simpler from the the-
oretical point of view than nonleptonic decays.
However, all quark models failed to make correct
prediction for D decays into K*lv. This became
evident when E691 observed alarge K* polariza-
tion and a small branching ratio for this decay
in comparison with the decay D — Klv [86].
Quark models predicted comparable branching
ratios and approximately equal longitudinal (I'y,)

and transverse (I'y) widths [R7].

Recently many new measnrements of semilep-
tonic charm decays have been performed. They
are reviewed and compared with theoretical pre-
dictions in a minireview at ihis Conference by
Potter[87]. Thercfore we will be very brief on
this interesting subject.

The decay D — Klv depends on only one es-
sential form factor and is well described by quark
models and by QCD sum rules [87] (see table 16;
more complete comparison with theory can be
found in reference [87]). The recent lattice QCD
calculations [89] give somewhat smaller value for
this decay width than the experiment.

CLEO [90] and ARGUS have confirmed re-
cently that indeed I'(D — 7\—"11/) i1s about two
times smaller than I'(D — Klv) (see table 18).
The width of the decay D —» I_('.h/) is smaller
than the quark model predictions but it is well
reproduced by the recent QCD sum rule [91] and
lattice [89] calculations.

The situation with T'p/T'r is sti]l controver-
sial. The three measurements: 1.8%57 (E691
[92]),0.519 (MARKIII [93]), and 1.24.0.2 (E653
[87]), agree within errors but differ considerably
in their central values. The E691 value is close to
the result of the QCD lattice calculations (1.7 &
0.6) [89], while the QCD sum rule approach [91]
prefers a value (0.86+0.06) close to MARKIIL
and E653 results. '

Recently E691 [92] and E653 [87] have man-
aged to extract from their data all three form fac-
tors describing this decay. The results are shown.
in table 17 [87]. Again QCD sum rule and lat-
tice calculations describe data better than quark
models. In particular, the QCD lattice calcula-
tions [89] predicted the smallness of the ay form
factor (in notations of reference [87]).

The D meson inclusive semileptonic width
((18.1 4 1.3) x 10'%)sec™? [22] ) is about 30%
larger than the sum of the widths for semilep-
tonic D decays into K, K*, and 7 ((12.6+1.0) x
10'%sec~! [87]). However, there is no convincing
evidence for multiparticle final states [87].

ARGUS [94] and CLEO [95] have studied
semileptonic A} decays. For the decay A} —
AXlv they obtained branching ratios of (1.57 +
0.4+ 0.5)% and (3.1 + 0.9)%, respectively. The
CLEO number is larger but they do not subtract
background from =, semileptonic decays. The
branching ratios are calculated taking BR(A} —
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Table 15: Rranching ratios for D} decays relative to BIe(D} = én').
a) ARGUS [79,82], c) CLEO [81, s;] e) E691 [83], p) PG [u]

[ Mode " Experiment | “Theory
nwzr] nSW(23]
KOKY | 0974007 | 043 048
KOk | ogsLonr 073 | 086
KOK** 1240204007 | 005 | 0.0}
(K PR 7% )ny | 025000740057 |}
Jo(9 75)« 02840100037 |
ntatr “loadtodo pooet |
(rtaxto ), '”725} 0 oodo.o0a | |
vt 0.48 £ 0.2077 | N
onta® 24+1.0+£057 | |
¢>p T 186 £0.264 01977
et 2.93 4045+ 0.20°7 | 2.
n'pt 3554 0.714036°7 |
et | 0548 0.09 & 0.05¢)
't 1.22 4 0.16 + 0,129
K*OK*+ 1.6 + 0.4 4 0.4%)
¢lv < 0.45°)
0.49 + 0.11%:199)

-0.14
0.57 £ 0.15£0.15%) |

Table 16: Decay width for semileptonic ) meson decays { 101%scc™1).

Mode | Experiment | Quark model | QCD sum | QCD latlice |
(87 [88] rules [91] | caleulations [89]
Klv | 70407 83 | 64x3 | 49d0T
[ K*'lv | 47406 9.5 3.8+ 1.5 5.24 2.0
Table 17: Form factors for the decayD — K* i - Table 18: Ralio i = HP—=K ).
Group | a,(0)/5(0) [ 9(0)/7(0) L . I
E691 [92) | 0.00+0.06 | 0.26 + 0,08 _Experiment R
E653 [87) | —0.09 4 0.03 | 0.26 4 0.04 Lens 0.45 009 +0.07
Theoty MARK Il 1.0%93
LMS [89] | —0.01+ 0.09 | 0.21 + 0.03 RIEs 0/61 i 8006
BBD [91] | —0.160.03 | 0.29  0.03 ABGUS | 0512 018 3 0.08
BSW [23] |  —0.17 0.14

values from 1.4% to 5.7% [98,96].
pK-n*) = (4.1 + 1.1)% [99,100]. One expects Sf‘milr’ptonir (‘]H{.I'I.H decays pl’({\'i(l(‘ excellent
that the decay A} — AXIv is dominated by the t.eshng ground for rhﬂm.rfnt th(rore(.lcul u[);)roac;hes.
Alv final state [97.96] for which theory predicts QCD smm rule and latlice calculations agree with



the experimental data within errors which are
dominated by theoretical uncertainties. This pro-
vides a hope for an accurale model independent
description of these decays in future. Within the
HQET framework it is possible to relate semilep-
tonic ) and B decays. Therefore one can use
measured decays of D) mesons in order to make
predictions for B meson decays. For example
T(B® — 771" v) = |Vay [P (1.714£0.12) x 10~ "1 GeV
is predicted [101] using measurements of DY —
K~1*v. Such relations give additional motiva-
tion for studies of semileptonic charu decays.

TAU LEPTON DECAYS.

The discussion of r lepton is limited to recent
studies of 7 decays. Tau lifetime measurements
and 7 pair production in Z% decays are discussed
at this Confereince by P.Roudeau [3] and J.Carter
[102], respectively.

More then 20 new precise measurements of
decays have been presented this year, mainly by
the LEP experiments, ARGUS, and CLEO.

LEP provides very clean conditions for study-
ing 7 leptons. Multihadron events have higher
multiplicity at LEP than at lower energies and
two photon reaclions are relatively unimportant
due to the presence of the Z% resonance. For ex-
ample ALEPH has a g7 contamination in their
71~ sample of only (0.24 £ 0.06)% [103]. De-
cay products of a T leplon are collimated in a
very small cone due to a Jarge Lorentz boost and
have large energies. Therefore a high efliciency
for 7 events has been achieved by all four LEP ex-
periments [104] with a highest value of (72.40 &
0.24j% obtained by ALEPH [103]. A high de-
tection efliciency compensates partially a small
production rate of 7 leptons at 2% : BR(Z° —
rrr~) = 3.33 £0.13% [22]

These advantages allowed LEP experiments to
reach world average accuracy in topological
branching ratios which are listed in table 19 to-
gether with recent ARGUS measurements [107].
The systematic uncertainties in LEP measure-
ments are smaller than statistical errors. There-
fore we can anticipate even higher precision in
the nearest fulnre.

[ae)
—

I. Leptonic Decays of 7 Lepton

Recent measurements of leptonic branching ra-
tios of the 7 lepton ate summarized in table 20,
There is good agreement between different ex-
periments, The e/p universality predicts

BR(T™ — w1 7)

LG
ﬁl?_(r' et 0.973
because of Jarger g mass. The experimental value
of 0.982 + 0.019 agrees within errors with this
prediction. Assuming the e/u universality one
can improve the accuracy in electronic branching
ratio by using measurements of 17 — pT v, as
well. This leads to

BR(r~ — e 1,,) = 17.80 £ 0.17%

In the SM the electrouic branching ratio can
be accurately calculated :

T 2 5
i e s Tr F\ My
R — = — | =% — ] .
BR(r e ) ™ (G‘}‘,, (m,,)
Recent measurements of 7 lifetime by all four
LEP experiments and by CLEO averaged with
the PDG value give [3] 7, = (302.5+5.9) fs. Us-

“ing this value for 7 lifetime and assuming G =

G',one gets a prediction
BR(r™ — e v %) = (18.84 £ 0.41)%,

which is 2.3 standard deviations higher than the
direct measurement. The siatistical significance
of the discrepancy is small and moreover the for-
mal averaging ol errors in different measurements
of branching ratios and 7 lifetime can underes-
timate some common systematic eflects. How-
ever, the discrepancy questions the fundamental
assumptions of the theory and therefore attracts
large altention and triggers speculations about
possible new physics beyond the SM. It is inter-
esting to nolice that the CLEO measurement of

BR(r™ — e v ;) = (19.0+ 04+ 0.7)%

agrees nicely with the value predicted from life-
time measurcments. On the other haud the
ALEPH measurement of the 7 lifetime ((276 -t
16) fs) cortesponds to 7 lepton branching tatio
smaller than the world average.



Tahle 19: Topological r branching ratios in [%]

“Experiment | By B ngé |
CALEPH [104] 8‘3 gggg‘{iq_;_z 142477530 £0.13 | 01075705 + 0.08
L3[i04] | 856406403 | 144+£08403 | <03495% CL
OPAL [104] | _85.39+ng SFUIT 450 4 0.4670 3 | 0.11 4 0.0877 7]
TARGUS [107] - 133403406 -

PDG [22) | s 134033 | 13.76:£0.32 0.113 + 0.027
Average 581 +0.22 1397+ 021 | 0.111:+0.024

Table 20: Leplonic branching ratios of  lepton in [%)].

: - -
Experimenl T

= eV, U,

T S U 1P,

ALEPH [103]

18.02 4 0.44 4- 0.38

17.28 + 0.41 4- 0.32

“OPAL [105]

1744+ 05104

16.8 051+ 0.4

1.3 {1086

17.54+ 0.8 0.5

1T+ 074 0.6

CLEO [114]

19.0 404407

| ARGUS [107]

1734+ 04405

7.2 4044 0.5

CCELLO [111]

184408404

1774+ 0.8+ 0.4

PDG [22] 177404 17.8 £ 0.4
- Average 17.73 £0.23 17.41 4 0.24
The ratio of the hadronic and leplonic width The sum of measured exclusive

of the r lepton
I'(r~ — v, + hadrons)
Pla—

can be calculated using QCD [108]. Taking
a,(Mz) = 0.120-£0.007 from LEP measurements
one gets [108]

R. =

— e~

v, ;) -

Th +0.42
™ =3.68745-

This value is closer to the experimental value
obtained from the measurement of BR(7r~
e v, ;) (R, = 3.63 4- 0.04) than to the value
infered from the 7 lepton lifetime ( R, = 3.32 4+
0.08), but errors are Loo large to discriminate be-
tween them.

—

2. Hadronic Decay Moaodes of 7 Lepton.

There is the second long-standing controversy
with the r lepton - the so called "one-prong prob-
lem™ {109] .

branching ratios is smaller than 100% if one takes
the {ormal world average values for them (see ta-
ble 21, where h™ stands for 7~ or K~). Mea-
surements of topological branching ratios show
that the "missing” decay modes lead mainly to
one-prong final states. The calculatien of world
averages and especially their errors is not a trivial
procedure [110] (in fact several old results have
not been used in calculations for table 21 because
of problems with normalization and interpreta-
tion).

It is easier to compare results of individual ex-
periments. ALEPII and ARGUS represent good
examples. They have measured almost all ma-
jor 7 decays using different techniques (see ta-
ble 21). ARGUS measures individual branch-
ing ratios while ALEPH uses the so called global
method pioneered by CELLO (111]. In this
method «ne first selects a clean sample of 77~
events and than distributes them among the
known (generic) final states. Contrary to a com-
mon beliel this procedure does not automatically



Table 21: Branching ratio for major r lepton decays ( see text ).

Theory World ARGUS ALEPT

77 decay mode (%] average [%)] (%] (%)
e v 178 | 17.73£0.23 | 17.3+0.6 18.0+ 0.6
7 T 17.3 | 17414 0.24 17.2+ 0.6 17.3:+ 0.5
(7= + K~ ),y 114 | 12.33+0.33 11.7+ 1.0 1254 0.5
P 23.5 | 23.01++0.55 22.341.0 24.5+ 1.0

K*~ve 1.14 | 1.45+013 1.2403 (1.45)
SR h* " (11.7) | 7.804 0.29 74405 9.540.7
i s S P (11.7) | 8.27+0.47 (7.4 £ 0.5) 10.2+£1.0
"hhmhta®y, | 4.3 5.26 = 0.32 5.4 +0.6 4.94:0.7
"he w7000y, 1.08 0.86 4+ 0.21 (1.08) 1.4+ 0.6
'z 100 | 94.12+1.00 | 91.0+ 1.4 3.0 | 99.8+ 1.6

lead to a sum of 100% for the cousidered branch-
ing ratios. Efliciencies for hypothetical new de-
cays can differ from the efliciencies calculated in
this method on the basis of standard decays. In
the global method one iits all branching ratios
simultaneously taking into account migration of
each decay as a background into different che -
nels. It is superior to a classical approach of
measuring individual channels, provided the mi-
gration matrix is exactly known and the 7 sam-
ple is very clean. In this respect ALEPH is in
much better position than CELLO. ALEPI has
more than factor of two smaller background and
larger efficiency. By normalizing to the nunber
of hadronic Z° decays, they know accurately Lthe
number of produced 7% = pairs (8620-£50) [103].
And finally, their migration matrix is much more
diagenal. For example, about 13% of v= —
- nt 7w, decays are reconstructed as 77 —

a~ nt w7, decays and this in one of the largest

migration probabilities in the ALEPII analysis.
ARGUS has not measured channels with two
or more 7°. Since isospin conservation requires
BR(t™ — 7~ 2%%,) < BR(r™ —» v~ ntn~v,)
the measurement of the loter channel is used
in table 21 as an upper bound for BR(r~ —
7~ n%x%,). The theoretical prediction based on
CVC and hadron produclion in ete™ annihila-
tion is used for BR(7~ — 7 «%z%%,). In
case of ALEPH the world average for BR(7™ —
K*"v;) is added to channels measured in this
experiment,. _
The sum of branching ralios in the ARGUS
analysis is considerably smaller than 100%. How-

ever, the syslematlic errors are large and the de-
viation from 180% does not reach a 3o level. The
sum of ALEPH measurements is close to 100%
with a very small error.

Both experiments agree with theoretical pre-
dictions normalized to the measnred electronic
branching ratio. However, in the three pion chan-
nels reliable theoretical estimates do no! exist.
In the table 21 the theorelical predictions for
these two channels are substituted by equal val-
ues  (suggested by a;y dominance in
77 = 7w v, decay) which add up the sum
of branching ratios to 160%. And just this three
pion chaunel is the main source of difference be-
tween the ALEPH and ARGUS measutements.

Both experiments are comparable in their abil-
ity to measure BR(7~ — n~nta"v, ). ARGUS
has a considerably larger hadronic background in
this channel of about 7% [112] . However, this
background can be reliably estimated and more-
over can be reduced to a less Lhan 1% level by
requiring a leptonic decay of the second 7 lep-
ton [113]. ARGUS has a 2.5 times smaller efli-
ciency of about 20% but about 14 times larger
number of delected events. The most important
background due to migration of events from the
%y, channel is comperable in
both experiments. Thus there is no obvious ad-
vantage of one experiment over the other. And
in fact the difference between their results on
BR(r~ — m~ntn" v, ) does not reach a 3o level.

At this Conference CLEO presented the most
precise 1easurements of the decays [114]

™ — b a%%%, and 7. — h™a%%%2%,. Ex-

T — oty
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pleiting fine segmentation and high energy reso-
tution of the Csf calorimeter , they recenstruct
explicitly #% decays. The explicit reconstruction
of #° reduced the cross talk ta the = 7%%%; final
state from other  decays (mainly from T — p~ iy
channel) to abcut 3% level which should be com-
pared with about 46% cross talk in case of the
ALEPH analysis {103}." The reconstruction of
the =® mescns allows CLEQ to estimate a back-
ground using sidebands in the 94 invariant mass
distributions without relying on the Monte Carlo
simulation {which in fact does not deseribe their
data well). The price {or these advantages in the
CLEQ analysis is almost four times smaller effi-
ciency. :

Normalizing their results to the branching ra-
tio BR(r — h™ x%) CLEO finds:

BR(r~ — h™x%x%,)
" BR{(r~ — h~ %)

= 0.353 4 0.018 & 0.028,

BR{(T™ - h-,r(lh_nnoyr')
BR(T" - h_" ﬁo"f)
Using PDG values {22] for

= 0.051+0.00640.008.

BR(r™ = h™n%,) = BR{z7 — pry) +
BR(r~ - K*"v,) x BR(K'™ =K z%=
= 0.232:0.008

CLEO obtains
BR(r™ — h72°) = 8.19.% 0.42:£ 0.65 :£ 0.28%,

BR(r~ — h™3x%) = 0.72 0.14 & 0.19 4 0.02%,

where the first error is slalistical , the second sys- -

ternatic and the third is due to normalization vn-
certainly. These values have been used for calcu-
lation of world averages in table 21, The CLEO
result for BR(r~ — L~ w"x%) is smaller than the
ALEPH value However. if oue uses for normal-
ization the ALEPH value for BR(r~ — h™79)
the CLEO result wili be closer to

BR(7~ — h™ 7% = {10.21 £ 0.66 -+ 0.80)%
measured by ALED . Therefore we shouid wait
. for the absolute normalization of the CLEG re-
sult before making finul conclusions.

'f'o summarize, we can say Lhat the "oue-proag
problem” has never been very statistically signifi-
cant. New measutcments show that the disugree-
ment between diiferent experiments is mainly due

Table 22: ARGUS upper limits on neutrinoless
7 decays at 90%CL.

decay channel Upper Limit
(10-%)
7~ e ete” 1.3
T —e T 1.9
T —etpup 1.8
T~ — uete 1.4
7~ —pte”e” 1.4
T =t 1.9
7= — e ntw” 2.7
TT — et AT 1.8
T = pmntT 3.6
T ot R 5.3
= = e P ‘1.9
7= = p° 2.9
T — e wtK- 2.9
T~ —etn K- 2.0
T s untK- 11
FRTRE e 5.8
7 —c KO 3.8
7 —p K0 4.5
T ey 12
TT e 17
T~ =T 3.4
= = g 4.4
T e 6.3
TT s uTy 7.3
T —PY 29.0
™ —pa’ 65.5
T o na 28
o wwt 37
T- —pn 129

to 7 decays into three pions. Using the global
method CELLO ({111] and ALEPH [103] find a
sum of measured + branching ratios close to 100%.
This makes the "one-prong problem” even more
coniroversial. o

ARGUS improved recently {112] upper limits
on the neutrinoless 7 decays. They are listed in
table 22 and most of them aré the world best
limits.



3. Lovenlz Structure of v Decays .

All available informalion on r decays is con-
sistent with standard V' — A coupling at the r -
vy - W vertex.

The world average of the Michel parameter
[115], p = 0.727 4 0.033 , is in good agreement
with the value of p = 0.75 , expected [or V — A
structure and excludes V + A, ¥V |, and 4 cou-
plings.

The measurement of v, lelicity , performed
for the first time by ARGUS [116] , depends sen-
sitively on the D to S wave ratio in the decay
77 — n”atw~p, [117] . Using their high statis-
tic sample of 7 decays ARGUS determined this
ratio to be D/S = —0.11:£0.02 [112]. With mea-
sured D/S ratio and increased statistics ARGUS
improves the accuracy in the ratio of axial and
vector coupling of the 7 lepton:

2y47V

TAV = =125+ 028108, .
73 v 73, 0.08

This value is in good agreement with the SM
prediction of y4v = +1.

The ARGUS collaboration has measured p me-
son polarisation in the decay v~ — p~v,. The
helicity angular distiibution of the #~ meson with
respect to the p~ direction should exhibit
1+ b cos®8, behavior, with b = 0.57 at the T
energy region. The helicity angular distribution
measured by ARGUS [112] is shown in figure 23,
It agrees nicely with the expectation. For the b
parameter fit gives a value of b = 0.57 £ 0.12.

3
I

N L bE]
N ]
_i .\‘T\\_‘_‘_[/"/ ;
i___.l IO (ST W L (T | y
-08 -04 00 04 08

cos®,

Figure 23: Heﬁcity angle distribution for p~ de-

. cays.
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