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2Not all the events below the background curve in
Fig. 3, between 520 and 580 MeV, are to be counted
as background in the n—7t+r—+7° sample since about
half of them did not make the required fit to the chain

(4a).

30ne might, however, ask a different question, i.e.,
what is the joint probability that there being no C-in-
variance violation, the three independent observations
should obtain the reported values all with the same
sign. This probability is 2.3 X107°,
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The K~ -p and K~ -d total cross sections have
been measured with increased precision and
resolution in the momentum interval 1.0 to 2.45
GeV/c using a partially separated K~ beam
at the Brookhaven alternating-gradient synchro-
tron (AGS). Data were obtained at momentum
intervals of 50 MeV/c with Ap/p =+0.01. The
statistical standard deviations are +0.25% for
hydrogen and +0.13 for deuterium above 1.35

GeV/c, and increase progressively with decreas-

ing momentum. The total cross sections in
this energy range show considerable structure.
Preliminary analysis indicates two K~ -nucle-
on resonances above Y,*(1815) in the 7=0 state
and very likely three in the /=1 state above

Y, *(1765).

The K~ mesons were produced in a 1-mm-
diam, 13-mm-long Be-wire target at 10° to
the internal proton beam of the AGS. First,
the particles were focused with a quadrupole
triplet to a beam parallel vertically and slight-
ly converging horizontally, then momentum
analyzed. This beam passed through two 15-
ft-long electrostatic separators (about 400 kV
on a 4-in. gap) and, before being deflected by
a 12° angle, was refocused horizontally at a
sextupole and vertically onto a mass slit fur-
ther downstream. Following the mass slit,
the beam was recombined in momentum and
imaged at the transmission counters. A nucle-
ar fluxmeter was used to calibrate the momen-
tum of the beam at selected values to better
than +0.5%. The flux varied from about 16x 103
K~ mesons per 102 protons at momenta above
1.8 GeV/c to about 300 K~ mesons per 10'2
protons at 1 GeV/c.

The K~ mesons were identified by a liquid
differential Cherenkov counter with a 3-cm-
thick radiator filled with C4F,,. Incorporated
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into the counter was an anticoincidence arrange-
ment for rejecting fast particles. Thus the
contamination of the K~ mesons by other par-
ticles was maintained below 0.5% at all momen-
ta. A time-of-flight criterion also had to be
imposed to achieve this low contamination at

1.0 and 1.05 GeV/c.
The hydrogen and deuterium targets were

identical and were 36 in. long and 5 in. in di-
ameter. Both targets were at a temperature

of 20.97°K corresponding to a hydrogen vapor
pressure at 18.00 psi. The densities of the
liquid hydrogen and liquid deuterium were
0.069 97 g/cm® and 0.1691 g/cm®, respective-
ly. A double-jacketed design provided long-
term density stability to better than 0.03%.
The cross section at each momentum was de-
termined from the transmission measured suc-
cessively in the H, and D, targets and a dum-
my target. At least two such sequences were
repeated and a measurement with a carbon tar-
get was also made at each momentum.

The K™ -meson telescope consisted of the
Cherenkov counter in coiricidence with one scin-
tillation counter defining the beam at the exit
of the last quadrupole, another behind the Che-
renkov counter defining the beam at the entrance
to the target. Adjacent to it was a counter with
a hole whose signal was in anticoincidence with
the telescope. Almost all of the fast particles
and nonbeam particles were thus eliminated
electronically. Accidental coincidences, pri-
marily due to K~ mesons in the beam, were
a negligible effect since the AGS spill was quite
uniform over a time interval exceeding 0.4 sec.
An artificial dead time of 60 nsec was introduced
following each K~ count to eliminate pile-up
in the 20-Mc/sec scalers.

The K~ mesons which passed through the tar-
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T T T get were detected in seven transmission count-
@) ers situated at the final K~ -meson focus. The
sor 7 transmission counters subtended at the center

of the target solid angles ranging from 1.2 to

TT T COOK ef ar 13.2 msr. Each of these counters was separate-

¢ CHAMBERLAIN ef o/ 7 ly connected in coincidence with the K-meson
¢ DIDDENS ef o/

45

T BASTIEN ¢f or telescope and the individual coincidences scaled.
el a

§ THIS EXPERIMENT The data were transferred from the scalers
40 -

} } 7 onto cards and processed by an IBM-7094 com-
puter to check for internal consistency and to
{ calculate the partial cross sections. A linear
extrapolation to zero solid angle was made to
} obtain the total cross section.
The data were corrected for the increased
decay rate of K~ mesons after having passed

\§ through the targets due to energy loss by ion-
= } ization. This correction A¢ on o(K~ -p) varied
25t 3 from Ag =-0.47 mb at 2.3 GeV/c to Ao =-2.46
mb at 1.0 GeV/c.

Figures 1(a) and 1(b) show the measured to-
20 - . tal cross sections. Shown also are the results
of previous measurements’”3 in this momen-

tum interval. There is a general agreement
05 5 5 55 25 30 with the trend of the earlier data but not with
LABORATORY MOMENTUM OF K~ MESON (GeV/c) the absolute scale of the K™ -d cross section.

The K~ -p and K~ -d total cross sections can

[ , be expressed in terms of the total cross sec-
tions o, and o, in the pure isotopic spin states
\J}i (b) - I=0and I=1, respectively:

GT(If'-P)=%(00+0

35—

30 i -
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0
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oT(I('-d)=%(00+3o (2)

1" 7@

£ CoOK et ar where

§ CHAMBERLAIN ef o/ O_G - (1/4W)<V_Z>OT(I{- -P)UT(K-—TZ) (3)

-‘r
\! § THIS EXPERIMENT
the average of the inverse square of the sepa-
ration of nucleons in the deuteron. We used
sol - (r~2)=0.0423 mb~*.® Formula (3) neglects a
term containing the product of the real parts
Y of the forward scattering amplitudes in K~ -»

55 ! i\\ . and K~ -p.
Three structures are clearly evident in the
\\\ K™ -p total cross-section data of Fig. 1(a) at
sol ! _ laboratory momenta of 1.06, 1.66, and 2.31
GeV/c. There are also three structures in the
i K~ -d total cross-section data of Fig. 1(b).

| ! | | While the two enhancements in o (K~ -d) above
%0 LABlégATORY hIA-(?MENTUM gfk' MESOﬁ‘S(GeV/c) > 1.10 GeV/c appear at approximately the same

momenta as that in op (K~ -p), the central val-

FIG. 1. The total cross section of K~ mesons on ues do not in fact correspond exactly but appear
(a) protons, (b) deuterons. shifted to lower momenta. This could be inter-

651 { - is the Glauber screening correction®; (»72)is

TOTAL CROSS SECTION (mb)
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preted in one of two ways. One possibility is
that each enhancement in the total cross sec-
tion is a mixture of two resonances of differ-
ent isotopic spin states. Another possibility

is that the K~ -nucleon resonances observed
from deuterium collisions might be shifted

to lower momenta because of coherent process-
es involving the bound state of the deuteron.
An apparent shifting of a resonance peak in a
production experiment in D, had been observed
previously.® In a more analogous situation,

we have searched for a possible shifting of the
well-known N* peaks in m-deuteron total cross
sections. From charge symmetry one has

o‘T(1T+-d) =oT(n"—d) =0T(n+-P) +0T(TT_ -p)-o_ . (4)

G
Therefore, by measuring the four cross sec-
tions indicated in (4) the situation is over-de-
termined and we may check if and to what ex-
tent resonances may be shifted and determine
oG experimentally. The range covered was
from 900 MeV/c to 2.4 GeV/c in steps of 50
or 100 MeV/c and to a statistical accuracy

of 0.1%. Both the 1688- and 1920-MeV N*¥’s
were observed. If any shifting existed, it was
negligible compared to the displacements be-
tween corresponding peaks in o(K™-p) and
op(K™-d). For this reason we have assumed
that an energy shift in K-N data may be neglect-
ed. Considerable broadening due to Fermi
momentum was observed in both N*(1688) and
N*(1920).

Before determining o, and o, it was neces-
sary to take the Fermi momentum broadening
in 0(K~-d) into account. A spread-out K~
meson-proton cross section “op” was computed
from the experimental values.o,, then the cor-
responding spread-out “o,” and “0,” were cal-
culated, and finally the Fermi momentum un-
folded. “op” is given by

“0,()" = / 0,(8) 1¢(@ Fd*q, (5)

where S=(p, +p5)°, S"=(p, +p;=q)% b, and p,
are the four-momenta of the K~ meson and
proton, respectively; g is the Fermi momen-
tum of the proton in the deuteron; ¢(g) is the
deuteron wave function. Both Hulthén and Gauss-
ian wave functions were used. The computed
0, and 0, cross sections using the two wave
functions with several different values of the
parameters are not significantly different.

The determination of o, and o0, is subject to
certain assumptions, namely that the real parts
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of the forward scattering amplitudes and co-
herent and higher order rescattering effects

on the deuteron cross section are small enough
to be neglected. Figure 2 shows the total cross
sections in the isotopic spin states I=0 and
I=1.

The I=0 curve shows three enhancements;
one is the well-known Y,*(1815).” The other
peaks appear at center-of-mass total energies
of 2100+ 208 and 2340+ 20 MeV. The last peak
is sensitive to the type of deuteron wave func-
tion used and to the experimental data above
2.5 GeV/c which have large errors. In spite
of these uncertainties the existence of this
structure is very probable.

The I=1 curve shows three peaks and one
shoulder. The peak at 0.95 GeV/c is due to
the well-known Y,*(1765).” The other two peaks
appear at center-of-mass total energies of 2040
+20 and 2260+ 20 MeV.® The Y, *(1765) peak
seems to be slightly asymmetric. The shoul-
der at 1.26 GeV/c (1915-MeV mass)'° is about
a 5 statistical standard-deviation effect. This
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FIG. 2. The total cross sections ¢, and oy for the I=0
and I'=1 isotopic spin states, respectively, for the
KN system; typical statistical errors for a single
point are shown for each structure.
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Table I. Parameters of the hyperon resonances observed in total cross sections. Values quoted are preliminary.

Symbols are defined in text.

Py, lab w T OR 47X2
Notation I (GeV/c) (MeV) (MeV) (mb) (mb) (J+3)x
Y,*(2100) 0 1.68 2100+ 20 160 10 8.7 1.15
Y,*(2340) 0 2.27 2340+ 20 105 3 5.9 0.51
Y*(1915) 1 1.26 1915+ 20 65 4 12.8 0.31
Y 1*(2040) 1 1.54 2040+ 20 150 6 9.7 0.62
Y 1*(2260) 1 2.06 2260 + 20 180 3 4.3 0.70

shoulder falls within the large bumps due to
the Y,*(1765) and Y,*(1815) and is computed
as the difference between two large numbers.
Its shape and height, but not its position, are
sensitive to the deuteron wave function used.
A further complication may come from the
fact that the thresholds for K*N and N*K re-
actions fall in this same energy region. There-
fore it is difficult to establish the existence
of this shoulder as conclusively as the other
I=1 structures.

Table I gives the relevant parameters of the
structures found in this total-cross-section
measurement. From the expression for op
which is

0p= 4AmX3(J + 3)x, (6)

where 4mX%(J + 1) is the unitarity limit on the
cross section in the partial wave of total an-
gular momentum J and x is the elasticity of
the resonance, the values of (J+%)x have been
evaluated.

All the hyperons described in Table I could
be located in a plot of Regge trajectories for
hyperons as follows: The Y,*(2100) may be
a recurrence of the Y,*(1520) and therefore
be a 3~ state. The Y,*(2340) may be the sec-
ond recurrence of the A and thus have an as-
signment of §7. The Y,*(2040) could be a re-
currence of the Y,*(1385) and thus have a spin
assignment of 7¥, consistent with results of
Wohl, Solmitz, and Stevenson.’® The Y,*(2260)
could be the recurrence of the Y,*(1765) and
could have a spin 3~. It could also be a recur-
rence of the Y,*(1660) whose spin is still un-
settled. The Y,*(1915) could be a recurrence
of the T in which case it would have spin §*.
From the point of view of SU(3) the Y,*(1915)
could be the missing member of the §* bary-
on octet together with N, ,,*(1688), Y,*(1815),
and =*(1933).

We wish to thank Dr. G. K. Green, Dr. J. R.
Sanford, Mr. T. Blair, and the AGS staff for
their support, and Dr. R. H. Phillips for as-
sistance with the experiment. We thank Dr.
C. Wilkin for useful discussions and for solv-
ing most of our problems connected with the
deuteron. We benefited from discussions with
Dr. R. Peierls. The cooperation of A. P. Schlafke
and the Cryogenic Group is greatly appreci-
ated. We also wish to acknowledge the aid of
Mr. J. Fuhrmann and the technical assistance
of P. Anzoli, G. Munoz, H. Sauter, F. Seier,
and O. Thomas.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.

TOn leave of absence from the University of Bologna,
Bologna, Italy.

fPermanent address: CERN, Geneva

§0n leave of absence from the University of Caen,
Calvados, France.

ly. Cook, B. Cork, T. F. Hoang, D. Keefe, L. T.
Kerth, W. A. Wenzel, and T. F. Zipf, Phys. Rev. 123,
320 (1961).

20. Chamberlain, K. M, Crowe, D. Keefe, L. T.
Kerth, A. Lemonick, Tin Maung, and T. F. Zipf, Phys.
Rev. 125, 1696 (1962).

5A. N. Diddens, E. W. Jenkins, T. F. Kycia, and
K. F. Riley, Phys. Rev. 132, 2721 (1963).

‘R. J. Glauber, Phys. Rev. 100, 242 (1955).

5W. Galbraith, E. W. Jenkins, T. F. Kycia, B. A.
Leontié, R. H. Phillips, A. L. Read, and R. Rubinstein,
Phys. Rev. 138, B913 (1965).

8G. Bellettini, G. Cocconi, A. N. Diddens, E. Lille-
thun, J. P. Scanlon, A. M. Shapiro, and A. M. Wether-
ell, Phys. Letters 18, 167 (1965).

'A. H. Rosenfeld, A. Barbaro-Galtieri, W. H. Barkas,
P. L. Bastien, J. Kirz, and M. Roos, Rev. Mod. Phys.
37, 633 (1965).

8The total-cross-section measurements of Cook et al.!
indicated an enhancement in the K~ -p total cross sec-
tions between 1.2 and 2.0 GeV/c, but these data were
not complete enough to show the details of a resonance.
A resonance of unknown isospin has been reported at a

1231



VOLUME 16, NUMBER 26 PHYSICAL REVIEW LETTERS 27 JUNE 1966

mass of 2097 MeV by R. K. Bock et al. [Phys. Letters broad -;+ Y*(~2050). W. A. Blanpied et al. [Phys. Rev.

17, 166 (1965)], but the reported width (38 MeV) is Letters 14, 741 (1965)] observe a (2022 +20)-MeV and

much narrower and may not correspond to the ¥ *(2100) a (2245 + 25)-MeV hyperon resonance of unknown iso-

reported here. topic spin; they may be related to the ¥*(2040) and
%C. G. Wohl, F. T. Solmitz, and M. L. Stevenson Y,*(2260) presented here. Bock e_ta_l.8 observe a nar-

[Bull. Am. Phys. Soc. 10, 529 (1965); University of row resonance of unknown isotopic spin at 2299+6 MeV

California Radiation Laboratory Report No. -UCRL- but here again it is difficult to reconcile their reso-

16 288 (unpublished); Bull. Am. Phys. Soc. 10, 1179 nance with our broad structure.

(1965)] studied reactions K~ +p—~K’+n and K~ +p—A 0The ¥,*(1915) may be connected with the ¥,*(1942

+79 from 1.2 to 1.7 GeV/c and found evidence for a £9) observed by BSck et al.?
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