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Off-Mass-Shell Km Scattering Phase Shifts*

H. Yuta, M. Derrick, R. Engelmann, B. Musgrave, and F. Schweingruber
Avgonne National Labovatory, Avgonne, Illinois 60439

and

B. Forman, N, Gelfand, and H. Schulz
Envico Fermi Institute, University of Chicago, Chicago, Illinois 60637
(Received 25 February 1971)

The final states K™ m* and K7"p were measured in a K'p experiment at 5.5 GeV/c.
The data on the angular distribution of the outgoing K meson in the K7 rest system at
low momentum transfer were analyzed by a simple model including I = £ s-wave and
I=3% s-, p-, and d-wave amplitudes. The results show that the phase shift for the I = £
s wave is negative. The two solutions obtained for the I =3 s-wave off-mass-shell phase
shift are consistent with an s-wave resonance at either ~0.85 or ~1.2 GeV.

We have studied the K7 system produced in the
reactions,

Kp—~K n'*n, 1)
~K°17p, 2)

with particular emphasis on the I =5 s-wave
phase shift 6,°>. The magnitude of 5,®> has been ob-
tained from cross-section measurements® for Kn
scattering with pure I =3, This Letter describes
an analysis of off-mass-shell K7 scattering in
Reactions (1) and (2) which determines the sign

of 8, and is also sensitive to the behavior of the
I=% s-wave phase shift 5,%.

The data come from about 40000 two-prong
events and about 17000 two-prong-plus-V events?®
obtained using the 30-in. hydrogen bubble cham-
ber exposed to a 5.5-GeV/c K~ beam at the zero-
gradient synchrotron. The total number of events
selected® as examples of Reactions (1) and (2)
are 2875 and 2086, respectively.

Figure 1 shows the spherical-harmonic mo-
ments (Y,% of the Knr-decay angular distribution
as a function of K7 mass from 0.65 to 1.3 GeV for
events with ¢’ = [t—¢ ;.| <0.3 GeV?, where ¢ is the
four-momentum transfer from the initial to final
nucleon and £,,;, is the kinematical minimum of .

In comparing the moments of Reaction (1) to
those of Reaction (2), we note marked differences
for both (Y,% and (¥,%. Since (¥,° is expected
to be (511)'1/2 for pure 7 exchange and -0.5(5m)7 /2
for pure vector exchange, the observed negative
(Y,% moment in the K*(890) region for Reaction
(2) indicates strong vector exchange, The (Y,°
moment in the K*(890) region for Reaction (1) is
positive but less than (57r)'1/2, suggesting that ab-
sorption effects and/or vector exchange may be
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important in K*°(890) production, The different
(Y, moments suggest that the s- and p-wave in-
terference differs between the two reactions. An
I=% s-wave component may be important in ac-
counting for this difference.

We parametrize the moments of the two reac-
tions using a simple one-particle—exchange mod-
el neglecting absorptive effects, We consider s,
P, and d waves for I=% and s wave for I=%, and
assume that the s wave K7 systems involve only
7 exchange, The dominant p and d waves are put
in as the K*(890) and K*(1420) resonances, re-
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FIG. 1. Spherical harmonic moments (Y,%) for the
outgoing K~ angular distribution in the K7 rest frame
as a function of K7 mass for momentum transfer ¢’
= [t =tminl < 0.3 GeV%: (a) from Reaction (1), (b) from
Reaction (2). The fitted moments for the first solution
(see text) are shown by the dashed lines.
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spectively. We note that use of at least two reac-
tions with different K7 charge states is essential
for an analysis which includes the I =% s wave,

We write the overall matrix elements M*' in
terms of (1) the s-wave T-exchange element
M,*M'; (2) the m-exchange element for K*(890),
M M5 (3) the vector-exchange element for
K*(890), My“*'; and (4) the m-exchange element
for K*(1420), M >*\'. Then

’ ’ ’ ’ ’
MAN =M1,°'>‘}‘ +M,,1'>‘>‘ +MV1.>\>\ +M1r2,>\)\, (3)

where A and A’ are the initial- and final-nucleon
helicities, and V in the My,****' stands for p ex-
change for Reaction (1) and for w exchange for
Reaction (2).

M yv)'** can be factorized into a nucleon ver-
tex part B,,)**" and a meson vertex part A,y
Then A,' and A} respectively represent the scat-
terings Km—~Km and KV - Km and can be expressed
in terms of off-mass-shell phase shifts 6,2 which]

are functions of the Km mass m and momentum
transfer {. A, and A} are given by the same
K*(890) propagator and, similarly, 4,2 is deter-
mined by the K*(1420) propagator. Thus, the pa-
rameters §;' ({=1,2) are given as

sin(6,") exp(i6,) > —5—"Hd——cc A, )0, (4)

" mP=(m,+ 2,

where m, and I'; are the masses and the widths
of the K*(890) and the K*(1420) for I=1,2, re-
spectively, We decompose A, into the I=% and I
=3 amplitudes for Reactions (1) and (2) and nor-
malize M,'*** such that A, gives the correct K
scattering as ¢ - —u%, and we require that

> 1B
AN

corresponds® to the K*(890) density-matrix ele-
ment p,,-p, -, cos2¢.

Then Eq. (3) is written in terms of the 6,2/ for
Reaction (1),

MM =B M5 {(sin(6,%) exp(i6,3) + 2 sin(5,') exp(i5,") 1Y, + 2V 3 sin(5,") exp(i6,1)Y,°
+2yV5 sin(5,") exp(i6,)) Y,°f + 3V 3B, sin(5,") exp(i6,')(3/87)*/2 siné; (5)

and for Reaction (2),

MM = V2B M'% {2 [sin(éos) exp(i6,°)-sin(5,') exp(id,')]Y,°~V6 sin(6,') exp(:6,")Y,°
-y(10)"2 sin(5,") exp(i5,") Y, + 5 V6B, ' sin(5,) exp(i5,')(3/87)' 2 sinf; (6)

where y, the branching ratio of K*(1420) decay into K, is taken to be 0.49., The d-wave amplitudes
are approximated as in Egs. (5) and (6). For a given K7 mass interval Am and #’ region At’, the (Y,

moments are given by
(V0= [ dm [, dt" a2 335 MY PY 26, 9)/o,

where d2 =d cosfd¢ and 0,, the cross section, is
given by

0= [, dm | t,dt'fd9%§llM""'I2. @8)

Since B,r(y)”" and 6, are smooth functions of m
and ¢/, {¥,% in Eq. (7) can be expressed in terms
of 8, =6 (m,7'), a, and o,, where 7% and ¥’
are representative values of m and ¢/, and the
ay(V=p,w) are given by

av=fAmdmfAﬂdt'fdQ§l|BV%*'
with
D=2 dm [ adt’[aQ3|B, M2,

?/D, ©)

In these calculations, since absorption is neglect-
ed, the 7 and vector exchange contributions do
not interfere,® and we have the orthogonality rela-

(7)

] tion

Z; Bﬂ)\)\ BV)\K’=O’

(10)
vy

which was used to simplify Egs. (7) and (8).

To study the sign of §,°, we simultaneously fit-
ted the (¥,% through (¥,% (i.e,, a total of eight
moments for each K7 mass bin) to the experimen-
tal data of Fig. 2 in the K*(890) region.® The
phase shifts 6,' and 5,' were given by Eq. (4).

The absolute value of the I =3 s-wave phase shift
of Fig. 2(a) was obtained from the cross-section
measurements of Cho et al.! Two cases were
tried: (1) negative 6, and (2) positive 6, with
three free parameters 6,', @, and a,. For each
sign of 6,°, we found two sets of solutions, For
case (1), both solutions give x2~15 for 15 degrees
of freedom for the three K7 mass bins between
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FIG. 2. (a) s-wave I =3 K7 phase shift for K7 mass
less than ~1.3 GeV, (b) s-wave I =3 off-mass-shell
phase shift 8!, (c) @, and (d) @, as a function of K7
mass. The open circle and the closed circle repre-
sent the first and second solutions, respectively, for
603 <0. The lowest datum point is common to both
solutions.

0.85 and 1.0 GeV. In contrast, the fits obtained
for case (2) both have x2~ 41 for the same 15 de-
grees of freedom. We, therefore, conclude that
the sign of 6, is negative’ and note that these re-
sults are consistent with the theoretical predic-
tion of Lovelace.®

For K7 masses above 1.0 GeV, this model may
not hold due to the increasing inelasticity and the
=% p-wave amplitude. Nevertheless, to investi-
gate the behavior of 6,!, we extended the fits over
the Km mass interval from 0,65 to 1,3 GeV for the
preferred case of §,°<0, Requiring 5, to vary
smoothly from zero at the threshold, we found
two sets of solutions for 8,' (except for the low-
est Km mass bin where there exists only one solu-
tion with a large error).

These two solutions for the parameters 8,', a,,
and o, are shown in Fig. 2 as open circles (first
solution) and closed circles (second solution).
The fitted (¥,;,°) moments for the first solution are
shown in Fig. 1 as dashed lines. Although we
have unphysically negative @, and @, and higher
x? for Km masses above 1,1 GeV, it is interesting
to note that the 8,' for the first solution increases
smoothly from the K*(890) region and crosses
90° at about 1,2 GeV,

Trippe ef al.® were the first to suggest a broad
K7 I=3 s-wave resonance in this energy region.
Further work'® using a Chew-Low extrapolation
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method and including an I =3 wave confirmed a
large I =% s-wave phase shift, in agreement with
the present indications,

The second solution for §,' rises sharply to
cross 90° in the K*(890) mass region, In this re-
gion, no discrimination between the two solutions
for 6,' can be made on the basis of x* although at
higher masses the first solution is preferred.!!

Since there is a phase ambiguity of 180°,'2 it is
possible that the true solution is some combina-
tion of the two solutions found. For example, the
second solution (closed circles) could join smooth-
ly at about 1 GeV to the first solution (open cir-
cles) shifted by 180°,13

The relative intensities of p and w exchange
with respect to m exchange are given by 2o, and
20 . The large amount of w exchange in the
K*"(890) region for Reaction (2) is consistent
with established results.? The K*°(890) is pro-
duced mainly through 7 exchange in Reaction (1).
However, the refined absorption model** requires
some p-exchange amplitude to account for the ob-
served difference in the slopes of do/df between
K p~K*°% and K*n—~K*%, which is consistent
with our results,
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We observe a splitting in the K*r*r~ mass spectrum in K*d interactions at 9 GeV/c. We
find a mass of 1243 =8 MeV/c? and a width of 703§ for the lower mass state, and a mass
of 1344 =8 and a width of less than 60 MeV/c? for the higher mass state. The isospin of
both states is determined to be 3. The results can be interpreted as evidence for the

mixing of two JE=1% K* states.

While one of the principal successes of hadron
physics has been the classification of resonances
into SU(3) representations, no J¥=1* multiplets
are as yet well defined. This situation is partial-
ly due to the difficulty of separating diffraction-
produced’ resonances from the background pro-
cesses. Since the background in the @ region
[M (Kmm) <1400 MeV/c?] predominantly has J¥=1",
it is possible for J¥=1* K* states®™ to interfere
not only with each other but with the background
as well. Goldhaber, Firestone, and Shen, whose
9-GeV/c K'p experiment presented strong evi-
dence?® for substructure in the @ region, also
proposed a model for interference effects.® Sub-
sequent experiments have alternately reported
substructure and no substructure in the @ spec-
trum.

We have chosen to extend the Goldhaber experi-
ment by running at the same beam momentum

but using deuterons as targets. Our observed
K*n*n™ mass spectrum shows two distinct states
upon the broad @ enhancement in both the coher-
ent and the deuteron-breakup channels. Both
states are shown to have isospin I=3, and spin
and parity J¥ =1" is preferred for both.

The data discussed here are from a 4.3-event/
b per nucleon exposure® of the Brookhaven Na-
tional Laboratory 80-in. deuterium bubble cham-
ber to a beam of 9.04-GeV/c K* mesons. We
have studied the reactions

K'd-K*n"n"d (714 events) 1)
and

K*'d~K*"n"1"pn (2060 events) (2)

in the four-prong topology where a clear separa-
tion of Reactions (1) and (2) is possible,”*8
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