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We report results on inclusive production of the charmed baryon A,+ from e+e annihilations at
&s =10.5 GeV. Measurements are presented of the inclusive cross section times branching frac-
tion for the continuum production of A, as observed in six diff'erent decay modes, and of a new, im-
proved value of the A,+ mass. The inclusive cross section times the branching fraction into pK
is measured to be 10.0+1.5+1.5 pb summed over all x~. The branching fractions of A,+ into pK,
pK ~+~, Am. +, A~+~ m. +, and:- K+~+ relative to that into pK m+ are measured to be
0.44+0.07+0.05, 0.43+0. 12+0.04, 0. 18+0.03+0.03, 0.65+0. 11+0.12, and 0. 15+0.04+0.03, re-
spectively. The A, mass is measured to be 2284. 7+0.6+0.7 MeV/c'. The measured momentum
distributions for continuum production of A,+ are compared to analytical fragmentation functions
and to other measurements.

I. INTRODUCTION

The first observation of A,+ production in e e an-
nihilations was reported by the Mark II Collaboration' in
1979 in the decay mode pE ~+ at center-of-mass ener-
gies near 5 GeV. More recently, both CLEO and
ARGUS ' Collaborations have reported the production
of A,+ in e +e collisions at center-of-mass energies
around 10.55 GeV in several decay modes. The E691

Collaboration has also reported A,+ production from the
Tagged Photon Spectrometer at Fermilab. However, the
scarcity of data on charmed baryons is in contrast with
the relatively large amount of data on charmed-meson
production and decay. While the sum of the measured
branching fractions for the charmed mesons D and D+
is nearly 100%, there are no direct measurements of the
A,+ decay branching fractions. Fragmentation distribu-
tions for D'+, D, D+, and D,+ from charm jets have
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FIG. 1. Feynman decay diagrams for A,+ in the decay modes
Am+, pK, Am. +m. ~+, pK ~+~,pK ~+, and:- K

now been measured by various experiments at the SLAC
storage ring PEP, at the DESY storage rings PETRA
and DORIS and at the Cornell Electron Storage Ring.
However, there are very limited measurements on the
fragmentation distributions of charmed baryons. Fur-
ther, the probability that the c quark fragments into
charmed baryons relative to the probability that it frag-
ments into charmed mesons has not yet been measured
directly. The study of charmed-baryon decays can also
shed light on the roles of spectator, exchange and annihi-
lation diagrams and on the extent of color mixing in
charm decays.

In this paper we present substantially improved mea-
surements of Bo., the inclusive A,+ production cross sec-
tion in e+e annihilations times branching fraction, as
observed in six different decay modes. The charge-
conjugate modes are implied in each case. The decay
modes observed are presented below:

diagrams for these modes in the spectator model, where
the decay is primarily determined by the Cabibbo-
allowed coupling of the c quark to an s quark and a virtu-
al 8'+.

In Sec. II, short descriptions of the detector and of the
event selection procedures are given. The details of the
analysis procedure are presented in Sec. III. In Sec. IV,
we present the differential production cross sections with
respect to the fragmentation variables x and x +. ' Here
x =p/p, „and x+=(E+p)/(E „+p,„). E and p
are the energy and momentum of the A, while

C

the results of fits to different analytical fragmentation
functions are presented. Section VI contains the final re-
sults of the measurements of the inclusive A,+ cross sec-
tions and the relative and absolute branching fractions.
Section VII contains the conclusions.

II. SELECTION OF EVENTS AND
DESCRIPTION OF THK DETECTOR

The data sample used in this study was collected with
the upgraded CLEO detector at the Cornell Electron
Storage Ring (CESR). It consists of 212 pb ' at the
Y(4S) resonance (+s = 10.58 GeV) and 101 pb ' at en-
ergies just below the Y(4S) ((&s ) =10.52 GeV, com-
monly referred to as the continuum) and 117 pb

' at the
Y(5S) energy (+s =10.87 GeV). The hadronic event
selection criteria and the CLEO detector are described in
detail elsewhere" and will thus be described only briefly
here.

We accept hadronic events if they satisfy the following
criteria: The primary vertex must lie within 5 cm of the
center of the interaction region along the beam line and
within 2 cm transverse to the beam line. There should be
three or more charged tracks reconstructed in the drift
chamber. The total visible energy should be at least 30%
of the center-of-mass energy. After applying the above
cuts, we have a little less than 2X10 hadronic events in
the total data sample, of which 240000 are Y(4S)~BB
and 3 5 000 are Y( 5S )~BB events.

Here we will briefly describe the recent modifications
to the central tracking system. Charged-particle tracking
is done inside a superconducting solenoid of radius 1.0 m
which produces a 1.0-T magnetic field. Three nested cy-
lindrical drift chambers measure momenta and specific
ionization of charged particles. The innermost part of
the tracking system is a three-layer straw tube vertex
detector which gives a position accuracy of 70 pm in the
r /plane. The middle ten--layer vertex chamber measures
the position with an accuracy of 90 pm in the r Pplane. -

The main drift-chamber system consists of 51 layers,
eleven of which are strung in stereo angles of 1.9 to 3.5
to the z axis. The system has achieved a position accura-
cy of 110 pm and dE/dx ionization resolution of 6.5%.
Measurements of the track coordinates along the beam
direction (z) are achieved using stereo layers and cathode
strips in the middle vertex detector and the main drift
chamber. This system achieves a momentum resolution
given by (6p/p) =(0.23%p) +(0.7%), where p is mea-
sured in GeV/c.
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III. DESCRIPTION OF ANALYSIS PROCEDURE

A. Particle identification

At the Y(4S) and Y(5S) energies, charmed baryons are
produced from the decay of 8 mesons and also from
e+e nonresonant annihilations into cc jets. The A,+'s
produced from 8-meson decays are kinematically limited
to x (0.5 (x (0.55). In this analysis we are interested
only in A,+'s produced from e+e annihilations to cc
pairs. For the part of the spectrum with x )0.5
(x+ )0.55), we use the full data sample (430 pb ) con-
sisting of the continuum Y(4S) and Y(5S) contributions.
To measure the momentum spectrum with x & 0.5
(x + (0.55), we use only the continuum data sample
below the Y(4S) (101 pb '), which is below threshold for
8-meson production.

The momenta of all charged tracks as measured in the
drift chambers are corrected for ionization loss in the ma-
terial before the tracking chamber. Pions, kaons and pro-
tons with momenta below 0.05, 0.2, and 0.3 GeV/c, re-
spectively, either range out in the beam pipe or are very
poorly measured and hence not used in the analysis.
Only measurements of the ionization losses in the 51 lay-
er drift chamber are used for particle identification. A
track is defined to be consistent with a specific mass hy-
pothesis (pion, kaon or proton) if its measured dE/dx is
within 2 standard deviations (2cr) of the expected value
for that hypothesis. Corresponding to these criteria, the
particle-identification efficiency for tracks reconstructed
in the drift chamber is about 95'7o and nearly indepen-
dent of particle momenta. However, there is little separa-
tion between a pion and a kaon (proton) at high momen-
tum beyond about 0.7 GeV/c (1.1 GeV/c). A track is
loosely (positively) identified as a kaon or a proton if its

measured dE/dx is consistent with the corresponding hy-
pothesis and at the same time it is 1cr (2o ) away from the
pion hypothesis. For example, the proton identification
efficiency corresponding to the loose (positive) criteria
varies from 90% (90%) below 1.0 GeV/c to 60% (25%)
at 1.5 GeV/c. For the loose (positive) identification cri-
teria, the probability that a pion will fake a proton is
negligible at momenta below 1.0 GeV/c and remains con-
stant at about 30%%uo (5%) for higher momenta. The actual
choice of the particle-identification criteria depends on
the decay mode being considered and the nature of the
random background with which one is dealing. The
particle-identification efficiencies are found using in-
dependently identified samples of pions from the decay
K&~~+sr, kaons from the decay chain D*+~D ~+,
D ~K m. + and protons from A~pm . The errors in
the kaon-identification efficiencies are about 10% (15%)
of the efficiency values for the loose (positive)
identification criteria. The corresponding errors for the
proton-identification efficiencies are 5% (10%) of the
efficiency values. This uncertainty is included in calculat-
ing the systematic errors.

K 's are detected as Kz's that decay to m. +~ and A' s
are identified through their decay to p~ . Both are
identified by requiring secondary vertices separated from
the primary vertex. A secondary vertex is reconstructed
from a pair of oppositely charged tracks such that the ra-
dial distance from the intersection point of the pairs from
the primary vertex is greater than 1 mm. The pair is
identified as a K& (A) candidate if the invariant mass of
the pair when interpreted as sr+a(per ) is .within 12 (6)
MeV/c of the ICs (A) mass, which corresponds to a +3o.
mass cut based on fits to the respective invariant-mass
distributions with a Gaussian function. Kz and A candi-
dates that are ambiguous with each other are not used.
This results in a loss of about 5% for A's and less than
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2% for Kz's. The reconstruction e%ciency for
Ks~n+m (A~per ) below 0.2 (0.3) GeV/c is negligi-
ble and is 45% (36%) for momentum above 1.0 GeV/c,
as found using a Monte Carlo simulation of the detector.

candidates are identified through their decay to
A~ . Combinations are made of each A candidate with
an additional negatively charged track in the event as-
suming it to be a ~ . The point of intersection of the two
is required to be at least 4 mm away radially from the

beam line and closer to it than the A decay vertex. The
mean distance of:" from the primary vertex is about 6
cm and the corresponding distance for A candidates is
about 10 cm. " candidates are selected as those com-
binations with a reconstructed invariant mass within 5
MeV/c of the fitted:" mass (1321.S MeV/c ).

B. Speci6c decay modes

In each decay mode of the A,+ discussed below, the
invariant-mass distribution is fitted to the sum of a
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TABLE I. Results of fits to the mass distributions in Figs. 2—7.

Decay mode
Fitted mass

(MeVc )

Fitted width
(MeV/c )

Monte Carlo width
(MeV/c )

Signal-area
candidates

pK
pK'
pK'vr m-+

Am+

A~+~ m. +

K+

2284.5+0.9 17+2 19+0.4
2282.4+ 1.7 27+4 25+0.7
2283.8+3.0 16+6 16+0.9
2287.6+ 1.6 17+3 23+0.8
2284.2+ 1.7 15~2 21+1.1
2285.5+ 1.5 12+3 15+0.8

Weighted mass =2284.7+0.6+0.7 MeV/c
Mass [Particle Data Group (Ref. 12)]=2285.2+1.2 MeV/c'

512+50
133+17
83+23
87+12

289+41
30+7

Gaussian function and a low-order polynomial back-
ground with signal width [full width at half maximum
(FWHM)] fixed at the value predicted by Monte Carlo
simulation. In each case we show the invariant-mass dis-
tribution for x )0.5; we do not show the corresponding
distribution for x &0.5 since the signal has limited sta-
tistical significance in this range of x .

l. A,+ —+pK m+

In Fig. 2, we show the invariant-mass distribution for
pK m combinations with x )0.5; we require both
kaon and proton candidates to be loosely identified. For
combinations with x & 0.5, since the combinatorial back-
ground is higher, the kaon candidate is loosely identified
while the proton candidate is positively identified. All
tracks with momenta greater than 0.3 GeV/c are used as
pions. The pion momentum cut reduces the background
level significantly.

2. A,+ ~pK

In this mode and pE ~+~ mode discussed below,
K 's are detected through K&'s. For combinations of
pK& with x )0.5, loose identification for protons is re-
quired. We show the corresponding invariant-mass dis-
tribution in Fig. 3. Since the combinatorial background
is higher for combinations with x &0.5, we require that
the protons be positively identified.

3. A,+ —+pK m+~

This decay mode is dominated by a large combinatorial
background and the observed signal is statistically weak.
We require the impact parameter of the two pions from
Ez's decays be greater than 1 mm. Also, we require that
the proton candidates be loosely identified for invariant-
mass combinations of pK&m+m with x )0.5 as shown
in Fig. 4, and be positively identified for combinations
with x & 0.5.

To reduce the combinatorial background, we require
that the cosine of the angle between pion and A,+ direc-
tion in the A,+ rest frame be greater than —0.7, reducing
the background level by a factor of 2. The selection cri-
teria are the same for x &0.5 and x )0.5. Figure 5
shows the invariant-mass distribution for A~+ combina-
tions with x )0.5. The mass resolution in this decay
mode is somewhat worse since the pions are relatively
fast. A check on the validity of the signal is to look at
the wrong strangeness and charge Am+ combinations.
The mass distribution of Am+ combinations with the
same selection cuts as those used for the Am+ distribu-
tion, as displayed in Fig. 5, shows no enhancement in the
region of the A,+ mass. While calculating the Monte
Carlo reconstruction efBciencies for both the A~+ and
Am+m. ~+ mode, we assume uniform angular distribu-
tion for the A.

TABLE II. Inclusive production of A,+ in the decay mode pK

0.0-0.2
0.2-0.3
0.3-0.4
0.4-0.5
0.5-0.6
0.6-0.7
0.7-0.8
0.8-0.9
0.9-1.0
0.5- 1.0

EKciency

0.217+0.014
0.205+0.009
0.175+0.008
0.133+0.007
0.168+0.007
0.164+0.008
0.163+0.010
0.155+0.014
0.146+0.026

Yield

0+10
8+ 13
7+11

27+10
180+32
186+27
112+21
34+15
0+7

512+50

Corrected yield

0+46
39+63
40+63

203+76
1071+196
1134+174
683+135
219+99

0+48
3107+315

B(der/dx~) (pb)

0+2
4+6
4+6

20+8
25+5
26+4
16+3
5+2
0+1
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TABLE III. Inclusive production of A,+ in the decay mode pK .

0.0-0.2
0.2-0.3
0.3-0.4
0.4-0.5
0.5-0.6
0.6-0.7
0.7-0.8
0.8-0.9
0.9-1.0
0.5- 1.0

Efficiency

0.140+0.009
0.109+0.006
0.086+0.005
0.071+0.005
0.102+0.005
0.097+0.006
0.093+0.007
0.088+0.015
0.085+0.037

Yield

6+7
11+5
7+4
2+3

38+10
53+10
36+8
6+5
0+3

133+17

Corrected yield

43+50
101+46
81+47
28+42

373+100
546+109
387+91
68+58
0+35

1374+186

B(der/dx ) (pb)

2+2
10+5
8+5
3+4
9+2

13+3
9+2
2+1
0+1

5. A,+ Am+@

Figure 6 shows the invariant-mass distribution for all
Am+a. ~+ combinations with x &0.5 with no other
selection criteria applied. The mass distribution for the
wrong strangeness and charge Am+~ m. + combinations,
also displayed in Fig. 6, shows no enhancement in the re-
gion of the A,+ mass. To reduce the combinatoric back-
ground for x (0.5 region, we require that the cosine of
the angle between each of the three pions and the A,+

direction in the A,+ rest frame be greater than —0.9.

bilities in several ways. The most direct method used is
to take the combinations in the region of the A,+ mass
and to plot them as the corresponding reAections from ei-
ther the D+ or the D,+ by redefining the mass of the
relevant particle in the combination. The same pro-
cedure is then repeated using combinations in the side-
bands on either side of the signal. Comparing the size of
the reAection from the signal region with that from the
sidebands, we estimate that less than 5% of the observed
A,+ signal in any decay mode could come from D+ or
D,+ reAections.

For this decay mode, " K+~+ combinations are
formed from = candidates together with a positively
charged track which satisfied the kaon consistency cri-
teria and another positively charged track which is as-
sumed to be a m.+. Figure 7 shows the invariant-mass dis-
tribution for = K+~+ combinations with x )0.5.

C. KfFect of pions and kaons faking protons

There is the possibility that the signals in the first three
decay modes, pK m+, pK, and pK m m+, may receive
contributions from D+ decaying into K m+m+, K ~+,
and K m+~ m+, respectively, due to pions faking pro-
tons. We refer to such contributions as rejections.
ReAections could also be present from D,+ decaying into
K K+m. +, K K+, and K K+m m. +, respectively, due
to kaons faking protons. We have ruled out these possi-

D. Summary of the mass distribution plots

The results of fits to the signals in all A,+ decay modes
with Monte Carlo —predicted widths are presented in
Table I. The fitted widths are consistent with the Monte
Carlo —predicted values in all cases, except for the Am+

and A~+a. ~+ distributions in which cases the Monte
Carlo simulation overestimates the full widths. The areas
of the signals using the predicted Monte Carlo widths, as
reported in the table, are consistent with the results ob-
tained using the variable widths and differ at most by
10%, which is added to our estimate of the systematic er-
rors. The weighted average of the fitted masses is
2284.7+0.6+0.7 MeV/c, which may be restated as
2284.7+0.9 MeV/c if we add the statistical and sys-
tematic errors in quadrature. The systematic error de-
pends on the accuracy of the energy-loss correction ap-
plied to the kaon and proton tracks. Our measurement is

TABLE IV. Inclusive production of A,+ in the decay mode pE m+~

0.0-0.2
0.2-0.3
0.3-0.4
0.4-0.5
0.5-0.6
0.6-0.7
0.7-0.8
0.8-0.9
0.9-1.0
0.5- 1.0

Efficiency

0.045+0.011
0.056+0.009
0.063+0.007
0.056+0.007
0.074+0.007
0.065+0.007
0.058+0.009
0.054+0.011
0.050+0.016

Yield

0+8
13+10
24+9
5+6

18+15
31+13
18+9
15+7
1+3

83+23

Corrected yield

0+178
232+182
381+149
89+108

243+204
477+207
310+161
278+ 141
20+60

1328+366

B(do. /dx~) (pb)

0+9
23+18
38+15
9+11
6+5

11+5
7+4
6+3
1+1
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TABLE V. Inclusive production of A,+ in the decay mode A~+.

xp

0.0-0.2
0.2-0.3
0.3-0.4
0.4-0.5
0.5-0.6
0.6-0.7
0.7-0.8
0.8-0.9
0.9-1.0
0.5- 1.0

Efficiency

0.182+0.019
0.175+0.014
0.162+0.012
0.180+0.013
0.161+0.012
0.160+0.013
0.159+0.017
0.155+0.019
0.150+0.039

Yield

6+8
7+7
9+6
2+5

23+7
35+7
18+5
10+4
0+4

86+ 12

Corrected yield

33+44
40+40
56+37
11+28

143+45
219+47
113+34
65+27
0+27

540+83

B{do./dxp) (pb)

2+2
4+4
6+4
1+3
3+1
5+1
3+1
2+1
0+1

an improvement over the Particle Data Group value' of
2285.2+1.2 MeV/c, which includes the systematic error,
and is the weighted average of many different experi-
ments.

IV. THE FRAGMENTATION DISTRIBUTIONS

In order to study the fragmentation of the charm
quark into the charmed baryon A,+, the momentum spec-
tra of the A,+'s as observed in the various decay modes
are studied in terms of the fragmentation variable x and
x+. In each decay mode the observed mass distribution
is plotted for different x„ intervals. Tahe size of the A,+

signal in each interval is obtained by fitting the observed
mass distribution with the sum of a Gaussian and a low-
order polynomial background. The width of the Gauss-
ian is chosen according to the Monte Carlo prediction
and the mass is fixed at the fitted value obtained using the
sample in the range 0.5 (x (1.0. The reconstruction
efficiencies for the A,+ in the different decay modes are
calculated using a Monte Carlo simulation of these de-
cays in the CLEO detector. In calculating the recon-
struction efficiencies, we have assumed that the A,+'s are
produced unpolarized and decay according to phase
space. Intermediate resonances in the final state are
neglected. The results for the six different decay modes
are presented in Tables II—VII. For each x interval,
B der/dx is the corresponding differential cross section
with respect to x, multiplied by the branching fraction

for that decay mode. The errors are statistical only and
do not include the contribution from the errors in the
Monte Carlo efficiencies, which are treated as part of the
systematic errors. In Table VIII, we also present
B

der�

/dx+, the differential cross sections with respect to
the light-cone variable x+, since this is the variable used
in the derivation of the Bowler and Lund fragmentation
functions considered in the next section. This is done for
only the three statistically significant decay modes
pK ~+, pK, and Am+~

V. FITS TO THE ANALYTICAL FUNCTIONS

Dg(x )=X x 1— Eg

1 x

The hadronization process by which charm quarks
fragment into charmed mesons and baryons is a QCD
process, which, at our center-of-mass energies, is dom-
inated by nonperturbative interactions. The process may
be described as Q~h +q where Q is the heavy quark, q
is a light quark, and h is the hadron. Phenomenological
and semiphenomenological attempts at describing the
hadronization process are embodied in the calculation of
the fragmentation function D&(xz ), the probability that a
quark Q will produce a hadron h with fraction x„of the
quark's original momentum.

Peterson et al. ' have suggested the following form of
the fragmentation function:

2 —1

TABLE VI. Inclusive production of A,+ in the decay mode Am+m

0.0-0.2
0.2-0.3
0.3-0.4
0.4-0.5
0.5-0.6
0.6-0.7
0.7-0.8
0.8-0.9
0.9-1.0
0.5- 1.0

Efficiency

0.067+0.013
0.075+0.010
0.077+0.010
0.078+0.009
0.137+0.013
O. 14O+0.O15
0.151+0.017
O. 161+0.021
0.165+0.050

Yield

5+8
12+ 11
6+ 10

12+9
83+26

112+22
70+17
10+11
14+12

289+41

Corrected yield

75+120
160+148
78+130

154+117
606+198
800+ 179
464+ 124

62+69
85+77

2017+311

B(do. /dxp) (pb)

4+6
16+15
8+13

15+12
14+5
19+4
11+3
1+2
2+2
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TABLE VII. Inclusive production of A,+ in the decay mode = K+~

0.5-0.6
0.6-0.7
0.7- 1.0
0.5- 1.0

EfFiciency

0.067+0.011
0.065+0.009
0.081+0.008

Yield

9+4
16+5
6+3

31+7

Corrected yield

134+64
246+84
74+38

454+112

8 (do. /dx~) (pb}

3+1
6+2
1+1

~here X is a normalization factor and e& =I /nv &. The
parameters m& and mq are the masses of the heavy and
light quarks, respectively. The Peterson function was in-
tended to describe the fragmentation into mesons as orig-
inally proposed, but if the fragmentation into baryons is
treated as Q~h+qq, where a diquark-antidiquark pair
is created from the sea, the original form of the Peterson
function remains valid. However, e& should now be in-

terpreted as (m~~/m&), where m~ is the mass of the di-

quark.
Collins and Spiller' have argued that Peterson's for-

rnula, which behaves as (1—x~) for x ~1, disagrees
with the reciprocity rule, which states that for x ~ I, the
fragmentation function of the heavy quark into a hadron
should equal the structure function of the quark in that
hadron. The Collins form of the fragmentation function
1s

I —x 2 —xp
Dg(x~ ) =N + eg (1+x~)

Xp 1 Xp

,

—2
6'g

1 —x

where N is a norma1ization factor and e& =(kT)/m&2
and (kr) =0.45 CxeV with kT being the transverse had-
ron momentum.

On the other hand, assuming that the probability P of
breaking the color string by creating a quark-antiquark
pair is constant per unit time and unit length, Bowler'
suggests the following form for the fragmentation func-
tion:

MT
exp ~ —Bm

2 +Ply X
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FIG. 8. B do. /dx~ distributions for A,+~pK m+, pKz, and
A~ m m+, respectively. The smooth curves are the result of a
simultaneous fit to the Peterson (solid lines) and Collins (dashed
lines} functions, respectively.

FIG. 9. 8 do. /dx+ distributions for A,+~pK ~+, pK~, and
Am. +n m+, respectively. The smooth curves are the result of a
simultaneous Gt to the Bowler function.
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TABLE VIII. B{do /dx+) (pb).

0.20 —0.35
0.35 —0.45
0.45 —0.55
0.55 —0.65
0.65 —0.75
0.75 —0.85
0.85 —1.0

pE m+

0.0+3.5
6.9+7.8

12.2+7.7
27.4+4.9
31.7+4.1

13.4+2.9
1.9+1.3

pX'

2.1+3.2
6.9+4.0
9.8+5.6
9.0+2.6

15.6+2.7
6.1+1.8
0.7+0.7

5.2+8.4
17.3+16.0
13.1+12.0
18.8+5.0
24.0+4.0

8.4+3.0
2.7+1.6

where MT=+M&+(PT) is the transverse mass of the
hadron. P is expected to be close to l. B is a parameter
to be determined from fits to data and is related to I' by
B =P/(2' j, where x is the string energy per unit length.
It should be noted that the Bowler function is very simi-
lar to the Lund symmetric function, which is used in the
Lund Monte Carlo simulation. '

The analytical representation of the fragmentation dis-
tributions do not account for the feed down from higher-
spin charmed-baryon states and, to a large extent, disre-
gard QCD and QED radiative corrections. When a frag-
mentation function is used in the context of a Monte Car-
lo simulation that takes into account these effects, the
function's best-fit parameters turn out to be substantially
different from those obtained by direct fitting of the
analytical fragmentation function to the experimental
fragmentation distribution. However, for the sake of
comparison with previous publications we report the re-
sults of the direct fitting procedure as discussed below.

We have fitted these analytical fragmentation functions
to the data presented in Tables II, III, VI, and VIII. The
statistical errors on the A, x distributions in the decay
modes pK m m. +, A~+, and:" K+m. + are too large to
add significant information to our fragmentation studies.
The fitting of the analytical fragmentation functions to
the three different inclusive cross-section distributions is
performed simultaneously so that all the parameters of
the function except the area are constrained to have the
same value for the fits to the three different distributions.
In Fig. 8, we show the results of the fits to the Peterson
and Collins fragmentation functions, while in Fig. 9 we
show the result of the fit to the Bowler function. The
Bowler function has five different parameters of which we

fix two. To calculate the transverse hadron mass, the
mass of the hadron Mh is fixed at 2.285 GeV/t.", the
fitted mass of the A,+, and the average transverse momen-
tum of the hadron is taken as 0.3 GeV/c. The mass of
the charm quark m& is fixed at 1.5 GeV/c . The fit is not
very sensitive to values of m between 1.0 to 2.0. The
fitted values of the parameters and the quality factor of
the fits are presented in Table IX. Also presented in
Table IX are the results of corresponding fits to the same
functions for the D*+ fragmentation distributions mea-
sured previously by this experiment.

When the radiative corrections are not applied to the
models, the Collins function fails to describe our data,
whereas the Peterson and Bowler functions do. The re-
sults of the fits could be different if these corrections were
applied. The measured value of the fragmentation pa-
rameter for the Peterson function e& is 0.29+0.05 from
the simultaneous fit, which is to be compared with the
corresponding ARGUS measurement of 0.23+0 ~5. The
value for e& obtained from the study of the x spectrum
of D +'s is 0.156+0.015 as reported by CLEO. The
value of e& for charmed baryons is expected to be larger
than that for charmed mesons since the mass of the di-
quark should be higher than that of the quark. The mea-
sured values of e& are consistent with this expectation.

VI. CROSS SECTIONS AND BRANCHING FRACTIONS

In this section, we present all experimental results such
as production cross sections, and relative and absolute
branching fractions.

A. Total cross sections

For the decay mode pK m+, we obtain the total in-
clusive Bo. by integrating the measured cross section for
all x . For the other decay modes, the signals for x (0.5
are dominated by large errors; so we use the measured in-
clusive cross sections with x & 0.5 and multiply by an ex-
trapolation factor of 1.44+0.22, calculated by averaging
the extrapolation of the Peterson and Bowler functions
fitted to the pK ~+ data. The error in the extrapolation
factor reflects the errors in the fitted parameters for these
functions. This error is added to the other systematic er-
rors which are dominated mainly by the uncertainty in

TABLE IX. Values of fitted parameters for fragmentation functions.

Parameter
A,+

Simultaneous fit Fit
D*+ (Ref. 9)

X /&DF

0.29+0.05
Peterson function

23/23 0.156+0.015 40/10

1.19+0.44
Collins Function

54/23 0.64+0.14 6/10

2.86+0.52
1.06+0.23

Bowler Function
12/16 0.95+0.11

0.63+0.11
8/8
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TABLE X. Measurements of A,+ inclusive Bo. and comparison with ARGUS (Ref. 4).

Decay mode Experiment

CLEO
ARGUS
CLEO
CLEO
CLEO
CLEO
CLEO

Bo (xp & 0.5)

(pb)

7.2+0.7+ 1.1

3.2+0.4+0.3
3.1+0.9+0.6
1.3+0.2+0.1

4.7+0.7+0.5
1.1+0.3+0.2

a&(x, )0.0)
(pb)

10.0+ 1.5+ 1.5
9.0+ 1.2+ 1.0
4.6+0.6+0.8
4.5+1.3+1.1
1.9+0.3+0.3
6.8+ 1.0+ 1.3
1.6+0.4+0.3

our knowledge of the particle identification efticiencies
and the Monte Carlo widths of the signals. In Table X,
the measured Bo. corresponding to the six different decay
modes are presented for both x & 0.5 and for all x .

B. Relative branching fractions

At our center-of-mass energies there is no model-
independent way to calculate the absolute branching frac-
tions since we do not know the total cross section for A,+

production. Since some of the systematic errors are com-
mon among the different decay modes, they are partially
canceled in the calculation of the relative branching frac-
tions. The signal for the A,+ has been observed with the
highest statistical significance in the pK ~+ decay mode,
so the branching fractions of the other decay modes are
calculated relative to this mode. The measured cross sec-
tions for x )0.5, as shown in Table X, have been used by
CLEO in calculating the relative branching fractions as
presented in Table XI. The first error is statistical while
the second error is systematic. Comparison with results
from ARGUS and E691 are also included. We have not
included the results from ACCMOR' since their results
are statistically weak and the A,+ mass is shifted to
higher values. Adding the statistical and systematic er-
rors in quadrature and calculating the weighted average
of the three independent measurements, we obtain the
latest value of the relative branching fractions as
presented in the last column of the table. Our relative ra-
tio between the A,+ decay branching ratio to pK m+m

and to A~+~ ~+, 0.66+0.22+0.14, is in strong disagree-
ment with the Dubna result' of 4.3+1.2. For this
reason, we have not included the Dubna results in calcu-
lating the weighted averages in Table XI.

C. Absolute branching fractions

From measurements of inclusive baryon production
and the study of baryon-lepton and baryon-baryon corre-
lations in B-meson decays, and using the assumption that
all baryons in B-meson decays are produced from or in
association with charmed baryons, both CLEO' and
ARGUS have estimated the inclusive branching fraction
B(B~A,+X). Both ' have also reported direct evi-
dence for the inclusive decay B~A,+X with
A,+ ~pK ~+. Combining these two measurements,
an estimate of the absolute branching fraction
B(A,+~pE ~+) can be obtained. The measurement of
B (A,+ ~pK sr+ ) from CLEO is (4.3+1.0+0.8)%,
which may be stated as (4.3+1.3)% if the statistical and
systematic errors are added in quadrature. The corre-
sponding measurement from ARGUS is (4.1+2.4)%,
where the error already includes the statistical and sys-
tematic contributions. Their weighted average is
B(A,+~pK ~+)=(4.3+1.1)%. Using this estimate of
the absolute branching fraction B(A,+~pK m+) and
the average relative branching fractions given in Table
XI, we obtain an estimate of the absolute branching frac-
tions of the A,+ into the five other decay modes. We
present these results in Table XII for the convenience of
the readers. The error includes contributions from the
statistical and systematic errors in the measurement of
the relative branching fraction and the error in the mea-
surement of B(A,+~pK m+). There have been several
attempts to estimate A,+ absolute branching ratios, re-
viewed and augmented by Klein and, in part, summa-
rized in the 1990 Particle Data Group compilation. '

Our results are consistent with the world averages for all
decay modes except the pE ~ ~+, where the world
value has a large error.

TABLE XI. Measurements of A,+ branching fractions relative to that into pK m. +. The last column
is the weighted averages with statistical and systematic error combined in quadrature.

Decay mode ARGUS (Ref. 4)

0.62+0. 15+0.03
1.00+0.3+0.3
0.21+0.05+0.04
0.61+0.16+0.04

E691 (Ref. 5)

0.55+0. 17+0.14
& 1.7 (90% C.L.)
& 0.33 (90%%uo C.L.)

0.82+0.29+0.27

CLEO '90

0.44+0.07+0.05
0.43+0.12+0.04
0.18+0.03+0.03
0.65+0.11+0.12
0.15+0.04+0.03

Average

0.49+0.07
0.48+0.12
0.19+0.04
0.65+0.11
0.15+0.04
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TABLE XII. Comparison of A,+ absolute branching frac-
tions (%).

Decay mode

pK m+

pK'
pÃ'~ m-+

Am+
Am+a. m+

—g+ +

Total measured

Particle Data Group
(Ref. 12)

2.8+0.8
1.6+0.6
8.1+3.5

1.9+0.7

New

4.3+1.1
2.1+0.6
1.8+0.6
0.8+0.3
2.8+0.9
0.6+0.2

12.4+ 1.7

D. Comparison with theoretical models

Most of the theoretical efforts to understand charm de-
cays have been devoted to charmed-meson studies. For
charmed baryons, with the exception of early phase-
space-based estimates of relative decay branching ratios
by Lee, Quigg, and Rosner, only the decay rates into
two-body and quasi-two-body 6na1 states have been stud-
ied theoretically. Because of resonance decay, some of
the latter studies apply, in part, to multibody 6nal states.
The statistical model by Lee, Quigg, and Rosner pre-
dicts B (A, ~Am+)/B (A,+~Am+mrr. +) =. 0.75, in
disagreement with our result 0.28+0.07, while it agrees
with our ratio B(A,+~pK )/B(A,+~pK ~+rr )

=1.0+0.3. We compare our experimental measurements
of the two-body decay modes Am. + and pK with some of
the theoretical models which are briefly described below.
Korner, Kramer, and Willrodt (KKW) have calculated
these decay rates in a naive quark model using wave func-
tions based on U(2,2). They have also calculated them
using an SU(4) model and a current-algebra (CA) model.
Hussain and Scadron (HS) have used current-algebra
and nonrelativistic SU(6) wave functions. In their model,
the quark interaction is spin and SU(3)-liavor indepen-
dent and orbital contributions to the magnetic moments
have been ignored. Calculations done by Pakvasa,
Rosen, Tuan, and Division (PRTD) are also based on
current algebra and the factorization approximation as
the HS model, but they have employed flavor-SU(3) selec-
tion rules to express the amplitudes for individual decay
modes in terms of a set of invariant amplitudes. Ebert
and Kallies (EK) have done their calculation by em-
ploying the QCD-corrected weak Hamiltonian and wave

functions of the heavy-quark bag model; baryon matrix
elements of the parity-violating part of the charm-
changing weak Hamiltonian were also included. Guberi-
na, Tadic, and Trampetic ' (CATT) used a similar ap-
proach to KKW but they also take account of soft-
gluonic contributions. In Table XIII, we present a com-
parison of our measurements with the above theoretical
models. The partial widths to the A~+ and pK decay
modes are calculated using the estimated absolute
branching fractions in Table XII and the A,+ lifetime of
(1.79+o f7)X10 ' seconds. ' We do not use the above
partial widths to calculate the ratio of the partial widths,
since they have large systematic errors associated with
them. Instead, we calculate the ratio of the partial
widths I (Am+ )/I (pK ) by using the direct CLEO mea-
surements of the inclusive Bo. for x &0.5 reported in
Table X. In this way, we get I (Am+)/1 (pIC )=(0.41
+0.09). The error quoted includes both the statistical
and systematic contributions. From a comparison of the
spectator decay diagrams for A,+~Am+ to that for
A, ~pK, one would naively expect the latter to be+ —0

suppressed by a factor of 9 relative to the former due to
color mismatching, which is quite different from the mea-
sured value above. However, it must be pointed out that
this naive expectation is not rejected in more detailed
theoretical calculations and has also not been observed in
the case of charmed-meson decays. The branching frac-
tions for the D color suppressed and allowed decays
are B(D ~K rr )=(2 7+1.2)% . and B(D ~K sr+)
= (3.71+0.25)%%u, respectively. '

VII. CONCLUSIONS

In conclusion, we have measured the branching frac-
tion of the A,+ into five different decay modes relative to
that into pK ~+. Our measurements are an improve-
ment over the earlier Mark II' results and also consistent
with recent ARGUS and E691 results as shown in
Table XI. The branching fractions for decays into two-
body final states have been compared with theoretical ex-
pectations; they strongly disagree with two of the models.
Furthermore, color suppression does not seem to play a
significant role, as suggested by results on D decay.

Our measurement of the fragmentation distribution for
A,+ production in e+e annihilation is also a consider-
able improvement relative to our previous measurement.
We have compared these distributions with the theoreti-

TABLE XIII. Comparison of I between theory and experiment (1 in units of 10" sec ').

Model

Am+

pE'
I (Am+)/I (pK )

'Reference 27.
"Reference 28.
'Reference 29.
Reference 30.

'Reference 31.

Quark

0.8
8.9
0.09

KK%"'
SU(4)

0.28
0.63
0.44

CA

0.38
0.16
2.4

HS

0.77
1.64
0.47

PRTD'

1.0
2.78
0.36

EK

0.32
0.17
1.88

GTT'

0.85

Experiment

0.39+0.17
1.17+0.42
0.41+0.09
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cal models. The Peterson, Bowler, and Lund symmetric
functions provide a good parametrization of our results,
while the Collins function does not.
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