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Observations of the mass distribution of the A, meson produced in the reaction mp
— Ayp are reported. The A,’s were observed using a missing-mass technique. Measure~
ments were made with 5- and 7-GeV 7~ as well as 5-GeV 7% beams. For each beam
setting more than 17000 A,’s above background were observed with 0.20< ltl<0.29 GeV?,
The A, peaks are well described by a Breit-Wigner shape, whereas the dipole mass for-

mula does not fit the data.

The CERN missing-mass—spectrometer group,
CMMS, has performed several experiments®?
which show that the A, meson does not possess
the usual Breit-Wigner shape, but instead is a
double-peaked structure best described by a di-
pole mass formula. Subsequent experiments?”’
have also examined the A, mass spectrum in de-
tail. Some of these experiments® * favor a dipole
shape. In other experiments,®>” in which no di-
pole-like shape was found, the A, was observed
under conditions differing from those of the
CMMS experiments and thus do not necessarily
contradict the CMMS findings. We report here®
data obtained using a missing-mass technique to
study the reaction mp -~ A,p in a similar manner
and in the identical kinematic region as in the
original CMMS experiments. Our data are well
described by the Breit-Wigner formula and are
inconsistent with a dipole shape.

The detector arrangement is shown in Fig. 1.
The pion beam was produced by the slow exter-
nal proton beam of the Brookhaven National Lab-
oratory (BNL) alternating-gradient synchrotron.
The recoil protons were detected by an easily
rotatable telescope consisting of four wire spark
chambers followed by five identical proton de-
tectors which subdivided the vertical aperture.
Each proton detector had an entrance aperture of
11,5 X61.0 cm? located about 1.6 m from the tar-
get, and each consisted of a 1.27-cm-thick scin-
tillation counter to measure proton dE /dx and
time of flight, a 29,0-cm-deep plastic scintilla-
tion counter to stop the proton and measure its
energy by the pulse-area method, and an antico-
incidence counter to veto particles which did not
stop.

A second spectrometer, consisting of wire

spark chambers and trigger counters located be-
fore and after a magnet, was used to determine
the production angles and momenta of particles
produced in the forward direction. The magnet
was placed about 5.8 m from the target. This
spectrometer, having a momentum resolution of
1% full width at half-maximum (FWHM) at 5 GeV,
detected primarily elastically scattered 7’s.

For each event, the mass of the charged boson
is calculated from three measured kinematic
quantities: the beam-particle momentum, the
recoil-proton production angle, and the recoil-
proton kinetic energy. In calibrating the scales
and determining the resolutions associated with
the measurements of these three kinematic quan-
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FIG. 1. Detector arrangement. The symbols S,
Sg,***,Sg label aperture-defining scintillation counters,
Vi and V, label veto counters, and DH labels the decay
hodoscope. The beam enters the detector region from
the left after traversing a threshold Cherenkov counter,
for 7 identification, and three beam hodoscopes which
determined the momentum, angles, and lateral posi-
tion of the incident particle at the hydrogen target.

For the charged-boson missing-mass data, the trigger
was 7 in, proton out.
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Table I. Experimental resolutions (FWHM) and their contributions to the A,~
mass resolution. Proton resolutions are for 0.20< l¢tl<0.29 Gev?.

Beam momentum (GeV)

Proton production angular resolution (mrad)
Contribution to A;-mass resolution (MeV)

Proton energy resolution (MeV)

Contribution to A,-mass resolution (MeV)

Beam-momentum resolution (MeV)

Contribution to A,-mass resolution (MeV)
Total A,~-mass resolution (MeV) (M=1.30 GeV)

5 7
8.6 +0,4 8.6+0,4
13 0.7 20%1,0
5.0 1.0 5.0£10
3.0£0,5 1.0+0,5
54 2.0 6120
8.0 0,4 6.4 1,0
16 1.0 21%1.0

tities the following studies were made.

(1) The production-angle scale was determined
by surveying the detectors and verified by rotat-
ing the proton detector into the beam.

(2) Elastically scattered pions were detected in
the magnetic spectrometer at the same time that
the A, data were obtained. The trigger for these
events was 7 in, m out. This constituted a contin-
uous direct measurement and monitoring of the
beam momentum and its resolution. The total
beam-momentum resolution, given in Table I, is
the result of these measurements and includes
the effects of possible beam drifts.

(3) At frequent intervals throughout the data
taking, missing-mass experiments were per-
formed in which the proton detector was set at
an angle where mainly protons from elastic pion
scattering were detected. These measurements
were obtained by moving the proton detector to
an angle about 20° larger than the settings used
for collecting the A, data. The energy calibra-
tion of the proton detectors was determined and
monitored by requiring that in these missing-
mass distributions the 7 peak from elastic events
be centered at the pion mass, (The trigger for
these events was 7 in, proton out.) In addition,
during the recording of the 7-GeV A," data, pro-
tons from the elastic reaction were also detected
at the same time as the A, events and provided a
simultaneous monitoring of the proton-detector
energy calibrations.

(4) In order to determine accurately the 4,-
mass resolution, elastic events were studied in
which both the recoil proton and scattered m were
detected.® From these data is was possible to ex-
tract independently both the proton angular reso-
lution and the energy resolution which are listed
in Table I. This measured value for the angular
resolution agrees with the value calculated taking
into account multiple scattering in the materials
along the recoil-proton path'® and is consistent
with the observed widths of the m peaks mentioned
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in (3) above.

The A,-mass resolutions determined from the
measured angular and energy resolutions are 16
+1,0 MeV FWHM at 5 GeV and 21+ 1.0 MeV
FWHM at 7 GeV., As indicated in Table I, the 4,-
mass resolution is dominated by the proton angu-
lar resolution. The effects of drifts and possible
systematic errors in the beam- and proton-ener-
gy calibrations are included in the stated resolu-
tions and are negligible effects in this experi-
ment. The measured A,-mass resolutions com-
pare favorably to the resolution of the CMMS 6-
and 7-GeV A, data.!

A total of 8.5 million triggers (7 in, proton out)
was recorded for the three types of incident
beams. All of the events were analyzed, and
about half of them survived geometric recon-
struction. In analyzing these data, further selec-
tions were made: (a) The production point of the
event was restricted in order to exclude events
from the target windows and walls., (b) To ex-
clude protons which suffered a nuclear interac-
tion in the proton-stopping scintillator, consis-
tency between the measured proton energy and
both its measured time of flight and measured
dE /dx was required. (c) The position of the
event extrapolated to the rear of the proton-stop-
ping counter was restricted to insure that all of
the stopping energy of the proton was contained
in the counter. (d) In order to have a direct com-
parison with the CMMS data,® only events with
proton four-momentum-transfer squared 0,20
< [t]<0.29 GeV? were kept. (In this experiment
t=-2m,T,, where m, is the mass of the proton
and T, is the proton kinetic energy.)

Mass distributions were examined for each of
the proton detectors, separately, and for small
intervals of proton energy. Fits to these data
showed that the A, mass, width, and signal-to-
background ratio at a single beam setting were
independent of the proton detector which observed
the events., The A, mass and width also were ob-
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served to be independent of |¢| (within errors).

For the elastic-scattering data, the absolute
cross sections and their |¢| dependences were de-
termined, These elastic-scattering data provide
a check on the event-selection criteria, the geo-
metrical-detection-efficiency corrections, and
the nuclear-absorption correction, In the inter-
val 0,20 < |t| < 0,29 GeV?, the measured cross
sections agree well (+10%) with published val-
ues.'? ~
The A, mass distributions obtained at each val-
ue of beam momentum are shown in Figs. 2(a)-
2(c).'® In these figures, the calculated detection
efficiencies!* and the number of events divided
by the calculated detection efficiencies are plot-
ted versus mass. These spectra represent about
28 000, 24000, and 17000 detected A, mesons
above background at 5 (77), 5 (r*), and 7 (z7)
GeV, respectively, and have, at the 4, peaks, a
statistical precision of better than 3% per 5-MeV
bin,

Fits to the data were made using a function,
consisting of a background term plus either a
Breit-Wigner or a dipole distribution, folded
with the experimental mass resolution., Both a
linear and a linear plus quadratic mass depen-
dence were used for background terms, The data
were fitted from 1.10 to 1,50 GeV in order to
constrain the background to be smooth over the
entire region, The form for the Breit-Wigner
distribution was B(M ,M,, T')=[(M ~-M ,)? + sT2]"?,
and for the dipole, D(M,M,,T')=[B(M,, M, T)(M
~-M,)P. In fitting the data with the dipole formu-
la, two different types of fits were used. In one,
the width of the dipole was fixed at 28 MeV, the
value reported by the CMMS group,' and the mass
was allowed to vary. In the other, both the mass
and width were allowed to vary. For each fit the
x? was determined for all the fitted points (1.1
<M <1.5 GeV, 80 data points), x;2, and for the
“resonance” region (1.22<M < 1,38 GeV, 32 data
points), xz%. The quantity xz? is more sensitive
to the A, shape and less sensitive to the exact
form of the background in the A, region than is
Xz%

The results of the fits are shown in Table II,
All of the Ay peaks are well described by the
Breit-Wigner shape and ave inconsistent with di-
pole shapes, regardless of the form of the back-
ground assumed. For the three types of beams,
the A, masses are equal (within errors), as are
the widths.

In Table II, the quantity Z is approximately
equal to the number of standard deviations by
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FIG. 2. (a)-(c) Mass spectra from 5 (r°), 5 (r*), and
7 (r7) GeV, respectively. The solid lines through the
data are the Breit-Wigner fits, and the solid straight
lines beneath the data are the associated fitted linear
backgrounds. The dashed lines in the region of the
data are the dipole fits (Iyjp1e =28 MeV, fixed) and
their associated linear backgrounds. The calculated
detection efficiencies versus mass are shown (arbi-
trary units) as dashed lines (1.10<M <1.22 GeV and
1.38<M=<1.50 GeV) and as solid lines (1.22<M<1.38
GeV, “resonance” region). The detection efficiencies
have been normalized so that at M =1.300 GeV the
ordinates on the graphs indicate the actual number of
events detected in the experiment per 5~MeV bin.

0.

which our data favor a Breit-Wigner fit over a
dipole fit, Thus, all the fits to our data favor a
Breit-Wigner fit by more than ~4 standard devia-
tions. The experiment as a whole clearly rules
out a dipole shape for the A,.
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Table II. Results of the fits. The data are fitted over the interval 1.1<M<1.5 GeV with a Breit-
Wigner (B) [or a dipole (D)] distribution plus a linear (L) or linear plus quadratic (Q) background.
The number of degrees of freedom for the entire interval 1.1<M=<1.5 GeV is 75 for the L fits and
74 for the @ fits. xT2 and sz are the total x2 for the regions 1.1<M<1.56 GeV and 1.22<M=<1.38
GeV, respectively. The quantity = (xp’~xg?)/(60)!/? is the difference in x? for the D and B fits for
1.22<M=<1.38 GeV divided by the approximate expected fluctuation in x2 for this mass interval.

P(x Rz) is the probability of observing a x? larger than x RZ, assuming x RZ obeys a x* distribution with
30 degrees of freedom. M,, I', and R are, respectively, the resonance mass, width, and signal-to-
background ratio (at M =M given by the fits. The uncertainties listed with M, include the effects of
possible systematic errors associated with determining this quantity. The errors listed with I' are

the statistical errors of the fits.

Resonance &

Background Beam R M0 T xz X12{ b P (xi)
Distribution Momenta® MeV) (MeV) T

Used (GeV) (e

B+L 57 0.79 1299 * 6 105 %5 114 31 4 x 1071
D+L 5 1299 * 6 26 + 1 368 238 27 3 x 1034
DHLD 5= 1298 + 6 28° 374 252 29 6 x 10-37
BHL s+ 0.52 1300 * 6 99 = 5 9% 27 6 x 10-1
D+L 5t 1300 £ 6 25 + 1 271 179 20 4 x 10-23
DL 5+ 1300 * 6 28° 283 200 22 5 x 1027
B+L 7" 0.89 1309 * 4 103 ¢ 5 100 29 5 x 10-1
D+L 7" 1308 * 4 27 + 1 231 135 14 3 x 10-15
DHLD 7" 1308 £ .4 28b 231 138 14 9 x 10-16
BHQ 5- 0.82 1300 £ 6 118 + 9 109 30 5 x 1071
DHQ 57 1298 * 6 23 + 1 243 14 11 1 x 101
p+QP 5~ 1298 * 6 28> 281 166 18 9 x 10721
B+Q 5+ 0.61 1300 * 6 113 + 9 89 27 6 x 1071
D4Q 5+ 1301 * 6 22 + 1 195 94 9 2x108
D+QP 5+ 1299 * 6 28> 234 146 15 3 x 10°7
B+Q 7" 0.81 1309 % 4 9% % 9 99 29 5 x 1071
D+Q, 7" 1309 * 4 23 % 1 138 ° 58 4 2 x 103
D+Q 7 1308 + 4 28 159 87 7 2x 1077

2The superscript on the beam momentum designates the charge of the incident pion.
bFor these fits the dipole width was fixed at 28 MeV.

To investigate the significance of the disagree-
ment between our results and the CMMS 6- and
7-GeV results,’ our mass distribution for the 7-
GeV beam [Fig. 2(c)] was compared directly to
that of CMMS. This comparison indicates that in
the region of the A, peak, where 1.29sM<1,31
GeV, the data from the two experiments differ
by a total of more than a 7 standard deviations.'®
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0.3% with the values deduced using the magnetic spec~
trometer.

1%The material in the path of the recoil proton, con-
tributing to multiple scattering (ms), consisted of 2.9
%1073 radiation lengths (rl) of material perpendicular
to the 7 beam (1.5x1073 rl of liquid H, plus 1.4x10"3
rl of other material) plus 0.8 x10~? rl perpendicular to
the proton line of flight. For 20 % of the events, an addi-
tional average of 5.6 X107 rl of Cu wire of the first
spark chamber must be added. The angular measuring
accuracy of the spark chambers plus the uncertainty
in the incident beam angle was 3 mrad FWHM. The
ms calculations are based on the work of R. Diebold,
SLAC Report No. RD-11, 1967 (unpublished).

The total “high-resolution” data in Ref. 1, Fig. 4,
are compiled from samples with resolutions of 26, 18,
and 16 MeV. We estimate the effective resolution of
this sample to be 20 MeV FWHM.

'2C. T. Coffin et al., Phys. Rev. 159, 1169 (1967).

3The fluctuation in the 5-GeV (r”) data [Fig. 2(a)] just

below M=1.300 GeV has been investigated by rebinning
these data with the bin origins shifted by 2.5 MeV.
Upon rebinning, the fluctuation becomes significantly
reduced.

4The detection efficiencies are calculated assuming
a production cross section of the form d%/dMadt =G(M)
Xexp(=B lt=t M|) , where G(M) is the total cross section
per unit mass for production of particles with an effec-
tive mass M, and ¢, is the minimum ¢ possible for
mass M. The value of B=8 GeV~?, which represents
well the ¢ dependence of all the data for 1.1sM<1.5
GeV, was used in the calculations.

15A special selection of our 7-GeV data was also made
to more closely approximate the exact conditions of
the CMMS experiment. For this selection, data were
chosen in which one, two, or three charged particles
were detected in the hodoscope covering a large por-
tion of the solid angle in the forward direction. Fits to
these data favor a Breit-Wigner shape by ~12 standard
deviations (linear background).

Experimental Limits on the Decays K; > u* u-, e*e-, and uie¢T

Alan R. Clark, T. Elioff,* R. C. Field, H. J. Frisch, Rolland P, Johnson,
Leroy T. Kerth, and W. A, Wenzel
Lawrence Radiation Laboratory, Univevsity of California, Berkeley, Califovnia
(Received 9 April 1971)

We have performed a search at the Bevatron for the decays K;"—p*i", e*e”, and u*e®
with a double magnetic spectrometer using wire spark chambers. Over 10° observed
K L°~1r“‘1r' decays determine the normalization for the di-lepton decay modes. No e‘e”
or u*e* events were observed. For each of these decays the upper limit on the branch-
ing ratio relative to all modes is 1.57 x 107 (90% confidence level). For the decay K 0
'y, the limit is 1.82x 10”? (90% confidence level).

The K;°~ p*u” decay is generally considered
to be a sensitive test of the existence of weak
neutral currents. This decay should also occur
via higher-order weak interactions.! Current
algebra techniques have been used to relate the
rates for K* -~ 11 *v and the second-order weak
process K;°~p*1".2 An upper bound on the
weak interaction cutoff then follows from the ex-
perimental limit on K,%—pu*u-,

The K, °~1"1" decays should also be induced by
electromagnetic interactions.® Using the mea-
sured K °—yy rate? and assuming only the two-
photon intermediate state, branching ratios of ap-
proximately 1078 have been predicted from vari-
ous models for the K,°~ u*u” decay.® Neglecting
the contributions from off-mass-shell photons,
one can derive a “unitarity” lower limit of 6
X 107° for this decay. However, other intermedi-
ate states may destructively interfere, producing
a limit lower than that predicted by the two-pho-

ton state alone, Martin, de Rafael, and Smith®
have estimated that contributions from the wmy
and 37 intermediate states can lower the rate by
at most 20%.

The K,°~e"e" rate is suppressed by a factor
of (m,/m,)? relative to the K,°~ pu*u” rate in
weak models which use V-A and also in electro-
magnetic models. The K,°—~e*u¥ rates are not
predictable from any known interaction. Limits
on these decays (which violate separate lepton-
number conservation) can be compared with lim-
its on p*—~e*y or p*—e*e*e”. Table I shows
these limits and previously published limits on
the various di-lepton decay modes of the K ,°.

Figure 1 shows the plan view of the detection
apparatus.” The 6-m-long decay volume began
7.6 m from the production target in the Bevatron
external proton beam. The 0.8-msr beam yield-
ed ~6 X10° K,%s in the momentum range 0.8-3.2
GeV/c for 6 X 10" protons on the target, The
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