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I. INTRODUCTION

In this talk we will present some recent experimental results on
charmed particles produced in eTe™ annihilation. These results have
been obtained with the SLAC-LBL magnetic detector MARK I at SPEAR.
The detector is shown in Fig. 1.

We will first discuss in Section II some new properties of the
charmed mesons D° and DY. We have studied them at the c.m. energy
of 3.772 GeV where D® and D' are copiously produced in the decay
products of the resonance ¥(3772) (see Fig. 2 for a plot of
R = Opad/ouy showing the Y(3772) resonance). In Section III we will
present some preliminary results on a search for the charmed meson
F in ete” » - These results have been obtained at a c.m. ener-
gy of 4.161 GeV (see Fig. 2). Finally, in order to find an indica-
tion of production of charmed baryons we will look (Section IV) in
the inclusive yields of antiprotons and of lambdas as a function of
the c.m. energy (see Fig. 2).

Charmed particle decays involving leptons among the decay pro-
ducts will not be discussed here because they are presented by P.
Lecomte and W. Slater at this conference. The results presented
here are based on data collections obtained by two different collab-
orations using the MARK I detector: the SLAC-LBL collaborationt (ex-
periment SP17, 1974 until June 1976), and the SLAC-LBL-Hawaii-North-
western-Stanford collaboration? (experiment SP26, July 1976 until
June 1977).

II. SOME PROPERTIES OF D° AND D+ MESONS

Properties of D mesons were studied in events produced at the
¥(3772) resonance. The c.m. energy 3.772 GeV is slightly above the
thresholds of 3.726 GeV for ete™ DODO and of 3.736 GeV for ete™ -
DiD'. On the other hand the ¥(3772) lies below the thresholds of
DD* (3.869 GeV) and DDT (3.861 GeV) production. Thus in the region
of the y(3772) resonance, D mesons can only be produced in the re-
action ete™ > DD. The results given in this section are based on
the analysis of about 25,000 hadronic events collected at Ec g, *®
3.772 GeV with an integrated luminosity of 1.14 pb‘l.

A. MASSES OF D° AND DT

In the reaction ete™ - Dﬁ, two D mesons of equal masses are pro-
duced and therefore the energy of each D meson equals the beam ener-
gy By = % Eq.p.. The mass of the D meson can be calculated as

M= Ebz-—pz (1)

*Work supported by the Department of Energy.
tFellow of Deutsche Forschungsgemeinschaft,
(Invited talk given at the 1977 Meeting of the Division of Particles
and Fields of the American Physical Society, Argonne, Illinois, October 6-8, 1977.)
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where p is the momentum of the decay products. The beam energy is
known very accurately; it has an rms spread of about 1 MeV which is
due to quantum fluctuations in synchrotron radiation. For DD pro-
duction at E; p.,= 3.772 GeV the momentum p of the decay products is
sma¥l compared to Eb(p2 > 0.080 Gev? compared to Eb ~ 3.557 Gev2).
Therefore the uncertainty in the measured value of p has only a
small effect on the uncertainty of the mass M. We measure M with an
rms resolution of about 3 MeV. This resolution is a factor of 5 to
10 better than in the case when the D energy is not constrained to
the beam energy. ,

In the MARK I detzctor charged kaons are identified by time-of-
flight measurements>> Neutral kaons decaying into wtm~ are iden-
tified by measurement of the mtn~ invariant mass, reconstruction of
the m'm vertex and by appropriate cuts on the vertex position.5
For each particle combination, with a particle type assigned to each
track, we require that the total energy E of the combination agrees
with Ep, to within 50 MeV. The invariant mass is then calculated
from equ. (1) using the constraint E = E.

Fig. 3 shows the distribution of the invariant masses for five
different decay modes of charged and neutral D mesons. FEach of the
five decay modes shows a clear D signal due to the reactions ete™ >
DDO or ete™ - D'D”. The mass difference between D' and D° of about
5 MeV is clearly visible. The following mass values for the D° and
Dt were obtained by a fit to the sum of all observed modes (see Fig.
4)

M (D) = 1863.3 + 0.9 MeV,

and M (D*) = 1868.3 + 0.9 MeV.
The quoted uncertainties in the mass determination include statisti-
cal contributions (0.4 MeV) and systematics due to the momentum cal-
ibration (0.5 MeV) and the long term stability of the beam energy
(0.5 MeV). Since the uncertainty due to the absolute energy cali-
bration of SPEAR (2.4 MeV) is not included in the quoted errors, the
D mass values are relative to the mass 3095.0 MeV of the . The
Dt - D° mass difference is determined more accurately than the indi-
vidual D masses because several systematic errors cancel when calcu-
lating the difference. We find M(DY) - M(D°) = 5.0 + 0.8 MeV. Dif-
ferent theoretical estimates vary between 2 and 15 MeV.

Using previous measurements from Refs. 7,8 we obtain for the D*
masses:

M (D*©) = 2006.0 + 1.5 MeV,
M (D*+) = 2008.6 + 1.0 MeV,

and a mass difference of M(D*T) - M(D*®) = 2.6 + 1.8 MeV. Thus all
D and D* masses are known with an uncertainty of 1.5 MeV or less.

The decay mode D° - K~1t1° has been observed? in events at

3.772 GeV c.m. energy where the m° - yy decay was detected in the
"lead glass wall" of the MARK I detector (see Fig. 1). The mass dis-
tribution in Fig. 5 shows a signal of 7.3 events above an estimated

background of 1.7 events at the mass of the DO.

For each of the observed D° and DV decay modes the product o*B
is given in Table I where ¢ is the inclusive cross section for pro-
duction of the corresponding D and D at 3.772 GeV and B is the cor-
rgsgondlng branching ratio (e.g.o(D°,D°)+B(DO>K ™ nt) for the mode
K 7m).
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TABLE I Inclusive cross section times branching ratio, o ¢ B, and
absolute branching ratio B for various hadronic D decay
- modes at 3.772 GeV c.m. energy. Charge conjugated modes
are included.

decay mode o+ B B

(nb) (%)
p° » knt 0.25 + 0.05 2.2 + 0.6
Komtn— | 0.46 + 0.12 4.0 + 1.3
K-nhnta— 0.36 + 0.10 3.2 + 1.1

K™ ntn0 1.4 + 0.6 12 +6

o > Kot | .0.14 + 0.05 1.5 + 0.6
Kmm 0.36 + 0.05 3.9 % 1.0

B. ABSOLUTE BRANCHING RATIOS FOR D DECAYS

Analysis of production and decay of D mesons at the ¥(3772) al-
lows a determination of absolute branching ratios for D decays. We
use the measured values of o * B at the ¥(3772) given in Table I for
each observed decay mode, and the total cross section 0 at the
¥{3772). 1In addition we make two reasonable assumptions to derive
the inclusive cross sections o(D°,D°) and o(D*,D”) from the total
cross section of the Y(3772):

a) The Y(3772) decays completely into DD pairs. This assumption
can explain the observation that the total width of the V(3772) is
about 100 times larger than the total width of the ¥'(28 £ 5 MeV
compared to 228 + 56 keV) because the Y(3772) is energetically
above the DD threshold while the ¢' is lying below it.
b) The ¥(3772) is a state of definite isospin, either 0 or 1, which
are the only possible values for the decay into a DD pair. ,
After phase space corrections for the different masses of D°
and DT we find B(¥(3772) - D°DP°) = 0.56 + 0.03, B(w(3772)_j-D+D—) =
0.44 + 0.03, and the inclusive D, D cross sections o(D°, D°) =
11.5 ¥ 2.5 nb, o(D*, D7) = 9.1 + 2.0 nb at E, , = 3.772 Gev.1!

Using these cross sections the absolute branching ratios for D
decays given in Table I are obtained. It should be noted that only
about 20% of the D° decays and about 5% of the D+ decays have been
accounted for in Table I. Except for semileptonic decays12 the un-
identified decays have not been detected so far.

III. SEARCH FOR F MESONS

While production of D mesons in ete” annihilation has been ob-
served for more than a year in several experiments, production of
the strange charmed meson F has not been conclusively established so
far. The F', a cs isosinglet, may decay into n + pions or n'+ pions
or KK + piomns. %

Some evidence for the production of F and F~ has been reported
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recently13 by the DASP group who found 5 events at a c.m. energy of

4.4 GeV. These events show the subsequent deca cays F* > Fy and F-onm,

and they fit both hypotheses ete™ » FF and F*F*. The F mass was

determined to be 2039 + 60 MeV, the F* mass 2140 + 60 MeV.

- ¥n this section we discuss some preliminary results on the
search for F production in the MARK I data. At a c.m. energy of
4,161 GeV we studied about 16,000 hadronic events with 3 or more
prongs, collected with an integrated luminosity of 830 nb~1l. The
MARK 1 detector identifies charged kaons in a relatively large solid
angle (about 60% of 4w) with good /K separation (better than 3
standard deviations for momenta up to 800 MeV). The technique to
identify neutral kaons has been described in Section II for the case
of the D mesons. The energy of the F meson was constrained to the
beam energy by the same technique which was used for D mesons. This
results in a mass resolution of about 3 MeV. We selected particle
combinations for which the measured energy equals the beam energy
within 60 MeV. _

The following particle combinations KK + pions were observed
(with an estimated value for the acceptance given in parentheses):
K+K'n— (about 15% acceptance), KK r T n (about 57 acceptance) and
kKo (about 5% acceptance). All other combinations involving KK +
pions have an acceptance of less than 27 and will not be considered
here. Each of the above three decay modes shows some events above
background at an invariant mass of about 2040 MeV.

Fig. 6(a) glves the combined distribution for the modes K+K'ﬂ‘
K'K“ntr—7% and K*K®., 1In the mass range 2036-2044 MeV an accumula-
tion of 23 events is seen with a background of 7.3 events estimated
from the mass distribution outside the range 2036-2044 MeV. A con=
servative estimate for the significance of the observed enhancement
is obtained by applying binomial statistics to the whole mass dis-
tribution in Fig. 6(a).- The probability that an accumulation of 23
(or more) events at this mass is a statistical fluctuation dis about
2.107°, which corresponds to 5.0 standard deviations in binomial
statistics (or 4.1 standard deviations in gau551an statistics).

Since in the conventional quark model the F* meson is not allow-
ed to decay into K ", one would expect no signal in the K+K*
mass distribution. Indeed, this distribution, shown in Fig. 6(b)
has no structure.

Next we want to show that though D* and D** mesons are produced
at a c.m. energy of 4,161 GeV, the observed s1gnal at 2040 MeV can-
not be due to decay of D* where one of the 7% in the decay products
of the D* is misidentified as K* by the time-of-flight system. A
simple calculation of the constrained mass M = VEbZ pZ  gives the
following results:

a) D* mesons produced in ete~ - DD~ show up as a sharp peak at a
nass M = 1868.3 MeV.

b) D* mesons produced in efe~ + ptp*~ or DTD* show up at M = 1939
MeV (if they are not decay products of the D7 ) or as a broad
bump in a mass range between 1923 and 1954 MeV (if they are de-
cay products of the ¥ ).

c) Dt mesons produced in ete™ > D D (with p* Dr) show up as a
broad bump in a mass range between 2008 and 2027 MeV.

Thus production of D and D* cannot fake a signal at 2040 MeV.
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A fit of Gaussian shape for the F meson, plus a comnstant back-
ground to the mass distribution in Fig. 6(a) results in a mass of
2039.5 + 1.0 MeV for the F. The error includes statistical and sys-
tematic effects as mentioned in the case of the D mesons. The rms
wid®h of about 3 MeV is consistent with the expected mass. resolution.

The following arguments show that the reaction ete™ » FIF- is
the only mechanism of F production which fits our data:

a) The F is produced in a two-body final state where the other par-
ticle has a small width (< 3 MeV), otherwise the plot of the con-
strained mass would not show a narrow peak.

b) The requirement IE - Ebl < 60 MeV for the energy E of the F ex-
cludes the reaction ete~ - F F .

We conclude that our preliminary results indicate F production in
ete™ + F'F™ at a c.m. energy of 4.161 GeV where the FT decays into
Krk-r—, KK-rtaat, KTK®. The signal has a probability of about
2.10° to be a statistical fluctuation. The analysis of these data
will be continued, but it is certain that new data are required be-
fore detailed questions concerning branching ratios or spin or par-
ity can be studied. :

IV. SEARCH FOR CHARMED BARYONS

Experimentally little is known about charmed baryons. The low-
est mass charmed baryon state is believed to be the A., a udc iso-
singlet. Among its possible decays are the modes: A + pions, I +
pions, pK + pioms. Quark model calculations predict a mass of about
2.25 GeV for the A.. .

Two experiments show evidence for the decay A¢> Attt or its
antistate KE + Ar~m~nt. The first experiment reports one bubble
chamber event interpreted as vp — U—Aﬂ+ﬂ+ﬂ+ﬂ—.l In this event the
AS = AQ rule is violated as expected for a charmed baryon decay.
One of the Antwtn™ combinations has a mass of 2.26 GeV. The other
evidence comes from a photoproduction experiment at high energies
where a clear mass peak at 2260 + 10 MeV with a width less that 75
MeV was found in the A mnt combination. It has been interpreted
as comin§ from A, decay.

In e7e~ annihilation no peak in invariant mass spectra corres-
ponding to charmed baryons has been observed so far. In this sec-
tion we report an indication of charmed baryon production in ete”
annihilation seen in the data of MARK I.16 This indication comes
from a sharp rise in the inclusive production of ordinary baryons
at c.m. energies between 4.4 and 5.0 GeV. _

We studied the inclusive cross section for production of p and

of A and A at c.m. energies between 4.0 and 7.8 GeV. The data
sample consists of about 280,000 hadronic events with 3 or more
prongs at c.m. energies between 4.0 and 7.8 GeV (integrated lumin-
osity 36 pbl). '

For the inclusive P cross section, the antiprotons were identi-
fied by the time-of-flight system which allows a separation between
protons and kaons of better than three standard deviations for mo-
menta less than 1.0 GeV. For larger momenta, corrections for parti-

cle misidentifications were applied. The inclusive nucleon cross
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section was determined for antiprotons only because beam-gas inter-
actions in the storage ring result in a large background for protons.
. In Fig. 7(a) the quantity R(p+p) = 20(p)/o _, is plotted where
the factor 2 is to account for protons. R(p+§%uincreases about a
facfor of two from a value of about 0.3 to 0.6 at c.m. energies be-
tween 4.4 and 5.0 GeV.Such a rise in the p+p yield can be explained
by production of charmed baryons since they decay into ordinary bar-
yons like nucleons and lambdas. 1In fact, the thresholds for the
production of the lowest mass charmed baryons Ache, Zole, Icly s
Z: I* ) are expected to lie between 4.5 and 5 GeV.

fo identify A and A, pm and Bﬁ+ combinations were selected us-
ing the time-of-flight. The A vertex was reconstructed and appro-
priate cuts on its position were applied. The amount of A and A
was then determined from the invariant mass distribution. About
1050 A and A were found at c.m. energies above 4 GeV. The quantity
R(A+A) = o(A, A)/S. is shown in Fig. 7(b) as a function of the c.m.
energy. The larger errors in the A + 1 vield make it impossible to
establish its detailed energy dependence, but Figs. 7(a,b) show that
R(A+A) is about 10% to 15% of R(p+p) at all energies.

Thus, if the rise in the D yield is explained by the onset of
charmed baryon production between 4.4 and 5.0 GeV c.m. energy, the
small ratio of A+A/p+p indicates that charmed baryons are less like-
ly to decay into final states containing lambdas than final states
containing nucleons and kaons.
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