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We have observed 2,++ and 2, baryons in nonresonant e "e interactions through their decays to
A,+tr — using the CLEO detector. The mass diiference M(Z,++) —M(A,+) is measured to be
167.8~04~0.3 MeV; for M(Z, ) —M(A,+) we find 167.9+'0.5+'0.3 MeV. Z, decay accounts for
(18+' 3 ~ 5)% of A,+ production.

PACS numbers: 14.20.Kp, 13.30.Eg, 13.40.Dk, 13.65.+i

In this paper we report the observation of two of the
three isospin states of the Z, baryon, the Z,++ (uuc) and
the Z, (ddc). Measurement of the mass difference be-
tween the Z, and A,+ baryon-spectroscopy models. The
mass difference [Aq ——M(Z, ) —M(Z,++)] between Z,
and Z,++ test models of mass diff'erences between had-
rons that are members of the same isospin multiplet.
The only two previous measurements of h& are in
disagreement. ' The data sample used in this study was
collected, with the CLEO detector at the Cornell Elec-
tron Storage Ring (CESR), in two sets. The older set
comprises 27 pb

' at the Y(3S), 36 pb ' just below the
BB threshold, and 78 pb

' at the Y(4S). The data ac-
quired with the improved CLEO tracking system consist
of 101 pb ' at energies just below the BB threshold, 212
pb

' at the Y(4S) resonance, and 117 pb ' at the
Y(5S) resonance.

The CLEO detector used in the first data set, and our
selection criteria for hadronic events, have been de-

scribed in detail elsewhere. Charged-particle tracking
is performed inside a superconducting solenoid with a
1.0-m radius which produces a 1.0-T magnetic field. Pri-
or to the improvement, tracking was done with 27 cylin-
drical layers of drift-chamber cells. The 17-layer central
drift chamber provided an rms resolution in ionization of
11%; and the momentum resolution was given by
(Sp/p) =(0.7%p) +(0.6%) (where p is in Gev/c).
For the second set of data a new 64-layer drift-chamber
system was installed, resulting in a momentum resolu-
tion of (Bp/p) = (0.23%p) + (0.7%) . The 51-layer
drift chamber provides an rms resolution in track ioniza-
tion of 6.5%.

We search for X,, baryons by forming the mass-
difference spectra M (A,+ tr —) —M (A,+ ). Throughout
this paper both baryon and antibaryon states are used.
The A,+ decay modes used include A,+ pE
A,+ pal~, and A,+ Az+z+z . In order to improve
signal to background we exclude from our sample X,,
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candidates with x~ less than 0.5 where x~ =p/p, „. This
requirement also has the eff'ect of eliminating X,, baryons
from B-meson decay.

To reduce the background due to fake A,+ candidates,
particle identification was used for all three decay modes
of the A,+. A combined weight of each (hadronic) parti-
cle type (zc, K,p) is formed using information from the
three devices, normalized such that the sum of the three
weights is 1. If no information is available for a track, a
weight of —, is assigned for each particle type. For the
A,+ pK z+ mode we require the proton weight be
greater than 0.7 and the kaon weight be greater than
0.25. For both A,+ Az+z+z and A,+~pKg, we

demand that the proton weight be greater than 0.25.
For the modes involving a Ks (or a A) we use oppositely
charged tracks which intersect more than 0.5 cm away
from the primary event vertex. We require the net
momentum of the two tracks to extrapolate back to the
primary event vertex. In addition, we require that the
invariant mass be either within ~ 20 MeV of the nomi-
nal Kq mass or within + 5 MeV of the A mass. For the
A,+ ~pK x+ mode, we reduce combinatoric back-
ground by requiring the pion momentum to be greater
than 200 MeV/c.

Figure 1 shows the combined mass distribution from
all three decay modes of the A,+, for x~ & 0.5. The cen-
tral value of the A,+ mass, given by a fit to the distribu-
tion, is 2288 ~ 4 MeV. Our sample contains 1325 ~ 95
A,+ events with x~ & 0.5. A,+ candidates with masses
within ~ 18 MeV of the central value are accepted for
further analysis. Each A,+ candidate is combined with
an unused positively charged track (assumed to be a sr+)

to form a Z,++ candidate and a negatively charged track
(assumed to be x ) to form a Z, candidate.

Figure 2 displays the mass-diA'erence distributions
A++:—M(Z++) —M(A,+) and A =M(Z') —M(A+)
The clear enhancements in each distribution are fit with
a Gaussian of fixed width above a background function
of the form F(m) =2+8(m —m )'~ +Cm, where A,
8, and C are constants. The FWHM of the Gaussian
was fixed at 4 MeV as determined by Monte Carlo stud-
ies. The 6++ distribution contains 54~11 events cen-
tered at 167.8~0.4~0.3 MeV. The d distribution
contains 48~12 events centered at 167.9%-0.5~0.3
MeV. The first error is statistical and the second is sys-
tematic. We have fit the 4++ and h, spectra with

many background shapes, including one determined us-

ing sidebands of the A,+, and find that the central value
of the peak varies by less than 0. 1 MeV. Systematic er-
rors are mainly due to uncertainties in the magnetic field
normalization and in the energy-loss correction that is

applied to charged particles traversing the beam pipe
and the inner drift chambers. To estimate the systematic
error we use our measurement of the mass diAerence
M(D*+) M(D ), w—here the momentum spectrum of
the slow pions is similar and the mass-difference tech-
nique is identical. The h, distributions are insensitive to
shifts in the A,+ mass scale, changing the A,+ mass by
3.0 MeV shifts h, by 0.03 MeV.

All the measured values of 6, 6++, and 6& are given
in Table I. We find A~ to be +0.1 ~0.6~0.1 MeV.
This value is consistent with the result of —1.2
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FIG. 1. The A,+ mass spectrum from the summed modes
A,+ Ax+a+a, A,+ pK x+, and A,+ pKg.
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FIG. 2. M (2, ) —M (A,+ ) mass-diA'erence spectra. Solid
lines are fits to a Gaussian plus a background shape (described
in text). (a) M(A,+Jr+) —M(A,+), (b) M(A,+lt ) —M(A,+).
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TABLE I. Measurements of 6, h, ++, and h~.

Experiment

E-400'
ARGUS'
CLEO

(MeV)

178.2 ~ 0.4 ~ 2.0
167.0 W 0.5

167.9 ~ 0.5 ~ 0.3

A++ (MeV)

167.4+ 0.5 ~ 2.0
168.2 ~ 0.5

167.8 ~ 0.4+ 0.3

hs (MeV)

+ 10.8+ 2.9
—1.2 + 0.7 + 0.3
+0. 1 ~ 0.6 + 0.1

'Reference l. Reference 2.

+ 0.7 ~0.3 MeV reported by Albrecht et al. However,
it disagrees with the result of +10.8+ 2.9 MeV pub-
lished by Diesberg et al. ' There are a number of
theoretical predictions for A~ (Ref. 9); the values range
from +18.0 to —6.5 MeV. The isospin mass splitting
arises from a combination of the intrinsic quark mass
diA'erence (md )m„) and electromagnetic interactions
between the quarks, which consists of electrostatic
Coulomb interactions and spin-spin interactions
(hyperfine-interaction term). Our measurement indi-
cates that the quark mass diff'erence and the electromag-
netic interactions give rise to (roughly) equal but oppo-
site terms, the net result being an isospin mass splitting
that is near zero. All previously measured baryons fol-
low the empirical rule that the more negatively charges
state is the more massive (i.e., the intrinsic quark mass
diA'erence is dominant).

To calculate the fraction of A,+ produced from X,, de-
cays with x~ & 0.5, we multiply the efficiency corrected
observed ratio (X, +Z,++)/A,+

by a factor of 1.5 to ac-
count for the unobserved X,+ (udc). We find that
(18+ 3+ 5)% of A,+ arise from Z, . Our systematic er-
ror is dominated by the dependence of the number of
events in the fit on the background shape. The ARGUS
Collaboration found (36+ 12 ~ 11)%.

We have fit the x~ distribution with the Peterson func-
tion' with one parameter e (for x~ (0.5 only continu-
um data were used). We find a=0.27~0.10, which is
consistent with previous measurements for charmed
baryons for A,+ (a=0.24~0.04) and the Z, (a=0.29
+ 0.06).

In summary, we have observed Z,++ and Z, baryons in
nonresonant e+e interactions through their decays to
A,+tt —. Our measurements determine the M(Z, )—M(Z,++) mass difference to be +0.1+ 0.6+ 0.1

MeV. We find that (18~3~5)% of our A,+ signal is
from the decay of Z, .

We are grateful for the eff'orts of the CESR staA'. R.
P. thanks the A. P. Sloan Foundation for financial sup-
port. This work was supported by the National Science
Foundation and by the U.S. Department of Energy un-
der Contracts No. DE-AC02-76ER01428, No. DE-
AC02-76ER03066, No. DE-AC02-76ER03064, No.

DE-AC02-76ER01545, No. DE-AC02-76ER0511, and
No. F605-86-ER40272. The Cornell National Super-
conducting Facility, funded by the NSF, New York
State, and IBM, was used in this research.

'M. Diesburg et al. , Phys. Rev. Lett. 59, 2711 (1987).
2H. Albrecht et al. , Phys. Lett. B 211, 489 (1988).
D. Andrews et al. , Nucl. Instrum. Methods Phys. Res. 211

47 (1983); C. Bebek et al. , Phys. Rev. D 36, 690 (1987); S.
Behrends et al. , Phys. Rev. D 31, 2161 (1985).

4D. G. Cassel et al. , Nucl. Instrum. Methods Phys. Res. ,
Sect. A252, 325 (1986).

5The error on the A,+ mass is dominated by systematics in-
troduced by adding the data samples together. A A,+ mass
value will be published later.

The number of A,+ candidates from each of the three decay
channels A,+ pK z+, A,+ Az+z+z, and A,+ pffft are
777+ 68, 288+ 45, and 270~43, respectively.

7The E-691 Collaboration has reported a preliminary mea-
surement of the mass diA'erence M(Z, ) —M(A,+) of 168.0
~ 1.0~0.3 MeV; H. Schroder, in Proceedings of the Twenty-
Fourth International Conference on High Energy Physics,
Miinich, Germany, 1988 (to be published).

8We measure the mass diAerence using the D decay modes
Do~ &

—z. + Do & —z. +~ —z.+ and Do z, + &s. The
measured values of the mass difrerence are 145.45 ~ 0.02,
145.45 ~ 0.03, and 145.43 ~ 0.05 MeV for the three modes, re-
spectively (errors are statistical only). These are in excellent
agreement with the Particle Data Group value, which is
145.45+ 0.07 MeV. We rely on Monte Carlo simulation to
scale this error to our measurement of M(X, ) —M(A,+).

9K. Lane et al. , Prog. Theor. Phys. 54, 908 (1975); S. Wein-
berg, Phys. Rev. Lett. 37, 717 (1976); C. S. Kalman and G.
Jakimov, Lett. Nuovo Cimento 19, 403 (1977); N. G. Desh-
pande et al. , Phys. Rev. D 15, 1885 (1977); L. H. Chan, Phys.
Rev. D 15, 2478 (1977); S. Ono, Phys. Rev. D 15, 3492
(1977); D. B. Lichtenberg, Phys. Rev. D 16, 231 (1977); A. C.
Wright, Phys. Rev. D 17, 3130 (1978); J. M. Richard and P.
Taxil, Z. Phys. C 26, 421 (1984); L. H. Chan, Phys. Rev. D
31, 204 (1985); W. Y. P. Hwang and D. B. Lichtenberg, Phys.
Rev. D 35, 3526 (1987); S. Capstick, Phys. Rev. D 36, 2800
(1987).

~OC. Peterson et al. , Phys. Rev. D 27, 105 (1983).

1242


