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Recent results from the Mark II include measure-
ments of the o*v decay of the 1t-leptcn, two-photon
production of the n'(958) meson, charmed meson decays
and the first observatlon of charmed baryons in ete”
annihilation.
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Introduction
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At the time of the last Photon-Lepton Conference 148 lotal)
in Hamburg the SLAC-LBL collaboration abandoned the
solenoidal mapnetic detector at SPEAR after four years Solerod Conl

of operation. It was replaced by Mark II, a detector
quite similar in dimensiouns and layout, but with con-
siderably impreved 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.
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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 1! program was aimed
at questions that had not been investigated in suffi-
cient detall due to low rates and considerable back-
ground. Data were recorded ar the y(3095), w(3684),
and $(3770) resanances, at 3.67 GeV, 5.20 GeV, 6.5 GeV,
and 7.4 GeV. Furthermore, a systematic exploration of
the total hadron producti(;n 1nythe range fsom 3.7 GeV Fig. 1. End view of the SLAC-'.BL Mark II detector.
to 6.0 GeV was made by increasing the cm energy in
sreps of 6-20 MeV and recording 100-300 yty~ pairs per
point. Preliminary results on radiative decays of the )
(3095) and the p(3684) have been reported recently,?»3
results on the total hadromic cross section are forth-
coming. Following a description of the Mark II detec-
tor, the following topics will be discussed here:
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The drift chanhers® 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,

(1) the decay N nzv.r the rms momentum regolution can Pe parameterized
" 4 - PN as &p/p = [(0.005p) + (0.0145)2Y%, where the
(2) the vy process gte” ~ eTe” n'(958) momentum p is measured in GeV/c. The first term

is the contribution from the measurement error,

(3) the 3 (3770) resonance
the second term gives the multiple seattering

(4) decays of the D~mesons error. The tracking efficiency is greater than
(5) search for the F* meson 95% for momenta above 100 MeV/c over a solld angle
of 75% of 4w,
{6) inclusive baryon production
(2) The time-of~flight system (10F) has a tms resolu-
(7) evidence for charmed baryon production. tion of 300 ps for charged hadrons, leading to a
] separation by one srandard deviation between elec-
A coansiderable fraction of the results presented trons and plons at 300 MeV/c, between plon and
here has not been published and is to be regarded as kaons at 1.35 GeV/c, and between kaons and protons
preliminary. at 2.0 GeV/e, 1In practice, the following technique
is applied to identify hadrons. Each charged
Apparatus p:rti:le 1s assigned three weights proportional to
the probabilities that ¢ ~
The Mark II detector,® schematically shown in ble E'ith a m Kor :;rm:o:‘.2 m?:z::eieig:tisa?:mpati
Fig. 1, has been in operation at the SLAC ete™ determined from the measyred momentum and time-of-
colliding beam facility, SPEAR, since the end of 1977. flight assuming a Gaussian distribution with a
It was desigued to measure charged particles and standard deviation of 0.3 ns. The relative n-K-p
photons with good resolution and efficiency, to ide: welghts are normalized so that their sum is unity
tify electrons ard muons with low hadron contamination, and a hadron is identified as a proton or kaon 1f,
and to separare charged plons from kaoas and pratons the respective weighc exceeds 0.5, otherwise it is
over a wide momentum range. The performance of the called a pion. ’
principal components of the detector can be summarized
as follows:

* Work supported primarily by the Department of Energy under contiracts DE-AC03-76SF00515 and W-7405-ENG-48.
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The lead-liquid argon shower counters (LA)® sur~
rounding the inper detector contiia about 14
tadiation lengths of lead ard .rgan with read-out
strips parallel, perpendicular and at 45% to the
beam. giving an angular resolution of 8 mrad in
azimuth and polar ang!? The energy resolution
for electrons_and photons above 500 MeV is

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

The resolution degrades slightly at lower energies
due to enerpy loss in the ccil material (1.36
radiation lengths). The phcoton detection effi-
ciency of the LA barrel modules has been measured
in the decays ¢ + 7 1 and ¥ = Wt ©, where
one observed ¥ is used to determine the position
of the other y by a 2C kinematical fit. The
result, shown in Fig. 2a, is in good agrecmeat
with a Monte Carlo calculaticn simulating the
electromagnetic shower deveio]ment.’ This effi-
ciency, combined with the geometric acceptance of
the LA system (64%) and the known branching ratios
to photons, then translates into detection effi-
ciencies for w© and n® (Fig. 2b).
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Fig. 2. Efficiency for detecting (a)
photons (not including geometrical
acceptance) and (b) @ and -© via their
vv deczy. The curves represent Monte
Carlo prediccions.

Muons are detected in two layers of proportional
tubes interleaved with hadron absorbers on top
and bottom as weil as on the sides cf the detec-—
tor. The first lavers have a threshold momentum
of 700 MeV/c, the second of ! GeVic. The detec-
ter officiency for momenta above threshold is
298%, the prebability that a pien is misidentified
as a ¢ is 4% at 700 MeV/c, 114 at ¢00 MeV/c and

2% above 1 GeV/e.

Above 300 MeV/c electrons are seporated from
hadrons by a series of cets in the total energy
depusition and the traasverse and longitudinal
shower develvpmen:z. The probabiliry that a pion
is misidentified as an eleccron decreases with
energy, it is 7% below 500 MeV/c¢, 4% at 600 MeV/c,
and 2% at 80U MeV/e.

(6) The standard trigger® requires at least one charged
particle to be within the central 75% of the solid
angle and a second charged track co be within 85%
of the 4m sterad. Up to now, totally neutral
final ~tates have not been recorded.

(7) The luminpsity 1s wonitored by two pairs of small
counters measuring Bhabha scattering at 25 mrad,
it is checked against wide angle Bhabha events in
“he central detector.

The data analysis constructs tracks and vertices from
the raw data and selects four classes of events corre-
sponding to thc reactions ete™ + hadrons, efe™ + T,
ete” + utu™, and efe” » efe”. A hadronic event is
required to have 3 or more tracks or 2 tracks that sre
acoplanar to the beam by more than 20°. Background due
to bean-gas interaction is measured from longitudinal
distribution of the reconstructed vertices.

Measurement of the branching Fractina {or ooty

The cxistence of a new charged heavy lepton, T,
was first su;;;;esced9 to explain the presence of events
in which the only detected particles were an electron
and a8 muon of opposite charge. 7“he experimental
evidence accumulated since that time strongly
supports this interpretation and there now exlsts a
coherent picture of the 1 as a sequential heavy lepton
with a light or massless neutrino which couples via the
conventional V-A weak current.!9 1In addition, there
are several preclse measurements of the 1 mass and
branehing ratios for leptonic and some hadrenic decays.)!
The Mark II group has measured the branching ratio for
the decay 1™ + p7v,. This decay!3? 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 1s aimed at events of the following
topology:

+ - + -
e e —_— T 1

which results in two charged particles and two photons
from m° decay in the detector. R~ represents either
an electron or a muon which helps to provide a clean
signature for r-pair prodv:tion., Selrcted events have
two opposicely 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

€, > 100 MeV. For events with a two photon invariant
mass (Fig. 3) compatible with a 1°, the phaton energies
are adjusted by a one constraint fit. The resulting
mass spectrum of the m*n® system is shown in Fig. 4.
The data can be fit to the sum of a smooth background
and a Breit-Wigner rcgonance. The fit vields a mass
%=0.77020.020 ¢eV/c® and a wideh I'=2.194*0.030
cev/c?, well compatible with the p¥ resonance para-
meters. Thnere are B85 events in the peak, 64pfe? and
21p%u*. The oner spectrum of the 85p? candidates

is shown in Fig. 5.
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Fig. 3. Two photon Invariant mass
spectrum fo: acoplanar two-prongs
with two photons. Events with one
identified lepton, e* or w¥, are
shaded.
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Fig. 4. n*n° invariant mass
spectrum in candidate events for
the decay t + eV
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Fig. 5. Distribution x, = (E - Enin)/
(Epax — Emin) for the 85 candidates for
T+ ov,
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The variable x, is defined as xa— (E-Enin}/(Epay ~ Enin)»
where E, is the energv of the ot, F.,..,, ard Spax are the
minimum and maximum energies for a ot produced in a <t
decay at a given beam energy. The data are in good
ap,rcer:mnt with a Monte Carlo simulation for the decay
T4 ptvg.

Background studies indicate that multihadrens con-
tribute only 4 cvents to rhe sample. The remainiag £1
events are genruine 7 decavs, of which we estizate c
thulmns from 1 "\1\’ and 1~ 4m to amount to 8.
and 2.6p%u® events. The cfficiencies for detectirg ce
and pu events have been found by Monte Carlo to be
Ene = 6.4% and €5, = 2.7%. In addition, 12.7%
events are lost doe to spurious photons.

In order to extr ct the T + p~v, hrauching r
fron the o*L? cvents, we need to know B{" =~ i" ., ..%
There are 95 ue cvents in the same data sample, {.c.,
events with an clectron, a muon, and no \etecrmi Photon.
The detection efficiency for these 1 dec o
12.1%, including the loss due to spurious photons. From
rhe corrected number of events and the total number of
11 palrs produced we obtain

BCr + 070 B+ + e"5 vy = 0.002 1 0.005
B(r +oTv) B(: + S v) = 0.033 20010 .

and

— =
Jecr - o v, 30 B+ uTY u) = 0.185 2 0.015

The errors quct~d 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
uncertalnties in the luminosity, the lepton identifica-
tion and radiative corrections in the initial state.

If we assume u-e universality in 1-decav, we
obtain

B(T + o-v.') = (20,5 & 4.1)%

B(T +e"y,v) = (18.5 £ L.5)%

B(T j 0 v,[)

B(vU +e v_v)
et

Thls result is in good agreement with a predict‘.onl"
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,!® yielding B(T -+ gv) =
{24 £ 9)%. The measurements presented here are based
an one quarter of the total data now avallab)e A
more thorough study of the leptonic decavs < vty eV
is underwav. Of particular interest i{s “he dJecay
v - Al o since it might help to estab <h the Aj as
a resonance. A preliminary measurement of the branching
ratio for T + Tv has been obtained, B(t+nv) = (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 Annihi]ation

Though the production of leptons and hadrons by
two-photon interaction in coll ding beam experlments
has generally been considered & background to the
dominant one-photon aomihilation process, lts im-
portance was pointed out by F. E. Low and athers!®
several years ago. The basic diagram in Fig. 6 shows
the annihilation of two nearly on-shell phatons pro-
ducing hadrons at small angles to the beam. The
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Fig. 6, Two photon annihilation
into hadrons in c*e™ collisions.

hadron system has charge conjugation C=+1 and angular
momentum J =0,2. Resonances like n, n', n., f° and Ay
can be produced directly; their production cross sections
are of fourth order in a but increase logarithmically
with the beam energy E,

~ -3 E _ LV (M
oy ~ (2t DM rl‘hw(inme 2) f(ZE)

where M is the mass of the state, J {ts spin, and f
gives the effective yy luminosity for a mass M at a
beam energy E.

The Mark II group has recently published evidence

for n*(958) production!’ in the reactlon
ete” o+ et nr(esm

where the n' is detected via its decay to 0%. The
final state e” and e~ are not detected. In the mean-
time, the high energy data sample has deen doubled and
the analysis has “een extended to include other
resonances. In the following, only details of the n'
measurement are given.

The events are selected by topnlogy; two oppositely
charged plons coming from the interaction region, and a
single photon with an enerpy 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 nmy state be less than 250 MeV/c and that the di-
plon system and y be coplanar te withii 0.35 rad with
respect to the beam. The contribut{on from lepton or
hadron pairs produced in two-photon interactions com-
bined with fake photons is suppressed by requiring the
w1 pair to have a transversc momentum oxceeding 50
M2V/c and an acopianarity anple of wmore than 0.05 rad.

The n*tn"y mass distribution far the remaining
events, given in Fig. 7, shows a clear peak at the n'
The resclution is dominated by the photon energy
measurenent. No cut has been wade ca the nr” invariant
mass, but 1t has been verified tha all events in the
n' mass region (defined as 0.90 < Mem < 1,05 GeV/c2:
are compatible with the formation of pP.

mass.

The distribution of the transverse momentum Py
and the rapldity v are shown in Fig. 8. The n' events
occur mainly at lov p, and their angular distribuction
is highly praked in the forward and backward direc-
tien. The rapldity distributicn is flat within the
detector acceptance of about -0.6 <y < 0.6. These
kinematical features are thase expected for n' produc-
tion by two-photon irnteractien. They are well risro-
duced by Monte Carlo generated events for the sarz
process, !® Background iroa e*e” annihilation has been
studied using cvencs that pass all the above selectlon
criceria but have additional charesed tracks or photons.
There i{s no peax in the ra”"v mass and the p‘ distri-
butien cxtends well beyond 200 MeV/e.
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Fig. 7. Invariant n+"_\' mass 1n candidate
events for ete” - efe n'. The full histo-
gram contains all events, the high energy
data (E.q = 5.2 GeV, 6.0 < Egq < 7,4 GeV)
are dashed.
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The cross section for n' production is presented
in Fig. 9, usirg the branching ratio B(n' = oy) =
0.298 +0.017, From the two-photon cross section for
resonance formation, we determine the radiative width
of the n', Tvy(n‘) = 5.8*1.1 keV. The error is purely
statistical, the systematic uncertainties amount to
1252. Using the measured branching ratio B{(n' + vy) =
0.020 % 0.003, the total width is determined to be
Tior{n') = 290% 91 keV, in excellent agreement with the
only other measurement !9 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 sectionlé €or

Tyy = 6 keV.

There 1s considerable interest in the measurement
of T'yy(n').20 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 I'yy(n') ~ 6 keV. A recent
calculation?! based on vector meson dominance and
flavor SUj 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 %(3770) resonance, 22123 roughly 40 Mev/c2
(30 MeV/c2) above the threshold for DOD° (D*D™) pro-
duction butr below the threshcld for Dﬁ' production,
represents a source of kinematically well defined and
relatively background-free D-mesous. Precise knowledge
of the resonance parameters 1s useful both for compari-
son with the charmonium model of the y states?® 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 obtajned evidence for the existence
Cabibbo suppressed decays. lUnfortunately, a similar
resonance enhancement has not been found near the
threshald for F* meson pair production, and our know-
ledge of this third charmed meson remains very, very
limited.

o
-

The ¢(3770) Resonance

Figure 10a shows R, the ratio of the total cross
section rfor ete” annihilation into hadrons to the
theoretical cross section for muon pair production

Ouyr “‘n the cm energy Interva: from 3.67 GeV to 3.87

-5

s r_ i Caserced 4
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L

Fig. 10. The ratio of hadron produc-
tion to u-pair production near the
¥{3764) resonance {(a) observed, and

(b) radiatively corrected for the
¥(3095), ¥{3684) and 4{3764) resonances.
The curve represents the fit to the
daca.

GeV. The tH1~ pair production has been subtracted, and
radiative corrections have been applied for the con-
tinuum, but nct for the narrow resonances {3095},
${3684), and $(3770). The errors shown are purely
statistical. Partially obscured by the radiative tail
of the y'(3684) 1s an enhancement of about 2 units of
R near 3.77 GeV, the ¥(3770) resonance.22:23 Thisg
resonance 1s only 80 MeV/c? above the ¥(3684) but sub-
stantially broader.

In order to determine the exact mass M, the partial
width to electrons Tua, and the total width FtD[, the
energy dependence of R was fitted to a function that
desc.lbes the resonance shape and the dominant back-
groundsy it inciudes radiative corrections for the
T280nance itself, the nearby ¥(3684) and ¥(3095) and
*he continuum. The resonance is taken to be a non-
relativistic p~wave Breit-Wigner with an energy depend-

ent total wideh Tpo o (E )z
R - 1 3w ree Ttoc(Ecm)
(Eem? o W 7. .2
(Bop=M4rL (B )/
with
»3 p3
+ [+]
I (E da -————s 4 ——
toten Ty topy)? l+(rpo)z

The energy dependerce of I'voe accounts for the proximity
of_the DD thresholds and assumes equal production of
09D and D*D", apart from phase space factors. py and



refer to the momentum of the pair-produced D* and DO,
The width Feqp(Ecy) 1is normalized to
Trat = ‘tot (Eem=M) ac che peak of the resonance. The
parameter r is the intcraction radius taken to be 2.5
furmi for this analysis. While the resonance parameters
are found to he largely ioscnsitive to the exact value
of r, it does affect the charged-to-neutral decay frac-
tion in T by at most 5%.

P
respectively.

tot

The {ree parameters of the fit are ."ee, Teoes Mo
and R,. The best fit gives 32212 for 17 degrees of
freedom. On the basis of this [it 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:

M s 3763.7 & 5.1 Mev/c?
I o= 276 s 50 ev

ee
Tige = 23:5 ¢ 5.0 Mev

The crror on the mass is dominated by the 0.13% uncer-
taiaty in the energy calibraition of SPEAR. The Mark II
group was able to reprgduce the masses of the ¥ and ¢’
resonances to within 0.5 MeV/cZof the original values.Z$
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, l'Ee is rather sensitive to the shape of the
radiative tail of the ¢{3684) resonance.

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

utac(3.76-’o) = (9.3 £ 1.4) nb

After radiative corrections, this corresponds to &n
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). The
Tesults agree to within one standard deviation on
Tior+ the mass we obtain appears 6 MeV/c lower, and
the leptonic width measurements basically reflect the
difference 1in the raw data.

The parameters of the +(3770) are in excellent
agreement with theoretical predictions for the °D
state of charmonium.28 1In this framework, the D state
obtains most of its leptonic widrh by mixing with
the nearby 2°5) state, the v{3684). We obtain a mixing
arile of (20.3%2.8)°,

Tabie 1

Measurements of the y(3770) Parametera

2 fe2 2
Experiment | Mass (MeV/c®) l'tct(HeV/c ) l'ee(evlc )]
Lok 22 3772 ¢+ 6 28¢5 345 + 85
DELCO 2? 3770 + 6 24 5 180 * 60
Mark 1T 3764 ¢ 5 l 2, %5 276 + 50

e

D-Meson Decays

The ¢(3770) resonance provides a rich source of
kinemarically well-defined and reiatively background
free D-mesons. During 6 weeks of rumning, the Mark IT
recorded a sample of 49,000 hadronic events corresponding
to a total luminosity of 2850 nb~! at a fixed energy of
3.771 GeV. At this energy the total hadronic cross
sect{on corrected for non-resonant contributions amounts
to 6.8B5:1.42 nb. 1In order to obtain the inclusive D¥
and D° (D°) cross section, we need two assumptions:
(1) tiie ${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 sectlons at 3,771 GeV are
+

1.0 nb

+ 1,2 nb .

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

Since the momentum p {s small (~280 MeV/e), M 1s deter-
mined five to ter. times more precisely than from &
direct measurement. The results of this technique,
given in Figs. 1l and 12, show clear signals for five
decay modes of the D° and four decay modes of the D¥,
1nc1ud1n§ the previously unrecorted modes for D° - ROr,
D* ~ R pFats™ and D* » K n®a®,  The widths of about

3 MeV/<2 are consistent with the expected experimental
resolution. 7n Table 11 the branching ratios are
presented wusing the observed number of events and the
detection efficiency for each mode combined with the
inclusive production cross section for D€ (DO) anq D*.
The results are in good agreemunt with the first
measurement by Mark 1.27 The observation of the decay
DO + K®1° at roughly the same rate as D° + K"a% con-
tradicts the standard theoretical predictions, in
particular coloT suppression.? Unfortunately, the
test of other predictions by the same concept depends
on the rather diffizult extraction of relative resonance
contributions to th.ee-body decays, like DO » X~p* and
DO + kK*0n® {n D° + K™=*r,” On the other hand, color
selection rules can easily be weakened by the emission
or absorption of soft gluons,2?

Cabibbo Suppressed Decazs”

The standard GIM model?? favors the ¢ «+ s quark
coupling over the ¢ «+ d coupling as illustrated far
DO decays in Fig. 13. The angle 84 1s the familiar
Cabibba angle measured in strange particle decay, 6=13°,
while the angle 6p can be thought of as a Cabibbo angle
for charmed particle decay. Both angles can be mea-
svred in D%-decay via the ratios
T(° + "nﬂ
re® ~ ¥ h

2

tan BA = 2

o -+
r(p” +KK) canle

r° - k"

Assuming 6, =0pg and SUj invariance, one prealcta
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Fig. 11. Hass spectra for various decay modes of the D°(0°) (a-c),

and the DY(D™) meson (d-£).
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Fig. 12. Mass spectra for the decays
(a) D° + K, n°, () D° = Kn"2? and
(e) D* » Kgnta0.

Table I1

D-Meson Branching Ratios

Mark 127
Mode ## Events € BR(X) BR(Z)
conb, M
Ket 271+ 17 |0.436 | 2.8 0.5 [ 2.2+0.6 " FA
8o 9+3 [o0.021 { 2.1 0.9 3 coabe . el
o + - 3 3 K
ROntn 39+7 [0.064 | 2.7 0.7 | 4.021.3
- |
Ka¥a° 37¢9 |0.028 | 6.3 £2.2 [12.0¢6.0 o w
+ + W' i~
Knteln 197416 [0.133 | 6.7 21.4 | 3.2:1,1 . st . {b)
L 9+4 (0.52 | 0.0920.04 * 3 05X
'y 22:5 |0.37 | 0.3120.09 costa
w* i

®°q* 37¢7 |0.10 | 2.1 0.5 | 1.5:0.6 . i inda P fe)
- o =
Kntet 251+17 [0.28 [ 5.2 t1.0 | 3.9:1.0 e R

T FLL YL
ROnt® 94 |0.004 [16.4 *9.5
o4 - Fig. 13. Quark diagrams for D°
Knnmm 22%7 0,025 5.1 2.0 decays to two charged particles,
Katatate | 523.5)0.0a1 < 2.0%
et 63 |0.07 | 0.5 t0.27

* 90% confidence limit.



Phase-gpace corrections raise the Eat

rate by 8%.

tanZ8 =0.05.
by 7% and lower the KK

The two-body D° decavs are identified in two steps.
First, the pair of oppositely charged particles is
required to have a total romentum 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
u‘w+, K_n+. and Kkt pairs identified by time-of~Flight
are evaluated, Flg. l4. Correctly identified decays
appear near the D° mass, 1863 NEV/Cz, while pairs with
one particle misidentified appear 120 MeV/c? below or
above the D° mass. The doninanc*mnde is K==t as ex—
pected, but there is a clear K'K™ signal, and excess of
a few n'r eventsover the background. A maximum likeli-
hood technique and Possfon statistics is used to fit
the data and estilmate the backgrounds displayed as
smooth curves in Fig. 14. The fit gives 235: (6 Kt
decays, 22¢5 KKT decays, and 9.3% 1.9 nat decays.
The probability that the ="n" signal is purely a
statistical fluctuation of the background is 8x 10’3.
Introducing the relative efficiencies gives (D% a*n)/
F(DO+K™r*) = 0.03320.015 and T(D%= & K /7 (DO+K n¥)
= 0.113: 0,030, where the quoted errors include esti-
mates of systematic errors that are dominated by the
uncertainty in the background subtrec:ion. A similar
analysis has been carried out for D~ decays. The
measurement is limited by the poorer statistics; we
obtain r(b*~KOK¥)/r(D*+RO:*) = 0.24:0.16 and
r(p*+ 2%s*) /1 (D* » RO2*) < 0.2. The resvlts show that
Cabibbo suppressed decays of charmed particles exist,
and that they have the expected magnitude. For the ik
decay, the n¥n~ rate is lower than expected by one
standard deviation, and the KK~ rate is two standard
deviations higher, which makes the interpretation
difficule,30

EVENTS/20 Mevac 2}

293

Fig. l4. Invariant mass of two
particle combinations with mocenta
within 30 MeV/c of the expccted D°
mementum.
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Inclusive Studies of D-Meson Decay

The simple nature of the DD final state in $(3770)
decays allows for inclusive studies of D decays. The
K1 and K™n*n*n~ decay modes are used to tag DOB°
events, the K ntnt mode taps D*D”™ events. These three
decay modes have sufficiently large acceptance to be
detected with reasonably small background. We observe
283 K™n* decays with a background of 17 £ 2 events,

211 Kbty decays including 31 %3 background events
an. 290 K-n*nt decays with 33+ 2 background,

The observed charged multiplicity distributions
corrected for background events, are shown in Fig. 1S.
No attempt has been made to identify neutral kaons so
that a Kg decaying to two charged picns 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 pb° and DYp”
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 particlea. The
average multiplicities are
>° .14

2.46

(nch

2.16 * 0,16

+
(nch>

An earlier measyrement by the LGW group31yielded<nch>=
2.3 0.3. The numbers quoted include systematic errors
due to uncertainties in the unfold and the background
estimates. The statistical model3? predicrts somewhat
higher charged multiplicities, typically 2.7.

CHARGED MULTIPLICITY IN 0-DECAY

TTT TV T
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0246 0226 1357
. CHARGED MULTIPLICITY s
Fig. 15. Observ~d (s-c) and pro~

duced (d-f} multiplicity distribu-
tions for D-decays meaiured aa re-
coils against DO + K™n", DO +
K-rtn¥n= and DF » K-n*xb.  Errars
are statistical only.

D-w2sons are expected to decay dominantly into
final states including one kaon. The kaon contents of
D decsys is measured by counting the charged and neutral
kaons in the recoil system of tagged events. Charged
kaong are identified by thelr 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 II1., We distinguish between the rates for kaons



Table IIT

Measurement of {nclusive kaon and clectron rates from decavs of D-mesons.

The

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

given in the last colummn.

# of Tagged BR(%) BR(%)
Hode Events Counts Background Ohserved Correcred
[N 446 ¢ 23 1 5.1: 1.2 56.0 ¢ 5.6 5145
Y 20 5.8t 1.3 7.9+ 2.6
- x° 15 5.1 ¢ 0.5 20.% ¢ 8.5 1748
+ no K 25« 11
.k 257 ¢ 18 2t 2.2+ 0.7 17,0+ 4. 16 s 4
'Y 11 65t 1.6 5.6 2.9
- x° 13 3.5 £ 0.6 44.0 2 15.0 38 + 13
< no K 4+ 16
D + et 775 + 30 1 9.8 % 3.0
ot ot 295 + 18 38 15.0 £ 1.0 1)
15.8 ¢ 5.3
- e 4 3.9+ 0.5
p° - ¢t 480 ¢+ 23 % 1901 1.0
5.2 £ 3.1
+ e 19 2.0+ 1.0 |}
of different charge. 'Right-sign’ kaons are of opnosite D. The r.sults are presented in Table IT1. The

charge compared toe the kaon in the observed D-decays,
'wrong-sign' kaons have the same charge as the kuon in
the obscrved D decav. 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
addit’~ns . charged particles to conserve charge, this
decay is inhibited and one expects perhaps three times
as many neutral kaens as charged kaons in D® decays.3?
Unfortunately, the low detection efficiency for Kg pre-
vents a sufficiently accurate measurement to test this
hypothesis, but the data are consistent with an en-
hanced K® rate. 1f one corrects the observed rates for
doubli -ounting due to contributions from Cabibbo
SUppre: 1 de~avs containing more than one kacn, one
can estima.e tue 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 tan‘g, = 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
II1. On the other hand, if we use the measured rates
to ‘wrong-sign' kaons, to derive a suppression factor
of 0.1540.06, we obtain estimates af (311 17)% and
(44 + 21)% for the decay to non-strange particles. In
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-
mert with a previoys neasurement . 3

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

principle preblem in this measurement, apart from the
limited statistics, is the background in the clectron
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 abeve the background, we ohtain 0.1+ 2.0 for
the D decay and 7z 4.5 far the D° decavs,  The -~bserved
lepronic branching ratio for bF oxcoerds that of the n°
by two standard deviations. If we accept the hasic
prediction that (DY » e*) = (0 » ¢*), we can determine
the ratio of the lifetimes fruam

+.
EICHENS) -

+
B(D® » &) X

X
o

i.e., the leptonic branching ratios are a measure of the
relative particie lifetimes. The results obtalned here
are suggestive, but not precise enouph to infer a

difi :rence in lifetimes. Such a difierence is not
totally unexper[pd}" Since the Cabibbo favored non-~
leptonic decavs arc AIZ= | transitions, the n* cecays
mainly into I = 3/2 states, whoreas the D° can decayv

to both T=3/2 ané 1=1/2 srates. The hadronic rates
should ebey the inequality (up to [anzﬂc)

+ L% )
0 <« Lmrzhiﬂmwmﬂ 3
T » R + 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 1s basel on in-
clusive n production above 4.0 GeV and on 6 events at
4, la GeV which can be fit to the hypothESIS of elther an
FF* or F*F* final state.35 The decay F* - Fy 1s ob-
secved. The mass is measured to be 2039 & 60 Mev/cz,
where the error comes mostiy from the ambiguity of the
final state. The only explicity observed decay mode
is F* » no.

The Mark I1 group has anaiyzed hadronic events
recorded above 4.0 CeV, in particular runs at 4.16 GeV
and 4.42 GeV. Manv different decay mades nave been
tried, but no eonvincing signal was found so far.
particular, inclusive n-production and the decay
F! + n7* have been investipated. Fipure lba shows the
invariant mass of two photons at 4.42 GeV. 1p order
to reduce background frem nofse in the 1\ system we
reguire Ey > 180 MeV. Events in this plot are furcher
selected by requiring that the momentum of one charged
pion as well as the romvntum of the two-photon system
exceed 300 MeV/c. There is a dominant n° sipgnal, but
no evidence for the production of 2° above the
background from uncorrelated photons in the event. If
we construin 311 2y systems with an myy 1n the region
450-650 MeV/c“ to have the mass of the n®, and then
form the invarfant nr! mass, we obtain the distributions
in Fip. 16b,c. There is no signal around 2 GeV.
Asscming a smooth background, we use these distributrions
to cc¢t upper limits on F* production. The detection
efficiency is derived by Monte Carlo simularion for the
The results are given 1n “-ble

In

-

were derived in a similar fashion. These limits are
still compa:ible with the DASP measurement of
o+ B(F* + nr¥) = 0.61+0.18 nd.

fEcm 382 G ia) [ (0! €y 9.16 Gev
392 I”
i ty :
T \ UL
oy Loy M,
E = YT
g 200 ( § ) PG LT
< : \ & e B rdazoe
E N ] A a
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< I ] !
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i lfL_h : 2. {* +
LS ! + + {
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e MASS {yy) {Gev?) MASS (2] (Gewc?)
Fig. 16. Limits on inclusive F meson production

{a) Two phkoton invariant nmass for multihadron final
states at 4.1 GeV. The dashed line indicates the

n sigaa] corresponding to the inclusive o rate

Invariant ar- mass distributions

() 4.42 GeV.

ured by DASP.
(b) 4.16 Gev,

Table 1V

Upper Limits on Inclusive F Production

(Preliminary)
Limit on
Mode Energy Efficiency (95% CL)
g x Bk
(GeV) (%) (nb)
tz0 -
KK 4.16 5.8 0.13
4.42 5.8 0.22
N
n 4.16 3.1 0.33
447 4.5 0.26

Inclusive Barvon Production

inclusive production of protoas
is

A measurement of Lne
and A hyperons, though imporcant in its own right,
of particular interest as a test for charmed haryon
production in ete™ annihilation. Since charmed baryons
ate expected to decay to nuclrons and hyperons, their
production threshold should give rise to an increase in
the number of protons and A hyperons.

The analysis®® is bascd or all mulcihadroa events
avallable outside the narrew resonances. TOF and
momentum measurement are used te identify anriprotons
up t: 2 Gev':. In this inclusive measurement protons
are excluded, avoiding substantial beam-gas background,
The p detection cfficiency is estimated from a Monte
Carlo mndel with antiprotons generated according to the
invariant cross section E/4npZ + da/dp ~ e PE, where E
is the energy, p is the momentum of the ¢, and b is an
adjustable slope. A second nucleon and several piong
are added accarding to the remaining phase space.

After adjustment of the slop2 b and the mean particle
multiplicity at each cm energv, 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 § 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 & hyperans are identiffed by pw and Br+
decay modes. With a rms resolution of 3 MeV and a
signal to background ratio of 4:1 or better. The
detection efficiency is dectermined by the same Monte
Carlo model as for antiprotons, it ranges Erom )0Z at
3.67 GeV to i3%Z 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 eross section to
the u—paxr cross section as a function of cm energy,
R(p+3) = 2-a(f}/ oy, and R(A+R) = [g(A) +a(B) Vey,.
All errors are statistical; cthe estimated systematic
errors of #17% for p, and *27% for A are dominated by
the uncertainties in the production process. The ata
confirm the rise in both R(p+p) and R(A+A) between
4.6 GeV and 5.2 GeV., The measurement of R(p+p) 1is
consistent with previous experiments,3€+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) = 0.3920.05 and 8R(A+R) =
0,10 + 0,03 {ndicates that charmed baryon production

-10-
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Fig. 17. 1Inclusive laryon produc-
tion versus cm energy: (a) ratio
of inclusive protor and antiprotan
to u-pair production, R(p+p) =
2¢(p)/oyy and (b) inclusive A and
A productior. to w-pair production,
R(A+K) = [e(A) +o(M) /oy, Errurs
‘are statistical only.

amounts to roughly 20%Z 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 {ndicates that weak decavs
of charmed bar)ans projuce preferentially p, n or £
and not A or IY

Observation of Charmed Baryon Decay

1f 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 searck 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~™! 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
pKr combinations of varlous charge, strangeness, ant
baryon number having a recoil mass of more than 2.2
GeV/c“. A narrow peak of &l events over a background
of I8 events is observed in the sum cf the pK™n* and
PR distributlons, while pK v~ and PK n* combinations
as well as t' *: charge conjugates do not show any
narrow enhancements. The signal represents at least
a 5g effect, it is observed with roughly equal strength
in the pK~ w* and pKtn~ state. The peak is centered at
2.285¢ 2 HeV/c the observed widch of 72 1,5 MeV/cl
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/c2 The uncertalinty
in the magnetic fleld was Found to effect the mass by
less than 2 MeV/cZ. A 207 error in the encrgy loss
correction for protons and antiproton contributes at
most 3 HEV/cZ. Furthermore, as an absolute calibration,
the measured KO mass agrees with the world average to

Fig. 18. Secarch for c¢harned Larvon
praduction. Invariant for (a)
pK™n* and BX () pete, pRbrt,
and f\K‘v"', o (¢) same as (a)
in 10 deVic 5. The vecol! rass
is required to exce 2.2 GeW/

within 0.5 Mev/c. The D mass varies by 3 Me¥/c? in
data sets recorded months apart at different energies.
We assign t4 MeV/c® as an upper limit for errors due to
misalignment of the wire chamburs and other geometric
cffects.

4 -
B T'r" have been

Other decav rodes iike pK?,
4 .
K7™ mode., We

searched for in the same wav as
observe 1T events ahbove a backgrn% d of 9 events in che
pKg and pKg channel in a 20 MeV/c~ wide mass interval
centerad at 2290 MeV/c. No such signal 1s present in
the pi~ channel, though the detection efficiency is
estimated to be five times larger than for pR°

17 the observed state is produced in pairs of equal
nass then {ts encroy shouid equal Ey, the energy of the
beam, aid its mass can be calculated as My = (E& - pz)‘.
where p {s the measured momentur of Lthe state. “In Fig.
19 this mass M, is plotted for pX Tt PKg, t~* and their
charged conjugates. From the pK7® data we conclude that
(25+10)% of the total of 41 events are associated with
an equal mass recoil, while rhe rest of the events are
recoiling against higher mass systens.39 The other modes
show a few events at 2.285 GeV/c“, above a very small
backgrourd. An analysis of the pKv Dalitz plot taking
into account the background under the peak vields
resonance contrilbutions nf (12 7)% for che K*(890) and
(17 ¢ D% for a7(1236) .

The mass, the narvow widch, the cvidence for
assoclated production)and the quantum numbers of che
observed state suggest that the observed signal ran be
associated with the lowest mass chacmed baryon, Bresuma~
bly the isosinglet Fa, often referred to as Ac
Evidence for tae existence of suﬂh a state was first
observed in the BNL bubble chamber,*! and has since been
confirmed in photoproductien,? ‘nlv ractions,¥3 and 1t
the CERN ISR.”" Mest of these experiments report nasses
near 2.26 GeV/c2, some with surprisingly small errors.

estimates for the detection
efficiency of (15¢3)% for the pKm mode, the signal
corresponds te a cross secticn times branching rario of
0.032:0.011 nb at 5,2 CeV. The inclusive p production

Using Monte Carlo
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Fig. 19. Test on the reaction
ete™ + where the particle X¥
decays to (a) pK'nT or pK*n~, (1)
pKg or PKg and (c) Ant or Re,
The dashed curve in (a) marks
the estimated background.

rate can be used to devrive an estimate of the absolute
branching ratio for the observed 'pl(""n' mode, under the
following assumptions:

(1) The step 4R(p) =0.15+0.03 is entirely due to the
onset of pair production of charmed baryons.,¥§

{2) All charmed baryons produced cascade down to the
observed C} state.

(3) The Cs decays to a proton {as opposed to a neut:on)

with a brauching ratic of 0.6+0.1.
Thus, we have

SR(p)

ofete” + C;) = —
B(Cy + p)

vy

anda(ete” - cg + anything) = 0.8+0.2 nb. Consequently,
the absolute branching ratio is

r(ct - pKrH)
_ - pKm
B(CZ + pK 1."') a9 - .

T (2.0£0.8)%
T(Cy + all)

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

Conclusions

Using large data samples recorded over the full
energy tange of the ¢*~" storage ring SPEAR, the SLAC-
LBL collaboration has exp’nited the impraoved resolurion
and particle identificatien of the Mark II detector to
study particle production and decay in more detail than
previous -xperiments:

The more accurate measurements of . branching
ratios for the decavs T+ ov, T+ Ty, and T+ 2uv
confirm the Interpretation of the ¢ as a sequen—
tial heavy lepton and support the CVC hypothesis
for the p* coupling.

{1

The measurement of the widch of the n'(958) macks
the beginning of a new field of experimental
physics: hadron production by scattering of photons
on photonrs. This will certainly be explored at
higher cnergies accessible by the new machines,
PETRA“7 and PEP.

2)

(3) Detailed studies of D-meson decay have not revealed
any serious disagreement with the standard theoreti-
cal predicilons, though there are several, poassibly
interesting effects at the level of 2-7 standard
deviations. Considerably more data are needed ta
resolve any of these questions by a detailed com-
parison of branching ratios for different decay
modes.

(4) The Mark II data do not confirm the existence of
the F~ meson, the upper limit of 0.26 nb for
a(ete” + F!) B(F* ~ nm?) 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.

There is now clear evidence for the production of
charmed baryons in ete~ annihilation above 5 GeV
cm enerpgy. The branching ratio of 2% for the
decay C§ = pK™n” s rather small.

(5)

In conclusion, in only 12 months of data taking,
the Mark 11 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
charmgd particles with high accuracy, and to establish
the F~ meson and other charmed baryons. The answers
to some of the open questions way improve our under-
standing of the weak hadronic currents in general,
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