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Precise Measurement of the A° and A° Masses and a Test of CPT Invariance
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A precision measurement of the masses of the A® and A° hyperons is obtained from Gaussian fits to
the invariant mass distributions for 20138 A®s and 18309 A%s. The Gaussians have standard deviations
of 0.49 and 0.51 MeV/c? for the A® and A, respectively. Systematic errors were reduced by calibrating
the spectrometer with 60000 exclusive events containing a K§. We find M,=1115.678 +0.006 + 0.006
MeV/c? and Mz=1115.690 +0.008 £+ 0.006 MeV/c2. The A°-A° mass difference testing CPT invari-

ance is —0.012+0.010 MeV/c2

PACS numbers: 14.20.Jn, 11.30.Er

We report precision measurements of the masses of the
A® and A° hyperons more than an order of magnitude
more accurate than the last previously reported values
[1], which were done more than 20 years ago with limited
statistics. The A® mass was reported to be 1115.59
+0.08 MeV/c? by Hyman et al. [2] (935 events in a
helium bubble chamber), 1115.39+0.12 MeV/c? by
Mayeur et al. [3] (195 events in, emulsions), and
1115.65 £ 0.07 MeV/c? by Schmidt [4] (488 events in a
hydrogen bubble chamber). Measurements of the A°
mass are not reported in Ref. [1]. It is important to im-
prove the knowledge of these fundamental constants with
modern techniques. The mass values also constrain quark
models [5] and test the predictions [6] of mass relations
and QCD calculations of hyperfine interactions such as
the £%— A transition [7]. Invariance under CPT (8]
predicts equality of particle antiparticle masses. Al-
though tested to extraordinary accuracy for nonstrange
baryons [9] and K° mesons [1], CPT tests with nonzero
strangeness baryons are no more stringent than the mass
measurements. The current world average [1] A%-A°
mass difference is 0.00 £0.12 MeV/c2 Since CPT in-
variance is thought to be a fundamental principle, im-
proved tests of its validity are essential.

The data were amassed at the Alternating Gradient
Synchrotron (AGS) at Brookhaven National Labora-
tories in experiment E766 [10]. A proton beam with an
average momentum of 27.5 GeV/c entered a 12-in.-long
liquid hydrogen target. Charged particles from a pp in-
teraction were detected and measured in a spectrometer
located in the aperture of an analyzing magnet, 4 ft high,

6 ft wide, and 6 ft deep. The average [ Bdl of the
analyzing magnet was 1.17 Tm (350 MeV/c). The tra-
jectories of particles passing through the magnetic field
were measured by six drift chambers. The spectrometer
was designed with a minimum amount of material to
reduce multiple Coulomb scattering. The incoming pro-
ton beam momentum and direction were measured in a
separate spectrometer system [11]. (Details of the spec-
trometers, the data acquisition system, the triggers, and
the specialized electronics systems involved are presented
elsewhere [12,13].) With beam intensities of 10° to 107
protons per second delivered in 1.2-s-long pulses every 3
s, ~1500 events were recorded each beam pulse. In a
two week exposure, ~3x10% events were recorded on
magnetic tape.

The 2.0 to 3.5 mm wire spacing of the drift chambers,
the accuracy of the spatial measurements (~150 um),
and the redundancy afforded with four views per chamber
proved sufficient to allow accurate track reconstruction
even with twenty particles in the final state. The momen-
tum of each particle was obtained from the shape of the
trajectory and a detailed knowledge of the magnetic field.
The momentum resolution Ap(FWHM)/p was 0.01. Ina
typical event, most tracks come from a common point
—the primary vertex or interaction point of the incoming
proton. The position of a vertex was used as a constraint
to improve the momentum measurement. Vertices
separated from the primary vertex are candidate particle
decays. The tracks forming a separated vertex were as-
signed all possible (e *,u* 7% K*,p,p,d) particle
identities. For each assignment, the invariant mass of the
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decaying particle was calculated. If that mass was within
broad limits of the accepted value for a known particle,
the separated vertex was labeled as the decay point of
that particle. The track information, the tentative assign-
ments from the verticizing process, the particle
identification from the Cherenkov counter and time-of-
flight scintillator hodoscopes, and the conservation of
momentum, energy, charge, and baryon number were
then used to select that subset of the data which are com-
pletely measured or exclusive reactions. Our sample
yielded ~2x 10° exclusive events.

Exclusive events have advantages for a precise mass
measurement. The selection demands the magnitude of
the vector sum of the transverse momenta in the final
state be < 100 MeV/c and the initial and final state sums
of the difference of the particle energy and longitudinal
momentum be equal to *30 MeV/c. These stringent
demands require accurate determination of each parti-
cle’s momentum vector. Background for exclusive events
from mismeasured, nonexclusive events was < 5%. The
kinematic ambiguity between A— pr~ and K¢— rtn”
is small because of the mass resolution of the spectrome-
ter and because exclusive events must satisfy the additive
conservation laws (baryon number, strangeness, charge,
etc.).

To improve the mass resolution, charged particles from
a decay were required to be bent by the magnetic field to-
ward the original direction of the parent particle. This
selection reduces the resolution-broadening correlation
between the measurements of the decay opening angle
and the track momenta.

The exclusive event samples thus selected for this mea-
surement included 59814 events with a K from the
final states ppK8K Tx*n(x*z™), n=0,1,2,3; 45697
with a A° from the final states pA°K *n(z*z~), n
=1,2,3,4; and 6281 with a A°® from the final states
pppAK “n(xtz”), n=0,1,2,3; ppA°A°n(z*x~), n
=0,1,2,3 and pppA°Kdr " n(z*n~), n=0,1,2. The
K8— n*x~, A= pr~, and A°— pr* decays were
used.

The three components of the magnetic field of the spec-
trometer were measured to *1 G with the Fermilab
ZIPTRACK system [14], providing ~300000 measure-
ments on a 2 in. by 2 in. grid perpendicular to the beam
direction and a 1 in. spacing along the beam direction.
The measurements covered the 48 in.x72 in.x127 in.
aperture of the spectrometer. The field map was initially
positioned relative to the analyzing magnet and the coor-
dinate system of the spectrometer using direct surveying
techniques and the symmetry of the field. Further checks
were made by measuring the momentum of a track using
different portions of the spectrometer and therefore
different sections of the field.

The final alignment of the field grid was obtained with
the sample of exclusive events containing a K§ decay.
The K@ mass was calculated for subsets of this sample
based on the location of the decay point, the trajectories

of the decay products, the K@ trajectory, the orientation
of the plane of the decay, and the KQ momentum. These
calculations were repeated for ~40 different locations
and orientations of the measurements with respect to the
spectrometer coordinate system allowing the field position
to be determined with an uncertainty of *0.05 in. in
each direction.

We investigated quantitatively features of the tracking
that might influence the mass determination using both
data and Monte Carlo generated tracks. Two problems
were corrected. First, the momentum measurement was
improved by 0.15% by reducing the step size used to fit
the track trajectory to the position measurements (6 in. to
2 in.). Second, the determination of the momentum com-
ponents along the beam direction and along the vertical
differed slightly (0.1%) and were corrected.

Considerable attention was devoted to the time depen-
dent stability of the magnetic field of the spectrometer
magnet. At Brookhaven, a typical power supply is regu-
lated [15] to £0.1%. The magnet was operated at field
values below saturation. Therefore, the magnetic field of
the spectrometer was proportional to the output of the
supply. Without more detailed knowledge of the field,
mass measurements would also be limited to *+0.1%.
However, it was possible to use an inclusive KQ mass
measurement as a function of time to determine and
correct for the time variation of the magnetic field. Since
~1.6x 103 events were written to a magnetic tape every
6 min, each tape contains between 103 and 10* separated
vertices with a 77~ invariant mass within £ 20 MeV
of the KQ mass. The central values of the mass distribu-
tions of these vertices from each of the 2000 tapes during
the experiment provided a direct measure of the varia-
tions in the magnetic field (typically *0.05%). We used
this information to correct on a tape-by-tape basis for the
changes in the magnetic field.

To improve the resolution further, (i) only decays
which occurred downstream of the liquid hydrogen target
were accepted to eliminate a major source of multiple
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FIG. 1. Invariant mass for the exclusive K§ events fit to a
Gaussian and a linear background shown explicitly. The stan-
dard deviation is 1.28 MeV/c2.
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FIG. 2. Invariant mass for (a) A® and (b) A%. The A° ex-
clusive sample has been multiplied by 10. Fits are Gaussians
with linear backgrounds shown explicitly. Standard deviations
are ~0.5 MeV/c2

Coulomb scattering and systematic uncertainties due to
energy loss corrections. (ii) Tracks of the decay products
were not permitted to share wire hits in the drift
chambers. (iii) The plane of the decay had to be within
=+ 60° of the horizontal. The width of the mass distribu-
tions increased ~35% for decay planes parallel to the
vertical magnetic field. (iv) Tracks of the decay products
had to be measured by at least four chambers. These re-
quirements reduced the data sample by a factor of 3.

The KQ invariant mass was then plotted for the ex-
clusive events with a KQ. The distribution was fit to a
Gaussian signal and a linear background function. The
magnetic field of the spectrometer was normalized to set
the center of the Gaussian at the current world average
[1] of 497.671 £0.031 MeV/c2 This required a change
in the normalization of 0.06% from the value obtained
from an NMR probe calibration of the ZIPTRACK sys-
tem.

The K§ mass distribution is shown in Fig. 1. There are
19187 events plotted in 0. MeV/c? bins between
494.411 and 500.931 MeV/c2. The Gaussian has a cen-
tral value of 497.6711 £ 0.0118 MeV/c? with a standard
deviation of 1.28 MeV/c2 The x? is 54 for 59 degrees of

1324

TABLE 1. Fits to the mass distributions for exclusive (a) and
inclusive (b) A® and A% showing Gaussian standard deviations
and quality of fit.

Events Mass o x*NpE
/}0 (a) 14287 1115.681 x0.006 0.495 65/53
A° (a) 992 1115.710 £ 0.023 0.53 36/40
110 (b) 20138 1115.678 = 0.006 0.486 66/53
A% (b) 18309 1115.690 = 0.008 0.508 59/53

freedom indicating that the data are well described. The
largest correlation coefficient involving the central value
is —0.015 (with the intercept of the linear background).

The invariant mass distributions for the A® and A° ex-
clusive events were then plotted in 0.05 MeV/c? bins be-
tween 1114.13 and 1117.07 MeV/c? and fit. The results
are shown as the lower curves in Figs. 2(a) and 2(b) and
presented in Table I.

To reduce the uncertainty in the A? measurement, the
analysis was extended to the inclusive samples. The A°
inclusive sample was ~60000 events before the criteria
to improve the resolution were imposed. The A% inclusive
sample was limited to roughly the same size because of
the systematic uncertainties discussed below. After ap-
plying the criteria, the results are shown as the upper
curves in Figs. 2(a) and 2(b) and presented in Table I. A
linear background was used in all fits. The exclusive and
inclusive results agree nicely. We choose to quote the
higher statistics inclusive measurements as our final re-
sult.

The systematic errors on these values are dominated by
the uncertainties in the world average values of the K p,
p, and n¥. To calculate these systematic errors and to
permit an accurate correction of our results and a reduc-
tion in the size of our systematic uncertainty should new
world averages of these particles be obtained, we present
in Table II the derivatives of the hyperon mass to each
and the size of the contribution to the systematic error.
The total systematic error combines these contributions
in quadrature.

We investigated the effects of the cuts applied to the
sample. We calculated the K& mass for the following
samples: (i) sharing of hits in the drift chambers al-

TABLE II. Systematic errors (MeV/c?) in the A mass due
to uncertainties in the particle masses used. The derivatives can
correct our results if world averages [1] improve. The effect of
the = mass depends on whether (a) the K§ mass remains un-
changed or (b) changes as the 7 mass moves (dmxy/dm,=1.4).

Mass Value used Derivative Contribution
KQ 497.671 £0.031 dma/dmgg=0.19 0.0059
p 938.2731 = 0.00028 Ima/Omp,=1.0 0.00028
n 139.5679 £ 0.0007 Ima/dm,=1.0 0.0007 (a)
—0.0002 (b)
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TABLE II1. Effect of cuts on mass of K$.

TABLE IV. New world averages (MeV/c?).

Change in cut Shift in Mo
Allow sharing of hits 0.001
Decay plane within * 53° 0.006
Decay plane within * 66° 0.011
E and p Cons. *11% 0.001
Allow 3 chamber tracks 0.002

lowed; (ii) the plane of the decay restricted to within 53°
of the horizontal and loosened to within 66°; (iii) reason-
able variations to width of the energy and momentum
conservation requirements for the exclusive event selec-
tion; and (iv) three-chamber tracks allowed. The shift in
the K mass for each of these samples is shown in Table
II1. Since all shifts are less than the statistical error and
do not indicate any particular bias, we have not increased
the systematic error. Finally, the tape-to-tape corrections
for the variations of the magnetic field were removed and
the complete analysis repeated. The A° mass in that
analysis increased by 0.001 MeV/c?, ~ ¢ of the statisti-
cal error.

Thus, our measurement of the masses yields M,
=1115.678 %+ 0.006 * 0.006 MeV/c? and Mz=1115.690
+0.008 = 0.006 MeV/c? where the errors shown are sta-
tistical and systematic in that order. Our result has over
20 times the statistics of the Hyman et al. [2] result and
has an uncertainty 12 times smaller. A constrained fit to
determine new world averages following the procedures of
Ref. [1] using the data and errors they report yields the
results in Table IV.

A simultaneous measurement of particle and antiparti-
cle masses in the same apparatus greatly reduces the sys-
tematic uncertainty in testing the CPT invariance predic-
tion of particle-antiparticle mass equality. Since sys-
tematic effects change the A® and A° mass in the same
fashion in this measurement, we compare the masses us-
ing only the statistical uncertainties. The A°A°® mass
difference for the inclusive samples is —0.012+0.010
MeV/c2. The fractional mass difference (difference/
average) is —1.08£0.90x107% We interpret this
agreement with 0 to 1.2 standard deviations as con-
firmation that invariance under CPT is verified in the
A%A% system to 1 part in 10°. Our result is more than a
factor of 10 improvement over the most recent world
average.

We acknowledge the assistance of the technical staff at
the AGS at Brookhaven National Laboratories and the
superb efforts by the staffs at the University of Mass-

A° 1115.667 + 0.009
zt 1189.37 +0.06
z0 1192.58 +0.09
=~ 1197.46 +0.05
A%-A° —0.012+0.015
T7-A° 81.71 +0.07
3070 76.85+0.19
z--x0 4.88 +0.08
-zt 8.19+0.14

achusetts, Columbia University, and Fermilab. This
work was supported in part by National Science Founda-
tion Grants. No. PHY90-14879 and No. PHY89-21320,
by the Department of Energy Contracts No. DE-ACO02-
76CHO3000 and No. DE-AS05-87ER40356, and by
CONACYyYT de Mexico.

*Now at Fermilab, Batavia, IL 60510.
fNow at M. B. Anderson Cancer Research Institute,
Houston, TX 77030.
#Now at Carnegie-Mellon University, Pittsburgh, PA
15213.
§Now at AT&T Research Laboratories, Murray Hill, NJ
07974.
INow at University of Utah, Salt Lake City, UT 84112.
$Deceased.
**Now at University of California at Davis, Davis, CA
95616.
[1] Particle Data Group, K. Hikasa et al., Phys. Rev. D 45,
S2 (1992).
[2] L. G. Hyman et al., Phys. Rev. D 5, 1063 (1972).
[3] C. Mayeur et al., U. Libr. Brux. Bul. 32, (1967).
[4] P. Schmidt, Phys. Rev. 140, B1328 (1965).
[5] A. DeRujula et al., Phys. Rev. D 12, 147 (1975).
[6] N. Isgur and G. Karl, Phys. Rev. D 20, 1191 (1979).
[71 S. Samuel and K. J. M. Moriarty, Phys. Lett. 166B, 413
(1986).
[81 D. H. Perkins, Introduction to High Energy Physics
(Addison-Wesley, Reading, MA, 1987), 3rd ed.
[9] G. Gabrielse et al., Phys. Rev. Lett. 65, 1317 (1990).
[10] BNL Report No. E766, Columbia Univ., Univ. of Mas-
sachusetts, Univ. de Guanajuato, Fermilab, and Texas
A &M Univ., Brookhaven National Laboratories, 1981.
[11] D. C. Christian et al., “High Rate Drift Chambers” (to
be published).
[12] E. P. Hartouni et al., IEEE Trans. Nucl. Sci. 36, 1480
(1989).
[13] L. R. Wiencke et al., Phys. Rev. D 46, 3708 (1992).
[14] A. 1to et al., Fermilab Internal Memo 1200, 1983.
[15] A. Pendzick (private communication).

1325



