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New data are presented on cross sections and angular distributions of resonances produced
in the reactionsK d Z ~ d andK d K n np, at 5.5 GeV/c. The production mechanisms
and decay angular distributions are analyzed for the K~(890), K*(1420), and b,(1236) reso-
nances. The K~n np, final state is discussed in terms of the Veneziano B5 model and also
using the Van Hove longitudinal-phase-space technique. In addition, a Regge model with
absorption is used to describe 4(1236) production in the reaction EV KA(1236). The
spherical harmonic moments of the P7t system as a function of K~ mass are discussed for
the reactionK d K n p+ MM.

I. INTRODUCTION

K d-K 7t np,

K d-K'm d,

K d-K m' P+MM,

(1.2)

(1.3)

where the K' meson decays into charged pions.
These results come from an analysis of 370000
pictures taken with the 30-in. deuterium bubble
chamber. The chamber was exposed to an elec-
trostatically separated, high-purity' beam of 5.5-
GeV/c K mesons produced at the Zero Gradient
Synchrotron. Some results from this exposure
have already been published. '

Previous studies of K -deuterium interactions

We present here a study of resonance production
in the reactions

over a wide range of momenta have shown that co-
herent production of the K~ (890) and K* (1420)
are dominant features of reaction (1.2). The deu-
teron form factor ensures that K* production oc-
curs for only very small momentum transfers,
and the K* production is expected to be mediated
through I=O (&u') t-channel exchange. The interest
in studying reaction (1.1) lies in the possibility of
observing K n interactions. It is generally ob-
served that the fractions of K~(890) and n(1236)
production contributing to the K~N final state as
well as the production and decay properties of the
K* (890) are roughly independent of the bombard-
ing K energy in the range 3-5 GeV/c. This is al-
so true of the reaction K'P- K's'P up to 10 GeV/
c.' We present data on the production and decay
processes for these resonances at 5.5 GeV/c and
compare our results to the predictions of some
models.
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TABLE I. Cross sections forK d-K 7t d.

No. observed events in Cross section Cross section'
final stateZ m d K d K x d K d~K¹ (890)d

72 63+ 16 pb 69+ 20 p,b

' The cross section is for all decay modes of the
E¹ (890).

II. EXPERIMENTAL DETAILS

A. Event Collection

The results presented here come from measure-
ment of events having one or two outgoing tracks
plus an associated visible V decay. In the case of
events having two charged particles plus a V, the
positive track was required to stop in the chamber
and to have an ionization density consistent with

being either a proton or a deuteron. The scanning
efficiency was measured by a double scan made on

30% of the film.
Events found in the scanning were measured

either on conventional image-plane digitizers or
on the POLLY device. 4 The events measured us-
ing conventional machines' consisted of those not
suitable for automatic measurement due to insuf-
ficient spatial separation between the beam tracks
and in addition the remeasurements from the sam-
ple initially measured on POLLY.

Geometric reconstruction and kinematic fitting
of the events was done by Argonne versions of the
TVGP and GRIND programs. ' Events failing geo-
metric reconstruction for any reason were remea-
sured once. After the kinematic fitting, events
were visually checked for consistency between
actual track ionization density and that predicted
by the kinematic fit where necessary.

Corrections were applied for losses in the scan-
ning and measuring phases of the experiment in

producing the cross sections given in Tables I and

II. Corrections have also been made for X' proba-
bility cuts, K' escape loss, and undetected K' decay
modes. In the case of reaction (1.1), a correction
was also made for the Glauber screening effect and
for the proton spectator momentum cut applied.
The cross sections presented are based on the to-
tal K beam track length in the fiducial region es-
timated by a beam track count every 20th frame.
These factors and also the assignment of events to
reactions (1.1)-(1.3) are discussed in the following
sections.

B. Separation of the Coherent and Breakup Events

It is to be expected that events fitting the four-
constraint hypothesis (1.2) would also satisfy the
one-constraint hypothesis (1.1) in which the deu-
teron is broken up. Events showing such ambiguity
are those having the proton and neutron closely
collinear with small relative momentum. Figure
1(a) shows the distribution in cos6~„, the angle be-
tween proton and neutron directions, for all events
fitting hypothesis (1.1). Events that also fit the
deuteron hypothesis (1.2) appear shaded in this
figure and demonstrate the expected strong tenden-
cy for collinearity between the neutron and proton.
Conversely, the unshaded events have an approxi-
mately isotropic distribution in cos0~„.

In addition, the range-energy relation for stop-
ping protons and deuterons helps resolve the pro-
ton-deuteron ambiguity. An event from reaction
(1.2) will satisfy the kinematics of reaction (1.1)
with the ratio

~ p„~j(P~~ =0.68 for the neutron and
proton momenta, provided the deuteron stops. '

TABLE II. Cross section forK d K x np~ and resonance cross sections forK 7(. n(p, ) final state.

No. of events
K d Kxnp~

Cross section (J(fb)

Reaction

471

Dalitz-plot fit
resonant fractions No. of events

423+ 51

Resonance
cross section (pb)

K n K* (890)n (27.4 + 2.6)% 116+ 19

K n K* (1420)n (6.6+ 2.1Pp 28+ 5

Ko~

K n Kob, (1236) (27.3+ 2.7)$ 123 116+19

This estimate is corrected for background and includes further corrections for Glauber shadow effect (1.06), y-
probability cut (1.04), spectator momentum cut (1.03), and unseen K& decay mode.

The cross section for K n K* (890)n corrected for all decay modes of the K¹ (890) is 177+ 29 pb.
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0.2 -
I 0 I / IPp I

- 1~ 2 (2.1)

Figure 1(b) shows the distribution in the fitted mo-
mentum ratio Ip„I/Ipt, I for events having a stop-
ping track and which fit reaction (1.1). Events also
fitting reaction hypothesis (1.2) are shown shaded.
The clustering of the shaded events about the value
0.68 supports the assignment of these events to re-
action (1.2). These effects are summarized in Fig.
2(a) where cosa~ is plotted versus the I p„I/I p~I
ratio. The clustering of events is interpreted as
belonging to genuine deuteron events. For events
fitting the K"m np hypothesis but not the K'm d hy-
pothesis, the scatter plot in Fig. 2(b) shows no
such clustering of events, a good indication that
coherent events are not being lost into the breakup
channel. The smearing out of the clusters seen in
Figs. 1(a) and 1(b) arises primarily from very
short stopping tracks, which are often poorly mea-
sured. Events with a measured stopping particle
which fitted both (1.1) and (1.2) were therefore as-
signed to the latter if

I
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FIG. 2. Data shown in Fig. 1 separated into (a) those
events fitting both reactions and (b) those events only
fittingK d E x pn.

cos8„~~ 0.6. (2.2)

In Fig. 3, we have plotted the np mass spectrum
for events fitting hypothesis (1.1) with an observed
stopping proton. Events shown shaded also fit hy-
pothesis (1.2), assuming a stopping deuteron, anti
the obvious peaking about the mass of the deuteron
supports the assignment of these as genuine coher-
ent events. We estimate the loss of coherent events
into the breakup events to be less than 10%.

The deuteron will fail to produce a visible track
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if its momentum is smaller than about 130 MeV/c.
For reaction (1.2), this corresponds to a squared
four-momentum transfer of about 0.02 (GeV/c)' in
the K* (890) mass region. The bias introduced by

completely neglecting these events affects only the
very forward part of the differential cross section
for the reaction K d-K* (890)d and is not severe.
In the following analysis, however, we include the
small number of events having an unseen deuteron
which satisfy hypothesis (1.2). The cross section
obtained for reaction (1.2) is given in Table I.

After removing the 4c (4-constraint) events be-
longing to reaction {1.2), the missing mass for
events consistent with reaction (1.1) or (1.3) is
shown in Fig. 4. The events which are consistent
with the hypothesis (1.1) are shown shaded. The
events having an unseen proton track are included
in this distribution. For these events, a kinematic
fit to (1.1) was obtained by using starting variables
p = 0 with errors b p, = b p, = 0.75kp, = 30 MeV/c
This sample is, of course, enriched with events
from the reaction

K d-K'~ nP, (2.3)

because of the scanning criteria used. The cross
section for reaction (2.3) is estimated from such a
missing-mass distribution after drawing a reason-
able background under the neutron peak. The res-
olution in missing mass squared for events with a
measured proton track is superior to that for those
without, although all events have been included.

For further study of reaction {2.3), we select
events with missing mass squared in the range
0.48-1.16 GeV', which includes an estimated 6%
background. A further cut is made in terms of the
kinematic g' probability. The distribution in this
latter quantity for events fitting reaction (1.1)
shows a small excess for probabilities less than
4%; hence, we have imposed a minimum-probabil-
ity requirement of 4% in selecting events of this
final state in order to reduce the number of spuri-

MM (GeV)

FIG. 4. Missing mass for the events consistent with
K d K 7) p+ MM. The events fitting K d E r pn
are shown shaded.

ous fits. This cut is quite strongly correlated with
that on the missing mass.

The final selection made is to obtain a sample of
neutron-target interactions belonging to (2.3)
above. When the final-state proton has insufficient
energy to produce a visible track, it is assumed to
be the spectator nucleon. ' For the remainder of
the events, our criterion consists essentially in
selecting the slower nucleon as the spectator in
the interaction, although we also assume that any
nucleon recoiling into the backward hemisphere
with respect to the beam direction is a spectator
nucleon. This latter assumption is somewhat mod-
ified by the Fermi motion of the struck nucleon,
but this effect is small and affects less than 10%
of the nucleons observed in the backward hemi-
sphere.

To illustrate the momentum-angle correlation
for the spectator nucleon, we have plotted in Fig.
5(a) the cosine of the angle between the beam and
the proton versus the ratio of the absolute value of
the neutron to proton momentum. This is shown
for K'7t nP events with visible proton track after
removing K'm d events. One sees from this dis-
tribution that when the momentum ratio falls below
about 2, an anisotropy develops in the angular dis-
tribution which becomes forward-peaked with re-
spect to the beam. This is a consequence of the
inclusion of recoil protons from K p interactions.

In Fig. 5(b) the cosine angle between neutron and
beam is plotted against this same momentum ratio.
Here, isotropy in the angular distribution of the
neutron is seen for values of the momentum ratio
smaller than about —,', indicating that these events
are consistent with being neutron spectator events.
The conclusion from both these figures is that as
the neutron-to-proton momentum ratio increases,
the proton becomes more isotropically distributed
about the beam and the neutron angular distribution
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III. PROPERTIES OF THE COHERENT REACTION

Figure 6 illustrates the strong coherent produc-
tion of K* (890) and a suggestion of K* (1420) pro-
duction in the quasi-two-body reactions

24—

Z~i6—
4J

O 8—
4J
C)
X
K 0

-I 0
COS eq

FIG. 5. A scatter diagram of the ratio of the magni-
tudes of fitted neutron and proton momenta for events
fitting K d K 7). np versus (a) the angle between the
proton and the incident particle, and (b) the angle be-
tween the neutron and the incident particle.

is more peaked in the direction of the beam.
We obtain an enriched sample of proton-specta-

tor events by excluding events with the neutron
momentum smaller than the proton momentum.
Note that the prominent n (1236)- nw signal in

the selected sample is not apparent in the rejected
sample, and we estimate that use of this selection
criterion results in a loss of proton-spectator
events from reaction (2.3) of less than 7%. The
cross section obtained for reaction (2.3) is given
in Table II and discussed further in Sec. IV.

K d-K* (890)d,

K d K* (1420)d.

(3.1)

(3.2)

The dm invariant-mass projection of Fig. 6 shows
a small signal at 2200 MeV, the "d*(2200)," which
could indicate a small contamination from the
breakup reaction (1.1) since, as shown later, the
n (1236) is produced strongly in the breakup chan-
nel andM(d*) = M(n, )+M(N). However, it is seen
that the d* signal is quite weak and no corrections
have been made.

Because the deuteron has 1=0, reaction (3.1) has
been used to study the characteristics of ~ ex-
change. '" However, the production amplitude for
vector exchange processes vanishes in the forward
direction, just where the deuteron has the largest
probability of remaining intact, so that one does
not expect a large cross section. To study the
production and decay of the K* (890), we select
events in the mass region 0.78 GeV & M(K'w )
~1.2 GeV, which, from Fig. 7, is seen to include
negligible background. The cross sections for the
reactions (1.2) and (3.1), fully corrected for un-
observed decay modes, are given in Table I. The
distribution in four-rnornentum transfer to the deu-
teron for reaction (3.1) is shown in Fig. 8. The
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deuteron form factor, of course, inhibits K~ (890)
production at large four-momentum transfer.

The t-channel production mechanism for the co-
herent reaction (3.1) is conveniently discussed in
terms of the density matrix for the K~(890), ex-
pressed in the Gottfried-Jackson frame in which
the production plane normal and the incident K
direction form the y and z axes, respectively, as
seen in the resonance rest frame. We also intro-
duce a second reference frame to be used later,
the helicity frame, also defined in the resonance
rest system but using the production normal as the
y axis and the resonance direction in the over-all
c.m. system as the z axis. If the K~ (890) in re-
action (3.1) is produced by the t-channel exchange
of a single vector particle, then in the absence of
absorptive effects the K~ (890) should be aligned
with m, =+1 in the Jackson coordinate frame.

We have used the method of moments in order
to determine the density-matrix elements for the
K* (890) decay in the Jackson and helicity frames,
averaged over all four-momentum transfers. We
obtain the values

= R~-(890)e

(0)

p =Q.43 +0.04,

p G~, =0.48 +0.07,

Rep ' =0.02+0.05.

These are in very good agreement with the ex-
pected values of 0.5, 0.5, and 0.0, respectively,
associated with pure e' exchange.

O
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g S-
LLI 7—
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IV. THE FINAL STATE K m n(ps )

The procedures discussed in Sec. IIB for select-
ing fits belonging to reaction (1.1) yielded a total
of 540 accepted fits, including events where the
proton produced a visible track as well as those
where it did not. The cuts outlined in that same
section, together with the requirement that the
proton momentum be less than 300 MeV/c, re-
duced this number to 471 events consistent with
the reaction

K d-K n' nP, . (4 1)

I I I I I I I I I I I

-O.OI -0.05 -0.05 -0.07 -0,09 -O. I I

taa (GeVa)

F|G. 8. (a) Four-momentum transfer t+, distribution
for the reaction K d g'«(890)d; (b) t~ = (t -t~~
for the same reaction.

From the neutron missing-mass peak of Fig. 4,
we conclude that there is a + background contam-
ination in the event sample ascribed to reaction
(4.1), and the appropriate correction is included
in the quoted cross section. The details of the
cross section for this final state are summarized
in Table II."

A. Resonance Production

The Dalitz plot for the Ko~ s(P, ) final state is
shown in Fig. 9. There is a pronounced cluster of
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K n-K* (890)n.

In the case of the reaction

K n-K 6 (1236),

(4 2)

(4.3)

events corresponding to production of the K* (890)
and of the n (1236), as well as a much weaker en-
hancement corresponding to K* (1420) resonance
production. There is no evidence for interference
between either K~ resonance and the A (1236), in
agreement with the data at 4.5 GeV/c. " This situ-
ation contrasts with that at 3.5 GeV/c for the
charge-symmetric reaction K'p- K'm'p, for which
constructive interference in the crossover region
of the K*(1420) and A(1236) resonance bands was
seen. The effect may be energy-dependent.

The fractions of resonance production for
K* (890), K* (1420), and A (1236) and the non-
resonant K'7l n direct-channel contribution were
determined by fitting the distribution of events
over the Dalitz plot using the method of maximum
likelihood. " The small amount of 1'» (1520) pro-
duction occurring in the K'n channel is ignored in
making these fits. The resonance cross sections
based on the results of this fit are given in Table
II.

%e define the events having K'm effective mass
in the range 0.82 GeV & M(K'v ) & 0.96 GeV as
representing the K* (890). To study the & (1236)
characteristics, we use the mass band 1.12 GeV
& M(nv ) & 1.34 GeV. The background included in
the former mass selection is estimated to be less
than 20% for the reaction

the background is estimated to be smaller than
15%. In both cases, the background is ignored.

B. E~ (890) Production and Decay

The peripheral nature of the K* production can
be seen in the Chew-Low plot of Fig. 10, where
both the K* (890) and K* (1420) are produced at
small squared four-momentum transfers, nfl, be-
tween the incident K and the resonance. The pro-
duction differential cross section for the K* (890)
is shown as a function of t in Fig. 11, where each
event has been corrected for K' escape loss.

The differential cross section is described well
by an equation of the form do/dt = Ae ' away from
the forward direction. A least-squares fit of this
equation to the data gave a slope b =4.54~0.75
GeV ', where the fit extended over the region
-0.15 GeV' ~ t ~ -0.60 GeV'.

The data suggest that the differential cross sec-
tion falls off in the forward direction, i.e., for
l
t

~

&0.05 GeV'. Such a forward dip was also seen
for the reaction K P-K* (890)P at 5.5 GeV/c, '"
and other momenta. However, in this latter reac-
tion, corrections are generally needed for scan-
ning losses associated with the recoil proton. In
the present case, the forward dip is not indicative
of a scanning loss, although to some extent the dip
is associated with recombination of the neutron
and proton to populate reaction (3.1).

The peripheral nature of K* (890) production
arises from the t-channel exchange of mesons, of
which Tt, p, and (d are the candidates usually con-



2544 D. JOHNSON et al.

sidered. " We have used the density-matrix for-
malism for the K~ (890) decay to estimate the rel-
ative importance of pseudoscalar and vector ex-

change. The K* (890) decay angular distribution
may be written in terms of the spin density matrix
elements as follows:

W(cos8, Q) = —
[poo cos'8 +-,'(I —p«) sin'e - p, , sin'8 cos2$ —M2 Rep„sin28cosP],4~ 00 (4.4)

where 8 and P refer to the K' from the K* (890)
decay evaluated in the Jackson coordinate frame.
We have used the method of moments in calculating
the density matrix elements for the K* (890), and
the results are given as a function of four-momen-
tum transfer t to the K* (890) in Table III. For the
same t intervals, we also show in Table III the
K* (890) density matrix elements evaluated in the
helicity frame. One notes that, even in the for-
wardmost bin of four-momentum transfer, the
amount of pseudoscalar exchange is small, and
with increasing It I the dominance of vector ex-
change becomes quite apparent. This same effect
is well known for the reaction K p-K* (890}P.'"

Similar observations have already been made
for the K n K~ (8-90}n and K P-K~ (890)P reac-
tions at 4.5 GeV/c. " The curves shown in Fig. 11

I

are the predictions of the one-particle-exchange
model with absorption. " The calculation incorpo-
rates both 7t and (d exchange, and the couplings
are those used in a similar calculation at 4.5 GeV/
c." The shape of the predicted differential cross
section is in reasonable agreement with the data,
but the predicted cross section is considerably
larger than that measured. The model provides
a reasonable description of the density matrix el-
ements, as previously observed at 4.5 GeV/c.

For completeness, we also include in Table III
the density matrix element combinations o, =

pyy

+ py g
evaluated in both the helicity and the Gott-

fried-Jackson reference frames. The utility of
these combinations rests in the fact that cr, gives
the fraction of the cross section occurring by nat-
ural-parity exchange [P=(-1) ], while o gives

I I I I I I I I I I I I

K d = K+ (890)nps
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FIG. 11. (a) The distribution in four-momentum transfer and (b) the density-matrix elements for the reaction K dK* (890)np, . The curves are the predictions of an absorptive peripheral model with both 7f and ~ exchange.
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TABLE III. Density matrix elements for the Z* (890}from reactionK n K* (890}n.

)t[ {GeV )

0 —
I
t

I
—0.10

0.15 —
l t l

—0.30
0 30 ~

II t I
~ 0 55

GJ

0.45+ 0.05
0.50+ 0.05
0.49+ 0.08

Rep gp

-0.12+ 0.07
-0.13+ 0.06
-0.13+ 0.06

RepG, ',

0.15+ 0.09
0.36+ 0.13
0.42+ 0.16

t'8+&P+ i

0.60+ 0.11
0.86+ 0.11
0.90+ 0.18

GJ GJ

0.31+ 0.11
0.14+ 0.11
0.07+ 0.18

No. of events

40
34
20

I t
I i«v')

0 —
I
t I

—0.15
0.15«l tl o.so
o.3o

/
t

/ o.55

h

0.32+ 0.06
0.39+ 0.07
0.45+ 0.08

Rep h

-0.0 + 0.05
0.05+ 0.07
0.11+ 0.06

hRep g

0.28 + 0.09
0.47+ 0.10
0.45+ 0.15

h h
p11 p i -1

0.60+ 0.11
0.86+ 0.12
0.90+ 0.17

h h

0.04+ 0.11
-0.09+ 0.12
-0.00+ 0.17

No. of events

4Q

34
20

the unnatural-parity [ P=(-1) "j fraction, for he-
licity-one K* production. " Closely similar re-
sults are observed at 5.5 GeV/c for the reaction
K p-K* (&90)P.'

C. Production and Decay of the 6 {1236)

Figure 12 displays the differential cross section
as a function of four-momentum transfer for the
n (1236) produced in reaction (4.3). We have again
fitted the differential cross section, excluding the

forward region (i.e., I tl & 0.15 GeV'), with an ex-
ponential function of t, and have determined the
slope parameter to be 5 =4.28+0.66 GeV '. The
dip in the forward direction is again a genuine ef-
fect not arising from biases in the data. It has
been suggested that this effect, seen in the pro-
duction of the n (1236) in both KN and vN interac-
tions, is due to the dominance of the s-channel
single spin-flip amplitude. "

The allowed t-channel exchanges in this periph-
eral reaction are p and A„and one notes that both

(a)
I I I I I I I I I I I I I

K d = K'5 (1256) ps

(b)

1.00—
0.4—

0.2—
N

C9~ O. IO

E

1

(4.28 ~0.66) t
O. l—

0.2—
Ck

0.0

0.0I—

I I I I I I I I I I

-0.20 0.40 -0.60 -0.80 -I.OO

t (GeV )

0.0 I

-O. I

I I I -- I I

-0.2 -0.3 -0.4 0.5 -0.6
t (GeV )

FIG. 12. (a) The distribution in four-momentum transfer and {b) the density matrix elements for the reaction E d4 (1236)Zp, . The curves were obtained using a Reggeized absorption model with p and A& exchange.
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TABLE IV. Density matrix elements for the 6 (1236) from reaction K n K 6 (1236).

~t) range (Gevt) GJ
P33 RepGJ ReP 3

GJ

0 —0.15
0.15 —0.30
0.30 —0.55

p 33p « —(Rep m)' —(~3 -i)

0.31+ 0.08
0.33+ 0.08
0.28+ 0.09

0.01+ 0.08
-0.10+ 0.10

0.05+ 0 ~ 13

Sakurai-Stodolsky prediction

P33 = 0.375
Rep~ =0.0

Rep3 ( =0.216

0.19+ 0.07
0.12+ 0.08
0.12+ 0.11

0.023+ 0.069
0.032+ 0.072
0.045+ 0.074

of these natural-spin-parity mesons contribute to
the same t-channel helicity states so that the

(1236) decay distribution does not allow one to
distinguish between vector- and tensor-meson ex-
change. Indeed, the particular combination of den-
sity-matrix elements,

D=p ( .I)5 p)-—(Hep )' —(Hep — )' (4.5)

that tests for the exchange of a single trajectory"
is consistent with zero at all t values considered
in Table IV. A violation of the condition that D =0
would indicate the exchange of more than one tra-
jectory, but, as pointed out in Ref. 19, satisfaction
of this condition provides no information either
way.

The density matrix elements of the n, (1236)
given in Table IV were again obtained using the
method of moments. The p-y (Ml-dominance)
model' predictions are compared to the data in
Table IV. The agreement is good, although we
stress again that the same density-matrix ele-
ments would be obtained for either p or A, ex-
change.

The group of reactions producing a pseudoscalar
meson in association with a a(1236) resonance can
be discussed in terms of a very limited number of
t-channel exchanges. Thus the reactions

the wrong-signature-nonsense dip near t = -0.5
GeV' associated with p exchange as well as other
dips at higher momentum transfer. Reaction
(4.6b) is known not to show any dip structure at
t =-0.5 GeV' although a recent result suggests a
dip near t =-1.5 GeV'." Both reactions (4.6c) and

(4.6d) are devoid of any striking features apart
from the turnover of the differential cross section
in the forward direction.

Given exact p-A, exchange degeneracy, the
Regge model without absorption would predict
equal cross sections for reactions (4.6c) and
(4.6d)." However, the discrepancy already seen
at lower energies is still apparent when comparing
these reactions at 5 GeV/c and 5.5 GeV/c, respec-
tively, and exceeds the small differences expected
from the differing barycentric energies of the two
experiments. We compare all available total cross
section data for these two reactions in Fig. 13.'4
There is no evidence for better agreement at high-

I 0—

p K'5 + n=2.0&009
K'6 n= 2.4«&

S EXPERIMENT

g (p) =Ap

v'p- w's" (p exchange),

v'p- q'r. " (A, ),
K'P -Koa "'

(P +A a),

K n-K 6 (Aa —p)

(4.6a)

(4.6b)

(4.6c)

(4.6d)

E
O.I—

b

afford a chance to test certain Regge-pole mod-
els.""There are both similarities and differ-
ences between the above reactions. The values of
the spin density matrix elements for the n(1236)
are generally similar for these reactions and are
not very sensitive to the particles exchanged.
However, the differential cross sections show
quite striking differences. The differential cross
section for reaction (4.6a) is well known to show

I I ,'I I IIIl I I

5 IO I 5 20

pLA (GeV/c)

FIG. 13. The cross section for the reactions E+p
K 4++ andIC n F'd (1236) as a function of incident

momentum.
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TABLE V. Results of weak exchange-degeneracy S-wave absorption constant C =0.977. Degrees of freedom=385;

X =976.

Vertex
Number of

free parameters
Coupling

'y Value of y

p Begge pole n =0.5+ 0.9t

Vi/2 1/2

Y3/2 1/2

+-1/2 1/2

Y-3/2 1/2

V00

~00

( 3 Q7 2Q 05at)ei. 62t

(10.6 —225 5 t)e '@t

(-28.3 —135 7 t)ei. 62

75 la
-1.0b

-2.40

A2 Regge pole o. =0.5+ 0.9t

KIT
7Pr

+1/2 1/2

Y3/2 1/2

V-1/2 1/2

~-3/2 1/2

~00

~00

(-1.01+13.01 t)e
(24 98 278 5 t)e-p. is~

(-17.45+ 202.3't)e
-2.24
-1.0b

0.93

' Parameters fixed by threshold constraints.
Parameters fixed by SU(3) constraint.

er momenta. This contrasts with the situation for
the K'n and K P charge-exchange reactions, where
the two cross sections converge rapidly as the mo-
mentum increases from 3 to 12 GeV/c, "with close
agreement achieved by 5.5 GeV/c.

The K'P and K n reactions could differ as a re-
sult of the breaking of p-A, exchange degeneracy
and also because of the differences in the initial-
and final-state absorptions for these two reac-
tions. " The extent of the p-A, exchange-degener-
acy breaking may be estimated by noting that"

~ a~(0}—a „(0}
~

= 0.15, (4.7)

while the equality of the density matrix elements
for the b, (1236) produced from reactions (4.6) in-
dicates a similar coupling for the p and A, . Since
the density matrix elements are roughly the same
and the difference fn a(0) between the two trajec-
tories is small, it seems unlikely that p-A, ex-
change-degeneracy breaking is accounting for all
the observed difference between reactions (4.6c)
and (4.6d).

Explaining the difference by absorption may be
qualitatively correct since the K reaction is more
absorptive than the K', but the difference due to
this effect should be less important with increas-
ing energy. From 3 to 5 GeV/c, it is not clear
from the data, even qualitatively, that the absorp-
tions for the K' and K are becoming equal, for
the differential cross sections are still widely sep-
arated in comparing the 5-GeV/c K' data and our
5.5-GeV/c data.

We have used a Reggeized absorptive model" to
fit the data for reactions (4.6). In addition to the

t-channel exchange of p and A, Regge poles, the
model includes the Regge-cut contribution for
these poles through the strong (SCRAM} absorptive
corrections to the initial and final states. We as-
sume the weak form of exchange degeneracy in
which the p and A, are represented by the trajec-
tory function

a(t) =0.5+0.9t, (4.8)

and the factorized residues are parametrized as
shown in Table V. A total of twelve parameters
were varied in fitting the available data for reac-
tions (4.6)." These parameters, given in Table V,
comprise eight coupling constants plus two expo-
nential residue factors, and the strength of the ab-
sorption, and to allow for normalization difficul-
ties one experiment in reaction (4.6a) is scaled.

We show the model predictions for the data of
this experiment in Fig. 12 and see that the agree-
ment with the data is good. The fit to the differen-
tial cross-section measurements for reactions
(4.6a)-(4.6d) are shown in Figs. 14-17, respec-
tively. The over-all y' for the fit was 976 for 385
degrees of freedom, and the fitted values of the
parameters are shown in Table V. In the case of
reaction (4.6a), there is some difficulty in repro-
ducing the dip and second maximum for the data
below 5 GeV/c. The fit to the other three reactions
is generally good, as it is also for the density ma-
trices (not shown). In particular, the difference
in size between the K'P and K n reactions is well
reproduced, as are the details of the differential
cross section for the latter reaction.
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FIG. 14. Four-momentum-transfer distribution for
the reaction m+p x 6++(1236) at the indicated momenta.
The curves were obtained from the Reggeized absorption
model described in the text.

FIG. 15. Four -momentum-transfer distribution for
the reaction 7t+p gA++(1236) at the indicated momenta.
The curves represent a fit using a Reggeized absorption
model.

D. Generalized Veneziano Model Applied

to Kn~Kon n

The process K n-K'm n is the charge-symmet-
ric reaction to K'p-K'm'P for which Chan Hong-
Mo et al."have attempted a description over a
wide range of momentum using the generalized
Veneziano model. Starting from twelve noncyclic
and nonreflective B, graphs, we have reduced this
to four graphs which do not include exotic subchan-
nels. In Fig. 18, we show these four graphs and
their dual diagrams. The Regge trajectories in-
serted between two external particles are also
shown. These trajectories are the same as those
used in Ref. 29, which also gives the details of the
model briefly summarized here.

The relative weight of each diagram was deter-
mined by the following arguments:

(a) Non-exchange degeneracy of the 6 trajectory
(lack of observation of a resonance having J =-,' )
requires that diagrams (1) and (2}be added with

A =KGB' (4.9)

where K is the kinematic factor, B,' is the five-
point function of the ith diagram, and i runs over
three diagrams. Since the first pole of each tra-
jectory in all diagrams is either a vector meson
or a p-wave resonance, we use the vector kine-
matic factor, E=e B„qP,"P,P, P4, where the P s

equal weight.
(b) Non-exchange degeneracy of the N„trajectory

requires that diagrams (2) and (2) should have
equal weight.

(c) Since the difference between diagrams (1) and
(4} lies in the permutation of K' and w, the ex-
change degeneracy of the K*-K**residues re-
quires either diagram (1) or diagram (4). How-
ever, diagram (4) violates the Harari-Hosner
rules; thus we eliminate diagram (4) from further
consideration.

The reaction amplitude then becomes
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FIG. 17. Four-momentum-transfer distribution for
the reaction K n g 6 (1236). The curves represent
a fit using a Heggeized absorption model.
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FIG. 16. Four-momentum-transfer distribution for
the reaction K+p K 6++(l236). The curves represent
a fit using a Heggeized absorption model.

are the four-vectors of the four external particles
and 6 8y p is the totally antisymmetric tensor.

In order to compare the model prediction and
data, we have generated phase-space events"
weighted by the square of the above amplitude, "
according to a Monte Carlo method. In this way
comparison between data and the predictions of all
possible kinematic variables can be made.

The normalization of the model is given by Chan
Hong-Mo et al. Accordingly, we have calculated

the cross section for the reaction K n-K'm n at;

5.5 GeV/c using their normalization constant, and
find the cross section to be 900 p.b, to be com-
pared with the observed cross section of 450 gb.
Because the predicted cross section is larger by a
factor of 2, we have renormalized the model to the
observed number of events in order to compare the
model predictions for the distributions of kinematic
variables to the experimental data.

Figure 19(a) shows the Van Hove plot together
with the definition of the Van Hove angle (d. The
connection between ~ and the double-Regge dia-
gram is also shown in Fig. 19(a). The distribution
in the Van Hove angle is shown in Fig. 19(b), and
the solid line is the prediction of the model nor-
malized to the observed number of events. The
production angular distributions and the longitudi-
nal momentum distributions of the final-state par-
ticles in the over-all center-of-mass frame are
shown in Figs. 20 and 21, respectively. They in-
dicate that the agreement between the data and the
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FIG. 19. (a) Van Hove plot for the reaction K n
ETm n; (b) distribution in the Van Hove angle with the

Veneziano-model prediction shown.
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FIG. 22. Two-body effective-mass distributions for
the reactioni n K & n. The Veneziano-model pre-
dictions are shown: (a) Z ~, (b) K n, (c) n~ .

prediction is reasonable except that the distribution
for the neutron is more sharply peaked than the
model prediction. We attributed this discrepancy
to the neglect of exchange of other particles, for
example, pion exchange between the initial- and
the final-state neutrons.

Figure 22 shows the two-body effective-mass
distributions. For the subenergy distribution of
the K's system, the model predicts more y~(1520)
and y"(1820) than is observed. The effective-mass
distribution of the K'm combination is well de-
scribed by the model, while the model has difficul-
ty in accommodating the b, width in the n~ sys-
tem, as noted in Ref. 29 for the K'p analysis. The
decay angular distributions of the K*(890) (not
shown) are well described by the model. This is
not surprising since, as is well known, the K~(890)
in this reaction is dominated by (d exchange so that

the kinematic factor used in the model is guaran-
teed to reproduce these characteristics.

E. The Unfitted Channel

We also identify events for which the V' was
shown to be a K' but which gave no kinematic fit at
the production vertex

K d-Kov (p, )+missing neutrals,

where the (p, ) denotes either a measured or an
unseen proton. The mass of the (Kov ) system for
these events is shown in Fig. 22. The K~ (890) is
produced strongly with no other structure appar-
ent. The spherical harmonic moments ( Y~) in the
Jackson frame of the K'~ system, computed from
measured variables, are shown in Fig. 24. The
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( Y', ) moment in the K~ (890) region shows neither
a strong cos'I9 nor a sin'8 characteristic. FIG. 24. (Ygo moments of the (K s ) system in the

reactionK d Ko~ p + MM.

V. CONCLUSIONS

We have studied the reactions K d- K'n d and
K n Kos n -at a, momentum of 5.5 GeV/c. A ma-
jor contribution to the cross section of the coher-
ent reaction comes from K* (890) production via
an (d-exchange mechanism. The reaction K n-K's n shows strong production of K* (890) and

(1236) resonances. The production and decay
characteristics of the K* (890) are consistent with
a vector-meson exchange mechanism. A good de-
scription of the a (1236) production and decay is
achieved using a Heggeized absorption model. The

reaction K n-K'w n is analyzed using a general-
ized Veneziano model (B,) which provides a rea-
sonable description of the data.
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