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Summary

Recent results from the Mark II include measure-
ments of the p*v decay of the t*-lepton, two-photon
production of the n'(958) meson, charmed meson decays
and the first observation of charmed baryons in ete”
annihilation.

Introduction

At the time of the last Photon-Lepton Conference
in Hamburg the SLAC-LBL collaboration abandoned the
solenoidal magnetic detector at SPEAR after four years
of operation. It was replaced by Mark II, a detector
quite similar in dimensions and layout, but with con-
siderably improved solid angle, resolution and particle
identification. This summer, Mark II is being installed
at PEP, the new high energy ete” storage ring at SLAC,
that is expected to provide beams early next year.

Since the energy range between 3 GeV and 7.5 GeV
had already been exploited for several years by experi-
ments at SPEAR and DORIS, the Mark II program was aimed
at questions that had not been investigated in suffi-
cient detail due to low rates and considerable back-
ground. Data were recorded at the ¢(3095), y(3684),
and ¢(3770) resonances, at 3.67 GeV, 5.20 GeV, 6.5 GeV,
and 7.4 GeV. Furthermore, a systematic exploration of
the total hadron production in the range from 3.7 GeV
to 6.0 GeV was made by increasing the cm energy in
steps of 6-20 MeV and recording 100-300 yty~ pairs per
point. Preliminary results on radiative decays of the
$(3095) and the y(3684) have been reported recently,?>3
results on the total hadronic cross section are forth-
coming. Following a description of the Mark II detec-
tor, the following topics will be discussed here:

(1) the decay e pi\).r

(2) the yy process ete™ » ete n'(958)

(3) the y(3770) resonance

(4) decays of the D-mesons

(5) search for the F* meson

(6) inclusive baryon production

(7) evidence for charmed baryon production.

A considerable fraction of the results presented
here has not been published and is to be regarded as
preliminary.

Apparatus

The Mark II detector,* schematically shown in
Fig. 1, has been in operation at the SLAC ete™
colliding beam facility, SPEAR, since the end of 1977.
It was designed to measure charged particles and
photons with good resolution and efficiency, to iden-
tify electrons and muons with low hadron contamination,
and to separate charged pions from kaons and protons
over a wide momentum range. The performance of the
principal components of the detector can be summarized
as follows:

Vacuum Chamber

Pipe Counter (2 layers,
scintillation counters)

Drift Chamber
(16 layers)

Time of Flight Counters
(48 total)

Solenoid Coil

Liquid Argon Shower
Counter (8barrel modules)
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Fig. 1.
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Muon Proportional
Tubes

358241

End view of the SLAC-LBL Mark II detector.

The drift chambers® measure the azimuthal coordi-
nates of charged particle tracks to an average
accuracy of 200 um at each of the 6 axial layers,
the polar coordinates are determined from the 10
stereo layers stretched at #3° to the beam axis.
For tracks constrained to originate from the beam,
the rms momentum regolution can be parameterized
as 8p/p = [(0.005p)2 + (0.0145)27%, where the
momentum p is measured in GeV/c. The first term
is the contribution from the measurement error,
the second term gives the multiple scattering
error. The tracking efficiency is greater than
95% for momenta above 100 MeV/c over a solid angle
of 75% of 4m.

The time-of-flight system (TOF) has a rms resolu-
tion of 300 ps for charged hadrons, leading to a
separation by one standard deviation between elec-
trons and pions at 300 MeV/c, between pion and
kaons at 1.35 GeV/c, and between kaons and protons
at 2.0 GeV/c. In practice, the following technique
is applied to identify hadrons. Each charged
particle is assigned three weights proportional to
the probabilities that the measured TOF is compati-
ble with a m, K or proton. These weights are
determined from the measured momentum and time-of-=
flight assuming a Gaussian distribution with a
standard deviation of 0.3 ns. The relative m-K-p

weights are normalized so that their sum is unity,

and a hadron is identified as a proton or kaon if
the respective weight exceeds 0.5, otherwise it is
called a pion.

* Work supported primarily by the Department of Energy under contracts DE-AC03-76SF00515 and W-7405-ENG-48.
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The lead-liquid argon shower counters (LA)® sur-
rounding the inner detector contain about 14
radiation lengths of lead and argon with read-out
strips parallel, perpendicular and at 45° to the
beam, giving an angular resolution of 8 mrad in
azimuth and polar angle. The energy resolution
for electrons and photons above 500 MeV is

SE/E = 0.11//E, where E is the energy in GeV.

The resolution degrades slightly at lower energies
due to energy loss in the coil material (1.36
radiation lengths). The photon detection effi-
ciency of the LA barrel modules has been measured
in the decays ¢ + w7 and y +» w @t 7 1©, where
one observed vy is used to determine the position
of the other y by a 2C kinematical fit. The
result, shown in Fig. 2a, is in good agreement
with a Monte Carlo calculation simulating the
electromagnetic shower development.’ This effi-
ciency, combined with the geometric acceptance of
the LA system (647) and the known branching ratios
to photons, then translates into detection effi-
ciencies for ™ and n® (Fig. 2b).
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Fig. 2. Efficiency for detecting (a)

photons (not including geometrical
acceptance) and (b) ™ and n® via their
vy decay. The curves represent Monte
Carlo predictions.

Muons are detected in two layers of proportional
tubes interleaved with hadron absorbers on top

and bottom as well as on the sides of the detec-
tor. The first layers have a threshold momentum
of 700 MeV/c, the second of 1 GeV/c. The detec-
tor efficiency for momenta above threshold is
>98%, the probability that a pion is misidentified
as a u is 4% at 700 MeV/c, 11% at 900 MeV/c and

2% above 1 GeV/c.

Above 300 MeV/c electrons are separated from
hadrons by a series of cuts in the total energy
deposition and the transverse and longitudinal
shower development. The probability that a pion
is misidentified as an electron decreases with
energy, it is 7% below 500 MeV/c, 4% at 600 MeV/c,
and 2% at 800 MeV/c.

(6) The standard trigger8 requires at least one charged
particle to be within the central 75% of the solid
angle and a second charged track to be within 85%
of the 41 sterad. Up to now, totally neutral
final states have not been recorded.

(7) The luminosity is monitored by two pairs of small
counters measuring Bhabha scattering at 25 mrad,
it is checked against wide angle Bhabha events in
the central detector.

The data analysis constructs tracks and vertices from
the raw data and selects four classes of events corre-
sponding to the reactions ete™ » hadrons, etem » 7 T,
ete™ » u+u_, and ete™ » ete™. A hadronic event is
required to have 3 or more tracks or 2 tracks that are
acoplanar to the beam by more than 20°. Background due
to beam-gas interaction is measured from longitudinal

distribution of the reconstructed vertices.

. . + +
Measurement of the Branching Fraction for 1= + p~v

The existence of a new charged heavy lepton, Tt,
was first suggested? to explain the presence of events
in which the only detected particles were an electron
and a muon of opposite charge. The experimental
evidence accumulated since that time strongly
supports this interpretation and there now exists a
coherent picture of the t as a sequential heavy lepton
with a light or massless neutrino which couples via the
conventional V-A weak current.!® In addition, there
are several precise measurements of the T mass and
branching ratios for leptonic and some hadronic decays.!
The Mark II group has measured the branching ratio for
the decay v~ - p_vr.lz This decayl3 involves only the
vector part of the weak hadronic current. Comparison
of this measurement with theoretical predictions, based
on the coupling of the p to the electromagnetic current,
constitutes a test of the validity of the conserved
vector current hypothesis (CVC).

The analysis is aimed at events of the following
topology:

which results in two charged particles and two photons
from 7 decay in the detector. &  represents either
an electron or a muon which helps to provide a clean
signature for Tt-pailr production. Selected events have
two oppositely charged tracks, one a pion, the other a
muon or an electron, acoplanar to the beam by at least
20°, and two photons in the LA shower counters with

Ey > 100 MeV. For events with a two photon invariant
mass (Fig. 3) compatible with a m°, the photon energies
are adjusted by a one constraint fit. The resulting
mass spectrum of the m1° system is shown in Fig. 4.
The data can be fit to the sum of a smooth background
and a Breit-~Wigner regonance. The fit yields a mass
M=0.770%0.020 GeV/c2 and a width I'=0.194+0.030
GeV/cz, well compatible with the p* resonance para-
meters. There are 85 events in the peak, 64p~e¥ and
leiu;. The energy spectrum of the 85pi candidates
is shown in Fig. 5.
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Fig. 3. Two photon invariant mass
spectrum for acoplanar two-prongs
with two photons. Events with one
identified lepton, et or u-, are
shaded.
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Fig. 5. Distribution Xy = (Ep"Emin)/
(Epax = Emin) for the 85 candidates for
TPV
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The variable x, is defined as xp = (E - Emin) / (Epax - Enin) »
where E; is the energy of the p*, Enin and Ep,y are the
minimum and maximum energies for a p* produced in a T
decay at a given beam energy. The data are in good
agreement with a Monte Carlo simulation for the decay
T+ pTvp.

Background studies indicate that multihadrons con-
tribute only 4 events to the sample. The remaining 81
events are genuine 1 decays, of which we estimate con-
tributions from t+Ajv and T~ 47 to amount to 8.3p¥e¥
and 2.6piu; events. The efficiencies for detecting pe
and pu events have been found by Monte Carlo to be
€pe = 6.4% and €opy = 2.7%. In addition, 12.7% of all
events are lost due to spurious photons.

In order to extract the 1T -+ p~v . branching ratio
from the p¥e? events, we need to know B(T -~ R_Ge Vo).
There are 95 pe events in the same data sample, i.e.,
events with an electron, a muon, and no detected photon.
The detection efficiency for these t decays is €op =
12.1%, including the loss due to spurious photons. From
the corrected number of events and the total mumber of
vt 7 pairs produced we obtain

B( »p7v) B(< » e+GTve) = 0.042 + 0.009
= - + .
B(t +»p vT) B(t »u vTvu) = 0.033 + 0.010 s

and

= - - +  +- B
\/B(r +> e \)Tve) *B(1 +up \:Tvu) = 0.185 + 0.015 .

The errors quoted are based on the statistics of the
uncorrected events and the statistical errors of the
corrections and Monte Carlo calculations. In addition
systematic errors have been included to account for
uncertainties in the luminosity, the lepton identifica-
tion and radiative corrections in the initial state.

If we assume p-e universality in t-decay, we
obtain

B(t1 -+ p—\)T) = (20.5 * 4.1)%

B(t + e Ge v,) (18.5  1.5)%
and

B(T - p_\JT)

== = 1.11 + 0.24

B(t »+ e vevT)
This result is in good agreement with a predictionI“
of 1.2 based on the CVC hypothesis and a measurement of
ete™ + p°. The result is also in agreement with a
measurement by the DASP group, !5 yielding B(t + pv) =
(24 +9)%. The measurements presented here are based
on one quarter of the total data now available. A
more thorough study of the leptonic decays T -~ Etve v
is underway. Of particular interest is the decay
© - AfvT, since it might help to establish the A; as
a resonance. A preliminary measurement of the branching
ratio for 1t + mv has been obtained, B(t+mv) = (10.7 %
2.1)%. A more detailed study of this decay will be
used to set an upper limit on the mass of v..

Evidence for Hadron Production by
Two-Photon Annihilation

Though the production of leptons and hadrons by
two-photon interaction in colliding beam experiments
has generally been considered a background to the
dominant one-photon annihilation process, its im-
portance was pointed out by F. E. Low and othersl6
several years ago. The basic diagram in Fig. 6 shows
the annihilation of two nearly on-shell photons pro-
ducing hadrons at small angles to the beam. The



SOr =TT T T TT T T T T T T T TT
e+ Apv g e -
X ////y‘w\\\ XZ/ — -1
1-78 o(yy—~hadrons) 351841 40~ N
Fig. 6. Two photon annihilation & i 7
into hadrons in ete™ collisions. S
&30
's]
o
hadron system has charge conjugation C=+l and angular ‘g B
momentum J=0,2. Resonances like n, n', Nes £ and Ay @
can be produced directly; their production cross sections 220~
are of fourth order in a but increase logarithmically 2
with the beam energy E, -
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where M is the mass of the state, J its spin, and f

gives the effective yy luminosity for a mass M at a o
beam energy E.

e Matnmy  (Gev/c?) reesmn
The Mark II group has recently published evidence
for n'(958) production!? in the reaction Fig. 7. Invariant 7t17y mass in candidate
4 - -, events for ete” + ete™n'. The full histo-
ee ~+ ee n'(958) gram contains all events, the high energy
data (E.y = 5.2 GeV, 6.0 < Eop < 7.4 GeV)
where the n' is detected via its decay to p%y. The are dashed.

final state e’ and e are not detected. In the mean-

time, the high energy data sample has been doubled and

the analysis has been extended to include other

resonances. In the following, only details of the n'

measurement are given. T

a0 |- (a)
The events are selected by topology; two oppositely
charged pions coming from the interaction region, and a
single photon with an energy Ey > 180 MeV in the LA
module. This requirement reduces background from fake
photons. Background from one-photon annihilation is
reduced by requiring that the transverse momentum of
the wmy state be less than 250 MeV/c and that the di- 0
pion system and y be coplanar to within 0.35 rad with o] 100 200 300
respect to the beam. The contribution from lepton or py (Mev/e
hadron pairs produced in two-photon interactions com-
bined with fake photons is suppressed by requiring the
1 pair to have a transverse momentum exceeding 50
MeV/c and an acoplanarity angle of more than 0.05 rad.
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The ﬂ+ﬂ_Y mass distribution for the remaining
events, given in Fig. 7, shows a clear peak at the n' 30
mass. The resolution is dominated by the photon energy
measurement. No cut has been made on the mtn~ invariant
mass, but it has been verified that all events in the
n' mass region (defined as 0.90 < Mpm < 1.05 GeV/cz)
are compatible with the formation of p©.

EVENTS

The distribution of the transverse momentum P>
and the rapidity y are shown in Fig. 8. The n' events
occur mainly at low p, and their angular distribution
is highly peaked in the forward and backward direc-
tion. The rapidity distribution is flat within the
detector acceptance of about -0.6 <y < 0.6. These Affj
kinematical features are those expected for n' produc- 0
tion by two-photon interaction. They are well repro-
duced by Monte Carlo generated events for the same
process.}8 Background from ete” annihilation has been
studied using events that pass all the above selection
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=79 RAPIDITY 3063620

Fig. 8. Distributions for (a) transverse

criteria but have additional charged tracks or photons. momentum gl, and (?) ripid?ty y for ill
There is no peak in the ntn~y mass and the P, distri- ?VEngsd?n events 1n the n' mass pea
bution extends well beyond 200 MeV/c. shaded) .
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The cross section for n' production is presented

in Fig. 9, using the branching ratio B(n' + py)
0.298 +0.017. From the two-photon cross section for
resonance formation, we determine the radiative width
of the n', T Y(n') = 5.8+ 1.1 keV. The error is purely
statistical, the systematic uncertainties amount to
+25%. Using the measured branching ratio B(n' -+ yy) =
0.020 £ 0.003, the total width is determined to be

tot(n ) = 290% 91 keV, in excellent agreement with the

only other measurement!® available.
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Fig. 9. Cross section for ete~ >

ete™n' versus the energy of the
beam. The errors are statistical
only. The curve represents the
expected cross sectionl® for

Tyy = 6 keV.

There is considerable interest in the measurement
of FYY(n')'ZO Models with fractionally charged quarks
and a small octet-singlet mixing of pseudoscalars lead
under the assumption of equal singlet and octet ampli-
tudes to the prediction T (n ) = 6 keV. A recent
calculation?! based on vector meson dominance and
flavor SUj3 symmetry is under the assumption of frac-
tionally charged quarks in agreement with this measure-
ment, while it disagrees for quarks of the Han-Nambu

type.

Charmed Meson Decays

The g(3770) resonance,22>23 roughly 40 MeV/c?2
(30 MeV/c2) above the threshold for DOD° (D1D™) pro-
duction but below the threshold for DD" production,
represents a source of kinematically well defined and
relatively background-free D-mesons. Precise knowledge
of the resonance parameters is useful both for compari-
son with the charmonium model of the states26 as well
as for the determination of the absolute branching
ratios for D-mesons. Making use of this convenient
source of D-mesons, the Mark II group has performed
extensive studies of various decays, exclusively and
inclusively, and obtained evidence for the existence of
Cabibbo suppressed decays. Unfortunately, a similar
resonance enhancement has not been found near the
threshold for F¥ meson pair production, and our know-—
ledge of this third charmed meson remains very, very
limited.

The y(3770) Resonance

Figure 10a shows R, the ratio of the total cross
section for e"e” annihilation into hadrons to the
theoretical cross section for muon pair production
Oy in the cm energy interval from 3.67 GeV to 3.87
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Fig. 10. The ratio of hadron produc-

tion to u-pair production near the
v(3764) resonance (a) observed, and

(b) radiatively corrected for the
$(3095), ¥(3684) and y(3764) resonances.
The curve represents the fit to the
data.

GeV. The Tttt pair production has been subtracted, and
radiative corrections have been applied for the con-
tinuum, but not for the narrow resonances ¥(3095),
¥(3684), and $(3770). The errors shown are purely
statistical. Partially obscured by the radiative tail
6f the ¢'(3684) is an enhancement of about 2 units of
R near 3.77 GeV, the y(3770) resonance.22:23 This
resonance is only 80 MeV/c“ above the y(3684) but sub-
stantially broader.

In order to determine the exact mass M, the partial
width to electrons I, and the total width Teots the
energy dependence of R was fitted to a function that
describes the resonance shape and the dominant back-
grounds; it includes radiative corrections for the
resonance itself, the nearby ¢(3684) and ¢(3095) and
the continuum. The resonance is taken to be a non~-
relativistic p-wave Breit-Wigner with an energy depend-

ent total width Ty (E )¢
1 3 l-‘ee 1"tot:(E )
RE) = 5=
we MY (E -2 +r tEp) /4
with
p3 p3
+ o
T (E )oa +
tot "« 1_'_(’:_P-}-)Z 14-(rp0)2

The energy dependence of Ty,. accounts for the proximity
of the DD thresholds and assuines equal production of
DODO and D+D‘ apart from phase space factors. py and
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p. refer to the momentum of the pair-produced Dt and Do,
réspectively. The width Ftot(Ecm) is normalized to

Ftot = rtot (Ecm==M) at the peak of the resonance. The
parameter r is the interaction radius taken to be 2.5
fermi for this analysis. While the resonance parameters
are found to be largely insensitive to the exact value
of r, it does affect the charged-to-neutral decay frac-
tion in T, by at most 5Z.

The free parameters of the fit are T ., Tio¢s M,
and R,. The best fit gives x©=12 for 17 degrees of
freedom. On the basis of this fit and estimates of the
systematic uncertainties in the cross section measure-
ment and the background shapes, we find the following
parameters of the ¥(3770) resonance:

3763.7 + 5.1 MeV/c?

M =
T = 276 £ 50 eV
ee
= +
rtot 23.5 + 5.0 MeV

The error on the mass is dominated by the 0.137% uncer-
tainty in the energy calibration of SPEAR. The Mark II
group was able to reproduce the masses of the y and ¢'
resonances to within 0.5 MeV/c“of the original values.
The total width is most sensitive to the size of the
nonresonant background Ry. The error on the leptonic
width T,, is caused by uncertainty in the overall
normalization and the nonresonant background. Further-
more, T ., is rather sensitive to the shape of the
radiative tail of the ¢(3684) resonance.

25

The data after removal of the nonresonant back-
ground and the radiative tails are presented in Fig. 10b
together with the fit. The cross section at the peak
is

otot(3.764) = (9.3 £ 1.4) nb

After radiative corrections, this corresponds to an
enhancement of 1.8 units of R.

The Mark II results presented here deviate some-
what from earlier measurements by the DELCO and LGW
(lead glass wall) experiments at SPEAR (Table I).
results agree to within one standard deviation on
Ttots the mass we obtain appears 6 MeV/c lower, and
the leptonic width measurements basically reflect the
difference 1in the raw data.

The

The parameters of the Y(3770) are in excellent
agreement with theoretical predictions for the °D
state of charmonium.2® In this framework, the D; state
obtains most of its leptonic width by mixing with
the nearby 2381 state, the y(3684). We obtain a mixing
angle of (20.3%2.8)°.

Table I

Measurements of the $(3770) Parameters

D-Meson Decays

The ¢(3770) resonance provides a rich source of
kinematically well-defined and relatively background
free D-mesons. During 6 weeks of running, the Mark II
recorded a sample of 49,000 hadronic events corresponding
to a total luminosity of 2850 nb~1l at a fixed energy of
3.771 GeV. At this energy the total hadronic cross
section corrected for non-resonant contributions amounts
to 6.85%1.42 nb. 1In order to obtain the inclusive D*
and D° (D°) cross section, we need two assumptions:

(1) the y(3770) is a state of definite isospin, either 0
or 1; (2) the ¢(3770) decays only to DD. The rationale
for the latter assumption is that the difference in
width by two orders of magnitude between the Y(3684)
and the $(3770) is due to DD decay which is not accessi-
ble to the ¢(3684). The isospin assumption leads to
equal partial widths to D°D° and D'D7, except for phase-
space factors. Taking this into account, the inclusive

D cross sections at 3.771 GeV are
o = 5.9 +1.0nb
D+
o] = 7.8+ 1.2 nb
Do

The advantage of studying D-mesons at the y(3770)
resonance is that they are produced in pairs, so that
each D-meson has the energy of beam Ey. For any com-
bination of kaons and pions which is a candidate for a
D-meson decay, like K~ntn~ or K nt, one requires that
the measured energy agrees with Ep to within 50 MeV
and then calculates the mass according to

2 2
M o= Eb -p
Since the momentum p is small (~280 MeV/c), M is deter-
mined five to ten times more precisely than from a
direct measurement. The results of this technique,
given in Figs. 11 and 12, show clear signals for five
decay modes of the D° and four decay modes of the D%,

includin% the previously unreported modes for D° - KOn°,
Dt > Ko 7Fn~ and DY » Ksnino. The widths of about
3 MeV/c2 are consistent with the expected experimental

resolution. In Table II the branching ratios are
presented using the observed number of events and the
detection efficiency for each mode combined with the
inclusive production cross section for D° (D°) and D*.
The results are in good agreement with the first
measurement by Mark I.27 The observation of the decay
DO + R%r° at roughly the same rate as D° + K7t con-
tradicts the standard theoretical predictions, in
particular color suppression.28 Unfortunately, the

test of other predictions by the same concept depends

on the rather difficult extraction of relative resonance
contributions to three-body decays, like D° + Kot and
D° » K*Oq0 in D® » K™7"1°. On the other hand, color
selection rules can easily be weakened by the emission
or absorption of soft gluons.Z2?

Cabibbo Suppressed Decays3o

The standard GIM model33 favors the c +> s quark

coupling over the ¢ <+ d coupling as illustrated for
: 2 2 2 DO decays in Fig. 13. The angle 6, is the familiar
Experiment Mass (MeV/c T M T \') A
P ( /e tot( ev/c®) ee(e /e Cabibbo angle measured in strange particle decay, 8=13°,
while the angle 6p can be thought of as a Cabibbo angle
LGwW 22 3772 + 6 28 + 5 345 + 85 for ch?rmeg particlg decay. ?oth angles can be mea-
sured in D“-decay via the ratios
DELCO 23 3770 £ 6 24 £ 5 180 * 60 ,
-+ ~ +
) 2, _ 1@ >KK) 2 r(° -+
Mark II 3764 = 5 24 £ 5 276 + 50 tan eA = ° .- +. ° tan eB = —(g-—___‘.,__
r(d” » K =) r(o” =X =)

Assuming 6, =6p and SU3 invariance, one predicts
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Fig. 11. Mass spectra for various decay modes of the D°(D°) (a-c),

and the D+(D') meson (d-f).

II

Table

D-Meson Branching Ratios

Mode # Events € BR(%) P&gﬁ}i&27
Kt 271417 |0.436 | 2.8 0.5 | 2.2%0.6
R°n® 9+3 |o0.021 | 2.1 +0.9
Kot 397 [0.064 | 2.7 £0.7 | 4.0%1.3
K7 7° 3749 |0.028 | 6.3 +2.2 [12,0%6.0
Kninfn | 197¢16 |0.133 | 6.7 #1.4 | 3.2+1.1
s 9+4 |0.52 | 0.09+0.04
KK 22¢+5 [0.37 | 0.31£0.09
ROt 37+7 |o0.10 | 2.1 to0.5 | 1.5%0.6
Kota 251417 |0.29 | 5.2 +1.0 | 3.9:1.0
Ko n° 9+t4 |0.004 [16.4 +9.5
Rontntn 22¢7 [0.025 | 5.1 t2.0
Knaiate | 5+3.5]0.041 < 2.0*
okt 6+3 [0.07 | 0.5 x0.27

* 90% confidence limit.
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tan29 =0.05. Phase~-space corrections raise the Tt

by 7% and lower the K'K' rate by 8%.

The two-body D° decays are identified in two steps.
First, the pair of oppositely charged particles is
required to have a total momentum of 288+ 30 MeV/c, as
expected for D°'s produced in pairs at 3.771 GeV.
Secondly, the two-body invariant mass spectra for the
ﬁ'n+, K7ﬂ+, and K'K* pairs identified by time-of-flight
are evaluated, Fig. l4. Correctly identified decays
appear near the D° mass, 1863 MeV/cz, while pairs with
one particle misidentified appear 120 MeV/c2 below or
above the D° mass. The dominant mode is K™ 7" as ex-
pected, but there is a clear K'K' signal, and excess of
a few mT7~ eventsover the background. A maximum likeli-
hood technique and Possion statistics is used to fit
the data and estimate the backgrounds displayed as
smooth curves in Fig. 1l4. The fit gives 2352116 K-rt
decays, 22+5 KK decays, and 9.3+3.9 ot decays.

The probability that the t signal is purely a
statistical fluctuation of the background is 8 x 1073,
Introducing the relative efficiencies gives TI'(D°~ ntn~)/
r(p°+K"7") = 0.033%0.015 and I'(D°+K"K")/T(D°+K ")
= 0.113 + 0.030, where the quoted errors include esti-
mates of systematic errors that are dominated by the
uncertainty in the background subtraction. A similar
analysis has been carried out for p* decays. The
measurement is limited by the poorer statistics; we
obtain (D" >Rk /r(Dt+RO+) = 0.24+0.16 and

r(ot+ oty /r(dt > Ront) < 0.2. The results show that
Cabibbo suppressed decays of charmed particles exist,
and that they have the expected magnitude. For the D°
decay, the mtn~ rate is lower than expected by one
standard deviation, and the Kt~ rate is two standard
deviations higheg,which makes the interpretation
difficult.30

EVENTS/(20 Mev/c?)

0]
1623 1743 1863 1983 2103
MASS  (Mev/c?)
Fig. l4. 1Invariant mass of two

particle combinations with momenta
within 30 MeV/c of the expected D°
momentum.

Inclusive Studies of D-Meson Decay

The simple nature of the DD final state in y(3770)
decays allows for inclusive studies of D decays. The
K1t and K- ntntn™ decay modes are used to tag DOD°
events, the K-ntnt mode tags D'D” events. These three
decay modes have sufficiently large acceptance to be
detected with reasonably small background. We observe
283 K™nt decays with a background of 17 ¢ 2 events,

211 K™n'n' 7" decays including 31 * 3 background events
and 290 K-rtnt decays with 33+ 2 background.

The observed charged multiplicity distributions
corrected for background events, are shown in Fig. 15.
No attempt has been made to identify neutral kaons so
that a Kg decaying to two charged pions will count as
two charged particles. The observed multiplicity dis-
tribution can be related to the produced distribution
by a Monte Carlo calculation simulating the DD° and Dtp~
production at 3.771 GeV (Fig. 15). While the neutral D
meson decays primarily into two charged particles, the
charged D meson decays with roughly equal rates to
states with one and three charged particles. The
average multiplicities are

<{n

ch> =

2.46 * 0.14

+
<nch> =

2.16 * 0.16

An earlier measurement by the LGW group31yie1ded<nch>=
2.3%+0.3. The numbers quoted include systematic errors
due to uncertainties in the unfold and the background
estimates. The statistical model3?2 predicts somewhat
higher charged multiplicities, typically 2.7.

CHARGED MULTIPLICITY IN D-DECAY
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Fig. 15. Observed (a-c) and pro-

duced (d-f) multiplicity distribu-
tions for D-decays measured as re-
coils against DO + K ', D° »

K ntrtn~ and Dt -+ Kowtr Errors
are statistical only.

D-mesons are expected to decay dominantly into
final states including one kaon. The kaon contents of
D decays is measured by counting the charged and neutral
kaons in the recoil system of tagged events. Charged
kaons are identified by their time-of-flight, neutral
kaons by their decays to two charged pions. The results,
corrected for background events and the kaon detection
efficiencies and branching ratios, are presented in
Table III. We distinguish between the rates for kaoms
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Table ITI

Measurement of inclusive kaon and electron rates from decays of D-mesons.

The

rates corrected for double counting due to decays with more than one kaon are

given in the last column.

# of Tagged BR(%) BR(%Z)
M
ode Events Counts Background Observed Corrected
p° > K 446 + 23 111 5.1+ 1.2 56.0 + 5.6 51+ 5
Y 20 5.8 + 1.3 7.9t 2.6
+ x° 15 5.1 + 0.5 20.3 ¢ 8.5 17 + 8
+ no K 25 £ 11
ot >k 257 + 18 21 2.2+ 0.7 17.2 + 4.1 16 + 4
> g 11 4.5 + 1.6 5.6 + 2.9
+ x° 13 3.5 + 0.4 44.0 + 15.0 38 + 13
> 1o K 41 + 16
D »eb 775 + 30 35 9.8 + 3.0
pt > et 295 + 18 38 15.0 £ 1o |}
15.8 + 5.3
> e 4 3.9 + 0.5 ‘
%> e 480 + 23 36 19.0 + 1.0
5.2 % 3.3
+ e 19 12.0 + 1.0

of different charge. 'Right-sign' kaons are of opposite
charge compared to the kaon in the observed D-decays,
'wrong-sign' kaons have the same charge as the kaon in
the observed D decay. The somewhat surprising result
is the low branching fraction for the decay of the
charged D to 'right-sign' charged kaons. Since in the
GIM model, the D' decays to a K~ and requires two
additional charged particles to conserve charge, this
decay is inhibited and one expects perhaps three times
as many neutral kaons as charged kaons in D decays. 32
Unfortunately, the low detection efficiency for Kj pre-
vents a sufficiently accurate measurement to test this
hypothesis, but the data are consistent with an en-
hanced K° rate. If one corrects the observed rates for
double counting due to contributions from Cabibbo
suppressed decays containing more than one kaon, one
can estimate the total branching fraction for D decays
involving K mesons. If we assume that all decays con-
taining 'wrong-sign' kaons are suppressed by a factor
of tan4g, = 0.05, we estimate that (25%11)% of all
neutral D-mesons and (41 +16)% of all charged D-mesons
decay to final states not containing K mesons. These
corrected rates are given in the last column of Table
III. On the other hand, if we use the measured rates
to 'wrong-sign' kaons, to derive a suppression factor
of 0.15+0.06, we obtain estimates of (31%17)% and
(44 + 21)% for the decay to non-strange particles. 1Imn
any case, the observed inclusive decay rates to kaons
appear to be somewhat small compared to standard
theoretical expectation, however, the errors are large
due to low statistics. The results are in good agree-
ment with a previous measurement, 31

The sample of the tagged events at 3.771 GeV can
be used to look for semi-leptonic decays of the second

D. The results are presented in Table III. The
principle problem in this measurement, apart from the
limited statistics, is the background in the electron
sample caused by the 6% misidentification of hadrons
from decays. An upper limit on the error in the sub-
traction can be obtained from the signal of 'wrong-sign'
electrons above the background, we obtain 0.1% 2,0 for
the DT decay and 7 + 4.5 for the D° decays. The observed
leptonic branching ratio for Dt exceeds that of the D°
by two standard deviations. If we accept the basic
prediction that T(DY + ™) = P(D° + et), we can determine
the ratio of the lifetimes from

r(° + all) B(D+ > e+) _ Ji
reot > a11) B(D° + eh) 2

i.e., the leptonic branching ratios are a measure of the
relative particle lifetimes. The results obtained here
are suggestive, but not precise enough to infer a
difference in lifetimes. Such a difference is not
totally unexpected?“ Since the Cabibbo favored non-
leptonic decays are AI, =1 transitions, the ot decays
mainly into I = 3/2 states, whereas the D° can decay

to both I=3/2 and I=1/2 states. The hadronic rates
should obey the inequality (up to tanzec)

+ anything)

—+ -
ro_ - § < 3 .
K

r@° » K + anything)
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Limits on F¥ Meson Production

Compared to the detailed information that has been
compiled on D-mesons, we have only a few hints concerning
the F* meson, the ¢S bound state. All evidence comes
from the DASP experiment at DORIS; it is based on in-
clusive n production above 4.0 GeV and on 6 events at
4.4 GeV which can be fit to the hypothesis of either an
FF* or F*F* final state.3% The decay F* > Fy is ob-
served. The mass is measured to be 2039 + 60 MeV/cz,
where the error comes mostly from the ambiguity of the
final state. The only explicity observed decay mode
is F¥ + nnt.

The Mark II group has analyzed hadronic events
recorded above 4.0 GeV, in particular runs at 4.16 GeV
and 4.42 GeV. Many different decay modes have been
tried, but no convincing signal was found so far.
particular, inclusive n-production and the decay
F* 5 nn* have been investigated. Figure 16a shows the
invariant mass of two photons at 4.42 GeV. In order
to reduce background from noise in the LA system we
require Ey > 180 MeV. Events in this plot are further
selected by requiring that the momentum of one charged
pion as well as the momentum of the two-photon system
exceed 500 MeV/c. There is a dominant 7° signal, but
no evidence for the production of n°® above the
background from uncorrelated photons in the event. If
we constrain %11 2y systems with an myy in the region
450-650 MeV/c“ to have the mass of the n®, and then
form the invariant nnt mass, we obtain the distributions
in Fig. 16b,c. There is no signal around 2 GeV.
Assuming a smooth background, we use these distributions
to set upper limits on F¥ production. The detection
efficiency is derived by Monte Carlo simulation for the
process ete” » The results are given in Table
IV, together with limits for the decay F* -+ RK°k* which
were derived in a similar fashion. These limits are
still compatible with the DASP measurement of
o+ B(FY 5 nrt) = 0.41+0.18 nb.

In
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Fig. 16. Limits on inclusive F meson production.

(a) Two photon invariant mass for multihadron final
states at 4.16 GeV. The dashed line indicates the
n signal corresponding to the inclusive n rate
measured by DASP. Invariant nm mass distributions
at (b) 4.16 GeV, (c) 4.42 GeV.
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Table IV
Upper Limits on Inclusive F Production
(Preliminary)
Limit on
Mode Energy Efficiency (95% CL)
o x BR
(GeV) (%) (nb)
+20
KK 4,16 5.8 0.13
4.42 5.8 0.22
™ 4.16 0.33
4,42 .5 0.26

Inclusive Baryon Production

A measurement of the inclusive production of protons
and A hyperons, though important in its own right, is
of particular interest as a test for charmed baryon
production in ete™ annihilation. Since charmed baryons
are expected to decay to nucleons and hyperons, their
production threshold should give rise to an increase in
the number of protons and A hyperons.

The analysis*S is based on all multihadron events
available outside the narrow resonances. TOF and
momentum measurement are used to identify antiprotons
up to 2 GeV/c. In this inclusive measurement protons
are excluded, avoiding substantial beam-gas background.
The p detection efficiency is estimated from a Monte
Carlo model with antiprotons generated according to the
invariant cross section E/4np4 - do/dp ~ e'bE, where E
is the energy, p is the momentum of the P, and b is an
adjustable slope. A second nucleon and several pions
are added according to the remaining phase space.

After adjustment of the slope b and the mean particle
multiplicity at each cm energy, this model reproduces
the observed momentum spectra adequately. The detection
efficiency for antiprotons averages 60%, increasing
slowly with cm energy. Included in this efficiency are
corrections for low momentum p which range out or inter-
act or are not successfully tracked. The contamination
by more copious lighter particles amounts to less than
15%.

A and A hyperons are identified by pn and Ew+
decay modes. With a rms resolution of 3 MeV and a
signal to background ratio of 4:1 or better, The
detection efficiency is determined by the same Monte
Carlo model as for antiprotons, it ranges from 10% at
3.67 GeV to 13% at 7.4 GeV.

The results, corrected for acceptance and the A
branching ratio, are presented in Fig. 17 in form of
the ratio of the inclusive production cross section to
the py-pair cross section as a function of cm energy,
R(p+3) = 2+ 0(p)/oyy and R(A+E) = [o(A) +0(F) /gy,
All errors are statistical; the estimated systematic
errors of *17% for p, and +27% for A are dominated by
the uncertainties in the production process. The data
confirm the rise in both R(p+p) and R(A+ 1) between
4.6 GeV and 5.2 GeV. The measurement of R(p+Dp) is
consistent with previous experiments,36’37 the rates
for A are considerably higher than indicated by a pre-
vious measurement;36 they are based on a cleaner signal
and more detailed efficiency studies. The observed
step sizes of AR(p+p) = 0.30+0.05 and AR(A+ 1) =
0.10 + 0,03 indicates that charmed baryon production
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Fig. 17. 1Inclusive baryon produc-
tion versus cm energy: (a) ratio
of inclusive proton and antiproton
to p-pair production, R(p+p) =
20(p)/cuu and (b) inclusive A and
1 production to y-pair production,
R(A+D) = [c(A)i-o(A)]/ouu. Errors
are statistical only.

amounts to roughly 20% of the total charm production,
if the increase in cross section is due to charm
threshold only. Furthermore, with the same assumption,
the A/p ratio of (38 + 10)% 38 indicates that weak decays
of charmed baryons produce preferentially p, n or I*
and not A or I°.

Observation of Charmed Baryon Decay

If the rise of the inclusive baryon cross section
above 4.6 GeV is related to the threshold for the pro-
duction of charmed baryons, their masses should be
around 2.3 GeV. The most direct evidence for these
states should come from the observation of narrow peaks
in invariant mass spectra of two or more particles with
baryon number one and at least one unit of strangeness.
A search for such a signal%5 has been performed using
all data available between 4.5 GeV and 6.0 GeV, totaling
an integrated luminosity of 9150 nb~ (5150 nb'1 at a
fixed cm energy of 5.2 GeV). Charged kaons and nucleons
are identified by the TOF system.

Figure 18 shows invariant mass distributions for
pKt combinations of various charge, strangeness, and
baryon number having a recoil mass of more than 2.2
GeV/cz. A narrow peak of 41 events over a background
of 18 events is observed in the sum of the pK'n+ and
§K+w' distributions, while pK 7~ and K 7T combinations
as well as their charge conjugates do not show any
narrow enhancements. The signal represents at least
a 50 effect, it is observed with roughly equal strength
in the pK™ “4 and pK+ ~ state. The peak is centered at
2.285+ 2 MeV/c the observed width of 7+ 1.5 MeV/c
agrees with the experimental resolution. This places
an upper limit of 4 MeV/c on the width of the state.
The overall uncertainty in the absolute mass value is
estimated to be less than 6 MeV/c“. The uncertainty
in the magnetic field was found to effect the mass by
less than 2 MeV/c2. A 20% error in the energy loss
correction for protons and antiproton contributes at
most 3 MeV/c . Furthermore, as an absolute calibration,
the measured K° mass agrees with the world average to
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Fig. 18. Search for charmed baryon
production. Invariant mass for (a)
pK™nt and §K+w , (b) pK™m, Kt
and pK-wt, pK™n~, (c) same as (a)
in 10 MeV/c“ bins. The recoil mass
is required to exceed 2.2 GeV/c“®.

within 0.5 MeV/cz. The D° mass varies by 3 MeV/c2 in
data sets recorded months apart at different energies.
We assign +4 MeV/c< as an upper limit for errors due to
misalignment of the wire chambers and other geometric
effects.

Other decay modes like pK°, Aw+, AntrtsT have been
searched for in the same way as the pK‘w+ mode. We
observe 10 events above a background of 9 events in the
PKg and pKg channel in a 20 MeV/c? wide mass interval
centered at 2290 MeV/c. No such signal is present in
the pK~ channel, though the detection efficiency is
estimated to be five times larger than for pio.

If the observed state is produced in pairs of equal
mass then its energy should equal E, the energy of the
beam, and its mass can be calculated as My = (E2 - p%)
where p is the measured momentum of the state. In Fig.
19 this mass M, is plotted for pK™rt, pKg, At and their
charged conjugates. From the pKm data we conclude that
(25+10)% of the total of 41 events are associated with
an equal mass recoil, while the rest of the events are
recoiling against higher mass systems.3® The other modes
show a few events at 2.285 GeV/c4, above a very small
background. An analysis of the pKrm Dalitz plot taking
into account the background under the peak yields
resonance contributions of (12 + 7)% for the K* (890) and
(17+7)% for atH(1236).

The mass, the narrow width, the evidence for
associated production,and the quantum numbers of the
observed state suggest that the observed signal can be
associated with the lowest mass charmed baryon, gresuma—
bly the isosinglet 06, often referred to as At.“
Evidence for the existence of such a state was first
observed in the BNL bubble chamber,"1 and has since been
confirmed in photoproduction,"2 v interactions,*3 and at
the CERN ISR.** Most of these experiments report masses
near 2.26 GeV/cz, some with surprisingly small errors.

Using Monte Carlo estimates for the detection
efficiency of (15% 3)% for the pKm mode, the signal
corresponds to a cross section times branching ratio of
0.032+0.011 nb at 5.2 GeV. The inclusive p production
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rate can be used to derive an estimate of the absolute
branching ratio for the observed §K+n_ mode, under the
following assumptions:

(1) The step AR(p) =0.15%0.03 is entirely due to the
onset of pair production of charmed baryons.46

(2) All charmed baryons produced cascade down to the
observed Cy state.

(3) The Cg decays to a proton (as opposed to a neutron)
with a branching ratio of 0.6*0.1.

Thus, we have

g(e+e— - C‘(‘)’) = _AE_(L)._ . g
B(Cy > ) e

ands(ete™ -+ C3 + anything) = 0.8+0.2 nb. Consequently,
the absolute branching ratio is

+ - F(Cg > pK_n+)
B(CH > pKrh) = ——— =

" (2.0+£0.8)%
I‘(CO + all)

This rate is much smaller than the values assumed to
estimate cross sections for assoclated production at
the ISR.*Y

Conclusions

Using large data samples recorded over the full
energy range of the ete” storage ring SPEAR, the SLAC-
LBL collaboration has exploited the improved resolution
and particle identification of the Mark II detector to
study particle production and decay in more detail than
previous experiments:

(1) The more accurate measurements of rt branching
ratios for the decays T+ pv, T+ mv, and T *> 2Vv
confirm the interpretation of the ¢ as a sequen-
tial heavy lepton and support the CVC hypothesis
for the p* coupling.
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(2) The measurement of the width of the n'(958) marks
the beginning of a new field of experimental
physics: hadron production by scattering of photons
on photons. This will certainly be explored at
higher energies accessible by the new machines,
PETRA *7 and PEP.

(3) Detailed studies of D-meson decay have not revealed
any serious disagreement with the standard theoreti-
cal predictions, though there are several, possibly
interesting effects at the level of 2-3 standard
deviations. Considerably more data are needed to
resolve any of these questions by a detailed com-
parison of branching ratios for different decay
modes.

(4) The Mérk II data do not confirm the existence of
the F~ meson, the upper limit of 0.26 nb for
agete” + F¥) B(F* + nr¥) does not contradict the
rate of 0.41£0.18 nb observed by the DASP group.
The search for other decay modes is, however, still
in progress.

(5) There is now clear evidence for the production of
charmed baryons in ete™ annihilation above 5 GeV
cm energy. The branching ratio of 2% for the
decay C6 > pK'1r+ is rather small.

In conclusion, in only 12 months of data taking,
the Mark II has produced a large variety of results,
their accuracy being mostly limited by statistics.
Substantially more data will be needed to perform
crucial tests of the theory of weak interactions of
charmed particles with high accuracy, and to establish
the F~ meson and other charmed baryons. The answers
to some of the open questions may improve our under-
standing of the weak hadronic currents in general,
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DISCUSSION

Speaker: Joe Feller - Columbia University

Could you show again the transparency which had
the inclusive branching ratio for D-mesons into
K mesons?

Q.

Certainly, provided I can find it. I should like
to comment that Joe Feller wrote his Ph.D. thesis
on studies of inclusive D-meson decays as measured
by the lead-glass wall experiment, so he is the
person who pioneered this work. I meant to say
that D¥ goes to kaons, neutral or charged, with

a branching ratio of (61+16)%, i.e., pt » K at
(17+4)% and DT > R® at (44£15)7%.

Speaker: R. J. Oakes — Northwestern University

Can you elaborate on the relative decay of charmed
baryons to lambdas and protons?

All we know is the inclusive cross section measure-
ment. The inclusive proton cross section quoted
includes the decays A + pm~, so one has to correct
the inclusive proton rate to obtain
AR(A+TR)/AR(p+DP) = (38:10)%. This seems to be
confirmed by the very preliminary result

B(C ~ m¥)/B(CH ~ Kprh) = 0.35+0.20.

A.

Speaker: J. Rosner - University of Minnesota

Where are all those missing decays of the D's?

That is a question I have asked myself. Experi-
mentally, we have only investigated decays
involving at most one neutral particle, because
the detection efficiency for #° and Kg is low.

We have not studied decay modes involving n® or
n®', and such modes could be rather prominent.

If one uses isospin symmetry, one can extrapolate
from the presently known 25-30% to more than 50%,
but that does not seem to be sufficient. Further-
more, higher multiplicities may contribute, even
though our measurement of the charged multiplicity
seems to argue against that. Anyway, there is
room for modes we have not thought of. Q.

Speaker: P. Rosen - Los Alamos Laboratory

In the new decay modes of the D-mesons including

a 79, have you looked for invariant masses of
combinations including this m° and seen a resonance
structure like p*?

The question of resonance formation in the three

and four body final states is experimentally a
difficult one to answer. We see some p or K*(890)
formation in several decays, like Kn'n 'n~ and
KOt~ but not yet in K™n"n®. Resonance formation
does not seem to be a dominant effect. Consequently,
experiments using cuts on K* and p to select D
signals should be warned, they will lose a large
fraction of their signal.

Speaker: K. Lane - Harvard University

Can you tell us if you have looked for the E" in
the decay ¢°nF, and if you have, what are the
results?

As you seem to be aware of, we have looked for this
decay mode, because we observe a very clean signal
for the decay ¢° + KK~ and do not have to WOrry
about kaon misidentification by TOF in this mode.
We found a small peak at roughly the correct mass
for the F'. But in order to establish a new state
independent of previous experiments or strong
theoretical prejudice as to the mass and decay
modes, we feel that one needs either a signal of
more than five standard deviations, or signals for
different decay modes, or evidence at more than
one energy or any other supporting evidence. The
small peak we have obtained does not qualify by
any of the above criteria and could be just a
statistical fluctuation. We now have more data
available with good resolution and we feel that we
should soon have more to say about the existence
of the F* meson and its decay modes.

Speaker: L. Resnick - Carleton University

Could you please comment on the possibility of
identifying the decay mode ™ > myy assuming a
branching ratio of several times 10732

You mean the radiative decay myv with a soft
bremsstrahlung spectrum? That seems to be very
difficult for the Mark II group or anybody else.
If the photon can obtain relatively high energy,
like 1 GeV or so, and a rate of 1077, then we
should find 5-10 events in the total sample, and
if we can exclude background there may be a very
slim chance, but I am afraid there will be too
much background from the piv final state.





