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We have made a study of the coherent reactions K+I K+7r+m d and JC"d Rom+a at 12 GeV/c,
using data obtained in the SLAC 82-in. bubble chamber. The cross sections for these two pro-
cesses are 331+35 and 19+4 p, b, respectively. The reaction X d X x+7t d is dominated by
Q production in the Kxm system. The shape of the Q enhancement is nearly identical to that
observed in the reaction K+p K+x+7t p at similar energies. This result may be interpreted
in terms of mixing between the strange members of the A.

&
and B nonets. There are also an

L, signal at M(Kxw) 1.72 GeV and a d* signal at M(dr+) 2.2 GeV. The L appears to be
formed primarily in conjunction with the d*, with the 7t+ meson shared between the two of
them. The reaction K+I K 7t+d is dominated completely by K*(890) production.

I. INTRODUCTION

In this paper we present an analysis of the co-
herent reactions K'd-K'g'p d and K'd-E'm'd at
12 GeV/c, from data obtained with the SLAC 82-in.
deuterium-f illed bubble chamber. These reactions,
in which the deuteron emerges intact in the final
state, are particularly interesting in that the co-
herence acts as a filter in allowing only I=0 non-
spin-flip exchange at the deuteron vertex.

It has been suggested that the Q, as produced in

hydrogen, for example in the reaction K'P-K'w'm P, has both Z~~ =1" and 1' components,
where C is the charge-conjugation quantum num-
ber of the neutral nonstrange members of the same
nonet (C =+1 for the A, nonet and C = -1 for the B
nonet). ' ' Since the strange mesons are not eigen-
states of C, a generalization of C called *'unitary
parity" has been introduced by Dothan, which is
expected to hold for each entire nonet. 4 A parti-
cularly straightforward interpretation for two dis-
tinct J~ =1' states is obtained from the quark mo-
del where the A, and B nonets are considered as
the 'P, and 'P, qq states. '

Experimentally the evidence" that the Q en-
hancement consists of (at least) two distinct 8~=1'
states appears rather well established by now":
the Q„at M= 1.25 GeV and Q~ at M= 1.38 GeV. The
lomer-mass state Q„may be the same object as
the C(1240) meson observed in nondiffractive re-
actions.

Tmo overlapping J~= 1' K* states, which decay
into the same final state Kmm, may give rise to new
phenomena. The states can mix' so that the physi-
cal states Q„and Q~ are mixtures of the intrinsic

states K„and K~ belonging to the two distinct
nonets. Thus os can define a mixing angle y such
that"

Q„=K„cosy +Ks siny,

Q, = -K„siny+K, cosy .

Furthermore, interferenee effects between the
physical states Q„and Qs may also be present. '
In the absence of mixing between these two com-
ponents of the Q (exact SU, symmetry), and with
the assumption of Pomeranchukon exchange, the
Zpc=l' component of the Q (i.e., Q~) is expected
to vanish in the coherent reaction in deuterium.
Conversely, the presence of Q~ in coherent pro-
duction can be interpreted as evidence for the
above-mentioned K* mixing effect. The work re-
ported here includes the results of a search for
these mixing effects, as mell as a study of L and
d* production.

In Sec. II me discuss the beam, scanning, mea-
suring, and separation techniques which were
used to obtain the data sample of K'd- K'm'm d
events. In addition, ambiguity problems and our
methods of handling them are discussed at length.
In Sec. III we describe the general features of the
reaction, and the cross-section determination is
given. In Sec. IV the physics of the d* enhance-
ment is presented, and in Sec. V the L-meson
data are discussed. Section VI deals with the Q
enhancement and treats production mechanisms
as well as decay properties. Section VII deals
briefly with the companion coherent reaction K'4-K'm'd, and Sec. VIII presents the main conclu-
sions of this study.
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FIG. 1. M (pn) for the four-pronged events E+d
K+n+m. pn. The shaded region refers to the subsample

E+d~K+z+m d.

II. DATA SAMPLE

A. General Analysis

0——1 0
COS 8

B. Identification of E+m+n d Events

FIG. 2. cosg(pn) foi the four-pronged events E+d
K+x+m pn. The shaded region refers to the subsample

~+d -Z+ 7t'7t-d.

Approximately 500000 photographs were taken
in an exposure of the SLAC 82-in. bubble chamber
to an rf-separated 12-GeV/c K'-meson beam. In-
cident-momentum resolution to within zp/p =+ 0.2%
is achieved by using the known correlation between
beam momentum and transverse position in the
bubble chamber. " Through the use of a gas
Cerenkov counter, pion contamination in the beam
is reduced essentially to zero. On the average,
eight K' mesons were incident in the chamber per
pulse. The bubble chamber was filled with deu-
terium, but there was a hydrogen contamination
of 45%"

The film was scanned for events of the following
topologies: (i) four prongs with at least one stopping
track, (ii) three prongs, and (iii) one or two prongs
plus a vee. The events were measured on the
LRL Flying-Spot Digitizer, and were reconstructed
and kinematically fitted in the program SIOUX. Re-
measurements were performed on conventional
digitizing machines.

The odd-prong events are assigned a particle
of zero momentum with suitable errors. For the
deuteron hypotheses, i.e. , K'd-K'w'm d and K'd
-Id'v d, this missing recoil deuteron is assigned
momentum errors C P, =r P, =+40 MeV/c and &P,
=+50 MeV/c. For the reactions with unseen spec-
tator protons, e.g. , K'd-K'm'g pn, the assigned
errors are aP„=nP, =+30 MeV/c and b P, =+40
MeV/c. These errors reflect the fact that a pro-
ton of momentum less than 70 MeV/c leaves no
visible track in the bubble chamber, while a deu-
teron must have a minimum momentum of 110
MeV/c to be visible.

The four-pronged events which satisfy the four-
constraint kinematic hypothesis K'd- K'm'm d with
X' less than 20 are accepted. To judge the relia-
bility of this kinematic fit we have studied all the
four-pronged events which fit the corresponding
one-constraint hypothesis K'd- K'm'm pn. We find
that 97% of the four-pronged events which fit the
four-constraint hypothesis also fit the correspond-
ing one-constraint hypothesis. Figure 1 shows the
invariant mass of the proton-neutron combination
M(Pn) for all events making this one-constraint fit.
The shaded region represents that subsample which
fits the four-constraint deuteron hypothesis as
well. The sharp spike at the minimum M(pn) is
attributable entirely to the four-constraint events.
This spike is centered at about 1.879 GeV (the
sum of the proton and neutron rest masses), and
has a width of less than 2 MeV. Figure 2 shows
the distribution in cos8, the angle in the laboratory
frame between the proton and neutron for all one-
constraint events. The shaded region again refers
to the subsample also making the four-constraint
fit. The spike at cos8=+1, i.e., the proton and
neutron traveling in the sante direction, is at-
tributable entirely to the events fitting the four-
constraint hypothesis, K'd-K'm'm d.

In the three-prong events there is the problem
of contamination form the 7. decay of the incident
K', i.e. , K'- ~'m'w . All the three-pronged events
which fit the T hypothesis also fit the four-con-
straint deuteron hypothesis, K'd- K'm'm d. For all
events which fit the deuteron hypothesis we have
deliberately misinterpreted the outgoing K' as a
g', and have then calculated the resulting three-
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FIG. 3. M(3 "vr") for the three-pronged events consis-
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"pion" effective mass from the measured momenta.
The distribution in this mass is shown in Fig. 3.
The spike at the K mass, due to the v. events, is
very clean and an essentially complete separation
is achieved by a cut at 560 MeV in this variable.
This cut removes only a negligible number of
K'm'm d events.

In the three-pronged events, the hypothesis K'd
-K'm'm Pn is underconstrained unless the unseen
spectator proton is assigned a particular momen-
tum. %'e have performed a one-constraint fit in
which the proton is assigned a momentum of zero
with errors as discussed earlier. All the three-
pronged events which fit the four-constraint hy-
pothesis, K'd-K'm'm d, also fit this one-constraint
hypothesis, K'd-K'm'm pn. Figure 4 shows the
distribution in M(pn) for all events which fit this
one-constraint hypothesis with the 7 decays re-
moved. The shaded region refers to the subsample

400,
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FIG. 5. Deuteron momentum distribution in the labo-
ratory for all K+4 E+x+n-d events. The shaded region
refers to the subsample of three-pronged events,

which also fits the four-constraint deuteron hypoth-
esis, K'd-K'm'm d, with y' less than 10. The
sharp spike at the minimum M(Pn) is here also at-
tributable entirely to the four-constraint deuteron
events. The depletion of events at M(pn)-1. 9 GeV
may be a consequence of the assignment of zero
momentum to the unseen spectator.

In order to obtain a clean sample of K'd-K'g'g d
events we have restricted the sample to events
with M(pn) from the corresponding one-constraint
fit to be less than 1.886 GeV. This cut is of minor
consequence in the four-pronged events but was
imposed there for consistency with the thl ee-
pronged events.

Figure 5 sho~s the deuteron momentum distri-
bution for the complete sample of three-pronged
and four-pronged events. The shaded region rep-
resents the subsample of three-pronged events.
The distributions for the three- and four-pronged
events match reasonably well with no apparent bias
or loss of events. The sample of K'd-K'm'm d
events thus obtained is 5609 events, of which 70%%u~

are four-pronged.

C. The E+-x+ Ambiguity
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FIG. 4. M (pn) for the three-pronged events K+4
K+vr+m pn. The shaded region refers to the subsample

E+d K+n+vr d.

Kith the above procedures we have identified the
coherent events in which the deuteron remains in-
tact and a K'~'m is produced. Since the meson
momenta typically average about 4 GeV/c, the
kinematics are not significantly affected by the
interchange of the K" and m". Thus 61% of the en-
tire sample, i.e. , 69% of the three-pronged and
57% of the four-pronged events, are kinematically
ambiguous between the hypothesis K'd- K'm'm d
and the same hypothesis with the K' and w' tracks
interchanged. Because of the high momenta in-
volved, bubble-density measurements are not
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capable of separating K' from m' mesons.
For events in which the two ambiguous solutions

have a difference in X' greater than 3, we have
selected the solution with the lower X'. This re-
duces the ambiguous sample to 46% of the entire
sample, i.e. , 65% of the three-pronged and 86%
of the four-pronged events. Small X' differences
between ambiguous fits often reflect measurement
errors rather than real kinematic information.
Furthermore, routine selection of the lower-y'
solution may introduce a distinct bias into the data.
In the three-pronged events, in particular, since the
recoil particle has zero momentum in the initial
approximation, the energy equation is most nearly
balanced when the particle with the highest mo-
mentum is made the heavier, i.e. , the K'. Thus
the choice of lower y' is in fact the choice of call-
ing the highest-momentum particle the K', and
this choice is a bias towards low Kmz masses.
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FIG. 8. Chew-Low plot 312(K7rz) vs -t for all
K d K+~+~ d events.

Therefore, for the events with hx'& 3 we have
plotted in all one-dimensional histograms both
solutions, each with a weight of —,'. We have also
tried an alternative procedure for treating the
events with Ax'& 3, which preferentially selects
K*(890) or K~(1420) solutions. " This alternative
procedure was used in selecting solutions which

are plotted in two-dimensional scatter plots.
The problem introduced by this K'-m' ambiguity

does not affect all kinematic regions of the data.
In particular, when the w' is backward in the cen-
ter-of-mass frame, i.e. , slow in the laboratory,
there is no ambiguity. Thus the d* events may be
studied with no ambiguity problem. The K'-m' am-
biguity limits the detail with which one can study
the shape of the Q mass spectrum, since the two
solutions have K~m masses differing by typically
30 MeV. Thus, narrow structure might be reduced
in significance, although the general shape of the

Q would be unaffected. This problem also prevents
an accurate determination of the K*m- vs @&-decay
branching ratios of the Q from our data. This is
so because an event with a correctly assigned
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FIG. 9. M(K+d) for all K'd K+z+z d events.
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M(IC'w ) in the K*(890) peak contributes to a. peak
in the p region of w'~ mass if the wrong solution
is chosen, ' and, moreover, the reverse is also
true. " Consequently we do not quote any K~m- or
Kp-decay branching ratios of the Q, nor do we
perform a detailed Dalitz-plot spin-parity analysis.

III. GENERAL FEATURES OF THE E+ m'+ m' d

FINAL STATE

We have determined the cross section for the
reaction K'd-K'g'm d by normalizing our data to
the X'd total cross section at 12 GeV/c, " and cor-
recting for the following effects: (1) the topological
dependence of scanning efficiencies, (2) measure-
ment efficiencies, and (3) hydrogen contamination
in the bubble chamber. The resulting cross sec-
tion is 331+35 p.b, where the quoted uncertainty
reflects both the statistics and our estimate of the
systematic error, which is about 10/0

750-

In Fig. 8 we show the distribution in do/dt vs I
for all K'd- K'p'p-d events. The data exhibit an
approximate exponential form do/dt ~ e", with
a=25+2 (GeV/c) '. The small dip in the very
forward direction can be attributed to the effects
of the Chew-Low boundary.

Figure I shows the distribution in M(Kww) for all
the events. The reaction is dominated by Q pro-
duction, -but there is some evidence for an I. signal
at a Ewe mass of about 1.7 GeV. In its gross fea-
tures the Q mass peak appears very similar to the
Q peak seen in hydrogen experiments, particularly
the high-energy high-statistics E'p experiments.
The central value of the entire Q is about 1.3 GeV
and the full width is about 300 MeV, and there is
a sharp drop in the distribution at a mass of about
1.3 GeV. This is discussed in detail in Sec. VI.

Figure 8 shows the Chew-i. ow plot, M'(Ifvv) vs
-t, for all the E'd-K'~'p d events. The Q en-
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FIG. 13. M(de+) for all E+d E'+x+z d events.
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FIG. 14. 3f (dx. ) for all E+d E+7r+g d events.

hancement is produced primarily at very low
~

t
~

values. The minimum
~
t

~

varies from 0.002 to
0.008 (Gev/c)' across the Q region and this slight
variation has very little effect on the shape of the

Q mass spectrum.
In Figs. 9-14 we show the two-body mass dis-

tributions; M(K'd), M(K'v'), M(K'm ), M(a'v ),
M(dv'}, and M(dw ), respectively. The distribu-
tion in M(K'd} shows no evidence for any structure.
The distribution in M(K'm') is concentrated at low
mass since it reflects the low-mass Kmm enhance-
ment. The low-mass excess in the M(dw ) distri-
bution reflects the dynamics of Q decay. There is
no evidence for any appreciable d~' production.
The distribution in M(K'm ) is dominated by the
K*(890}, but there is evidence for K*(1420}pro-
duction as well. The distribution in M(a+n )shows-
a p signal above the background, and the distri-
bution in M(dm') shows a clear d* signal at the low-
mass end. As pointed out earlier, an incorrect

10—-

resolution of the K+-z' ambiguity problem will re-
sult in a real K*(890) enhancement appearing as
an apparent enhancement in the p region of the
p+ p- mass. Therefore, caution should be ob-
served in interpreting the enhancement in the
M(a+a ) distribution as due entirely to actual p
production.

In Fig. 15 we show the two-dimensional correla-
tion plot M'(Kvm) vs M'(dv'). The Q enhancement
appears as the horizontal band and the d* enhance-
ment as the vertical band. The d* band is populated
over the range with M'(Kvw) & 10 GeV', and is par-
ticularly prominent in the overlap regions with the
L and Q. Figure 15 shows that the L enhancement
appears almost entirely within the d* band; i.e. ,
there is no evidence for an L signal with M(dv')
&3 GeV. This effect is discussed in detail in
Secs. IV and V. In Fig. 16 we show the two-di-
mensional correlation plot M(K'v ) vs M(m'd), in
which the K*(890) and d* bands are very clear.
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FIG. 15. I (K&7f) vs ~ (dr+) for all K+d
K+n+x d events. FIG. 17. Distribution in cos 8&+ for the cP' events.
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IV. THE d* ENHANCEMENT

The narrow enhancement at the low-mass end
of Fig. 13 is the d* peak. We have fitted this peak
to a Breit-Wigner shape over a polynomial back-
ground and obtain parameters M = 2206 x 20 Me V
and I'=140+26 MeV for the d*. This mass is
consistent with the sum of a nucleon mass and the
mass of the b, (1238). This d* peak has been ob-
served earlier and interpreted as arising from
the production of a b(1238) resonance whose de-
cay nucleon recombines with the spectator nucleon
to re-form the deuteron. " Evidence for this in-
terpretation in our data is shown in Fig. 17, which
shows the distribution in cos8 for the d* events
[M(dm') & 2.5 GeV], where 8 is the polar angle in
the Gottfried-Jackson frame for the d* peak; i.e. ,
6I is the angle-between the incident deuteron and the
final deuteron in the dm' rest frame. The strong

FIG. 20. Diagrams for d~++ and d* production
through 4++ and 4 production.

forward peaking is not at all characteristic of the
decay of a single resonance, since it requires a
very large number of partial waves. " In this dis-
cussion we use the symbol d* to refer to the ob-
served enhancement in the M(dm') distribution.

Figure 18 shows the distribution in the polar
arigle in the Gottfried-Jackson frame for the K'p
system for the K*(890)d* events, i.e. , the angle
from incident K' to outgoing K' in the K'z rest
frame. The distribution is consistent with that
expected for a J =1- state produced by pion ex-
change. Thus pion exchange at the meson vertex
dominates d* production. Figure 19 shows the
same distribution as in Fig. 18, but for the
K*(1420)d* events. This distribution is charac-
teristic of JP=2'K7) state produced by pion ex-
change.

If we assume the interpretation of the d* as a
a(1238) with subsequent nucleon recombination,

60
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FIG. 19. Distribution in cos Oz* for the K*(1420)d*
events.
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FIG. 21. M(E'7( ) for the d* events.
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produced by pion exchange to the incident K' ver-
tex, then the suppression of the d*' (Fig. 14) with
respect to the d*"(Fig. 13}is easily understood
in terms of the two diagrams shown in Fig. '20. Al-
though the 6 and 6" have the same SU, coupling
to the nucleon vertex, the exotic K'm' scattering
in Fig. 20(b) (d*') is expected to be much smaller
than the K'v scattering in Fig. 20a (d*")."

In Fig. 21 we show the distribution in M(K'v-)
for the d* events [M(dv') & 2.5 GeV]. The distri-
bution in M(K'v ) recoiling against the d* shows
an enhanced K*(1420) relative to the K*(890) in

comparison with the total sample. This K'm mass
distribution against the d* appears to be very sim-
ilar to the K'm mass distribution against the b,"
in the hydrogen reaction K'P- K'm'm p.

Figures 22(a} and 22(b) show the distributions
in do/dt* vs t*, where t*=

l
t —t;„l, t is the

O
o g i.Q

M(K+~+~-) (Gev)

FIG. 23. M(ETr7r) for the d* events.

square of the four-momentum transfer from the
incident deuteron to the final (dm') system, and

is the kinematic limit evaluated at the center
of the relevant K* resonance, for the reactions
K'd-K~(890)d*' and K*'(1420)d*", respec-
tively. The cross sections for the reactions K 'd
-K~(890)d*" and K*'(1420)d*" are given in
Table L At 12 GeV/c the cross section for the
reaction K'd-K*0(890)d*" is about 20/o of the
cross section for the corresponding hydrogen
reaction K'p-K*'(890)a"." This can be com-
pared with the result of %erner et a/. , who find
that in K interactions at 5.5 GeV/c, the cross
section for the reaction K d-I7~'(890)d*' is only

7% of the cross section for the reaction

TABLE I. Cross sections. The cross sections for the specific reactions are obtained
from the indicated mass cuts with no background subtraction.

Events

K+d L+d, L+ K+Yr+~

X+d-K+~ d*~ d~++ dh+ '
K d K (890)d*+, d* A'+ K* (890) K+7r

E+d K* (1420)d*, d* dvr+, K* (1420) K r
K d Kox+d

E+d K*+(890)d

E+d-E *+(1420)d

1020

204

60

Q: 1.0 & M (Km'm') & 1.5 GeV
L: 1.6& M(K7r7r) &1.9 GeV; M(d~') &2.5 GeV.
d*: 2.0& M(dr+) &2.5 GeV.
K (890): 0.84& M(X+x ) & 0.94 GeV.
K (1420): 1.3& M(E'+Yr ) & 1.5 GeV.
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V. THE I. ENHANCEMENT

In Fig. 15 we showed the two-dimensional cor-
relation plot M'(Kww) vs M'(dw'), with the surpris-
ing result that, in contrast to the Q, the I. en-
hancement was seen almost entirely within the d*
band, and is, in fact, totally contained in the re-
gion with M(dw') & 3 GeV. In Fig. 23 we show the
Kww mass distribution for events with M(dw') in the
d* region [M(dw') & 2.5 GeV]. Although some Q
signal remains, this distribution is dominated by
the I. enhancement. We have fitted this distribu-
tion in the region 1.5&M(Kww)& 2.2 GeV to a Breit-
Wigner shape with polynomial background, and
obtain the best-fit paxameters fox the I.:M = 1730
+20 MeV and I'=210+30 MeV.

We have investigated the possibility that the ab-
sence of an I, enhancement outside the d* region
might be caused by an incorrect resolution of the
K'-m' ambiguity problem. Thus, for all ambiguous
events we have chosen that solution with M(Kww)
closest to 1.75 GeV, and have plotted M(Kww) for
all ambiguous events thus resolved. There is no
significant L signal above background for M(dw')
&3 QeV even with this maximally enhancing pxo-
cedure. In addition, we have examined the distri-
bution in M(K'w-) for those events with M(Kww) in
the L, region, using this maximally enhancing pro-
cedure; and, outside the d* region, we find no
evidence for a K*(1420) peak. Thus we conclude
that. the I. signal is largely confined to the d* re-
g ion.

We have investigated the possibility that the L,

is a kinematical reflection of the combined effects
of the d.* decay angular distribution (Fig. 17) and
the K*(1420). We have performed a Monte Carlo

FIG. 25. M {E+zr ) for the d* events with I. selected
and control regions on either side of the I subtracted off.

calculation, which uses the experimental d* decay
angular distribution as well as the experimental
d* production angular distribution as fixed quanti-
ties, and which calculates the expected distribu-
tion in M(K*(1420)w). The results show an en-
hancement in the region- of the L„which. is signif-
icantly broader than the observed I, signal (Fig.
23). Thus we conclude that the observed I. signal
is not consistent with a simple kinematical re-
flection of the d* decay.

In Fig. 24 we show the distribution in M(K'w )
for all the events in the d* region with the I. se-
lected [1.6&M(Kww)&1. 9 GeV]. The distribution
is dominated by K*(890) and K*(1420). Even with
d* selection the L has a substantial background
which may be due in part to the tail of the Q which
would contain K~(890)w. Therefore, in order to
obtain information on the decay modes of the I,„
we have taken the distribution shown in Fig. 24
and subtracted from it the distribution in M(K'w )
from control regions on either side of the I, [1.45
&M(Kww) & 1.6 GeV and 1.9&M(Kww) & 2.05 GeV].
This distribution is shown in Fig. 25. The data are
consistent with entirely K*(1420)w decay of the L
However, a K*(890)w decay mode of the L is pos-
sible and we determine the branching fraction
[I.-K*(890)w]/[I.-K*(1420)w] to be equal to
(17+11)/o. This result cannot resolve the contra-
diction between Barbaro-Qaltieri et al .,'0 who have
claimed the decay of the I. is 100%%uo K*(1420)w, and
both Aguilar-Benitez et al. and Bartsch et al. ,"
who find evidence for other decay modes of the I..

Figure 26 shows the distribution in M(w'w ) for
the I. events with d~ selected. Although there is
perhaps some p signal present we can make no
reliable estimate of the branching ratio of I. de-
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FIG. 26. M(7r+vr ) for the d* events with L also
selected.

caying into Kp. The data are consistent with no

Kp decay at all.
In conclusion, we emphasize the fact that the L

is produced in a strong association with the d*. A
similar process occurs in hydrogen where the L
appears to be produced largely in conjunction with
the b,"in the reaction K'P-K'm'm P." An L pro-
duced in this manner does not accord with the
assumption of Pomeranchukon exchange and the
Harari-Freund duality hypothesis which associates
only background with the Pomeranchukon in the
crossed channel [see Fig. 27(a)]. It would appear
that at these energies isoscalar exchange other
than the Pomeranchukon, e.g. , f exchange, must
be important at the deuteron vertex [see Fig.
27(b) j.

FIG. 28. M(K7r7r) for all K+d K '7r'7r d events with
the d* removed. The dashed histogram is the distribu-
tion in M (K7r7r) from Ref. 23 renormalized to the popula-
tion in this experiment between 1.1 and 1.5 GeV.

spin-flip exchange. By comparison with Q produc-
tion in hydrogen, where other exchanges are al-
lowed, we may identify which exchange mechanisms
give rise to various parts of the Q mass spectrum.
In Fig. 28 we compare our Kmm mass spectrum
with a sample of hydrogen data used by Firestone
in his compilation of high-energy K'p data. " The
hydrogen data were normalized to the deuterium
population between 1.1 and 1.5 GeV. The striking
feature of these two distributions is their simi-
larity, including the structure characterized by

250

VI. THE Q ENHANCEMENT

The motivation for the study of coherent produc-
tion of the Q in deuterium is to isolate the I=0 non-
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FIG. 27. Diagrams for L production through
Pomeranchukon orf exchange.

FIG. 29. M(Kmx) for all K+d E'+x+7r d events. The
smooth curves refer to the results of fits to the hypo-
theses (a) a single Breit-Wigner shape and (b) two in-
coherent Breit-Wigner forms.
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the sharp drop at M(Kww) -1.3 GeV.
The small differences between the hydrogen and

deutel. lum dlstI ibutlons can be attributed to the
following effects: (1) The shift of the leading edge
of the deuterium distribution to lower mass than
the hydrogen can be explained by the fact that the
deuteron form factor enhances the population near
the Chew-Low boundary; (2) the excess of hydrogen
events near 1.4 GeV is due to the strong suppres-
sion of K*(1420) production in the deuterium, as
discussed more quantitatively below; (3) the differ-
ence in background levels above the region of the
Q, M(Kww) & 1.5 GeV, can be understood in terms
of the effects of the deuteron form factor, the
possible presence of processes which can only
occur through deuteron breakup, and the fact that
the hydrogen data are a compilation of momenta
running from 7.3 to 12.7 GeV/c.

%e have attempted to fit our distribution of
M(Kww) in the region of the Q to a single Breit-
Wigner shape without background, and the results
are shown in Fig. 29(a). The fit is very poor with
y'=72. 3 for 22 degrees of freedom. In Fig. 29(b)
we show the same distribution but now fit to two
incoherent Breit-Wigner forms without background.
The fit is acceptable with y' =25.9 for 19 degrees
of freedom. The parameters of the two Breit-
Wigner forms are M~=1234+12 MeV and I'„
=188+21 MeV for the lower Q (Q„), and Ms
=1368+18 MeV and I'~=241+30 MeV for the upper
Q (Qs); these values are in good agreement with
the parameters obtained in a similar fit for the
hydrogen data. e It should be emphasized that the
above values are the result of a specific paramet-
rization which was used to compare various Kmm

mass distributions, but do not necessarily repre-

FIG. 31. Distribution in cos8 as a function of 3f (Enx),
vrhere 0 is the polar angle in the Gottfried-Jackson
frainei

sent the masses and widths of the actual physical
states.

From the coherent reaction K'd-Id'w'd (to be
discussed in Sec. VII), and from the K*(1420)-de-
cay branching ratios reported in the Particle Data
Tables, we determine a, maximum K*(1420) contri-
bution to the Q of 15 events. This K*(1420) con-
tribution to the Q enhancement in the coherent
events is relatively less than even the small con-
tribution determined in the hydrogen case. ' Thus,
one cannot interpret Qs as the K*(1420). This
has been previously noted in hydrogen production
by Firestone, ' Barnham et aE.,' and Ferbel. '4

The data indicate that the high-mass portion of
the Q enhancement, Qs, produced coherently off
a deuteron in this experiment, is as pronounced
as in hydrogen, ' we interpret this fact as evidence
that the entire Q enhancement is produced large-
ly by I= 0 non-spin-flip exchangeq which ls Dlost
likely the Pomeranchukon. The simplest explana-
tion of this effect is essentially a maximal mixing
between the two K*'s, K„and K~, to produce the
two physical states Q„and Qw. The mixing angle
y, defined in Sec. I, would have to be of the order
of 45 . A similar conclusion was recently reached
by Garfinkel et pl. , using 9-GeV/c K'd data. "

In Fig. 30 we show the distribution do/dt' vs t'
for the Q events only [M(Kww) &1.5 GeV]. The dis-
tribution has been fitted to an exponential form

Bt'da/dt'=/te ', where B=29+ I (GeV/c) '. This
slope is consistent with that expected from a slope
of about 8 (GeV/c) ' from the hydrogen Q data,
combined with a slope of about 20 obtained from
the average behavior of the deuteron form factor
for the region jt~ &0.1 (GeV/c)', i.e., that region
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where the Q data are concentrated.
We have analyzed the Q as a function of M(Kvn),

using the following five mass bins: 1.0-1.1, 1.1-
1.2, 1.2-1.3, 1.3-1.4, and 1.4-1.5 GeV. Figures
31-33 each show the distribution of a particular
angle in these five M(Kss) intervals, plotted as
parts (a), (b), (c), (d), and (e), respectively. In
each case K*(890) events have been selected. In
Fig. 31 we show the distribution in cosg, where L9

is the polar angle in the Gottfried-Jackson frame
of the K*(890), i.e., the angle between the incident
and final K' mesons in the K+g rest frame. The
distributions are all largely cos~6. This is con-
sistent with the commonly accepted interpretation
of the Q as a J =1+ system, produced by Pome-
ranchukon exchange, which decays mainly by $
wave into K"(890)w, and where the spin of the
K*(890) is aligned such that m~ = 0 along the in-
cident direction.

Figure 32 shows the distributions in the polar
angle in the Gottfried-Jackson frame of the normal
to the Knn decay plane, i.e., the angle N between
the incident K' direction and the normal in the Knw

rest frame. The distributions are largely sin2N,

as expected for a J =1' object, produced by Po-
meranchukon exchange, which has its spin aligned
such that m~=0 along the beam direction.

In Fig. 33 we show the distributions in the cosine
of the polar angle in the Gottfried-Jackson frame
of the Q, i.e., the angle "K*"between the incident
K' direction and the outgoing K* direction in the

K„, rest frame. The distributions are not consis-
tent with isotropy, in that there is both a cos'K*
component and a forward-backward asymmetry in
the distributions in Fig. 33. If we temporarily

ignore the biases due to the K' -n' ambiguity
problem and accept these distributions at 'face val-
ue, the most natural explanation of the cos'K*
component is the interference between the domi-
nant S-wave decay of the Q with-a small D-wave
decay of the /~= I' Q into K*(890)v. Furthermore,
the asymmetry may be attributed to the interfer-
ence of the dominant $-wave decay with a small
J"=0 or J =2 component of the Q, which de-
cayed via P wave into K*(890)m. The Illinois group
has reported a substantial J = 0 component under
the predominantly J =1+ A, meson, "and perhaps
a similar effect is occurring in the Q. However,
the nonisotropic components of the distributions of
Fig. 33 may be due to contamination from Kp de-
cay of the Q and incorrect resolution of the K'-m'
ambiguity problem. The Kp and K*(890)v kinemat-
ic overlap region is large for the Kmw mass in the
Q region, and no clean separation is possible.
Thus the interpretation of this angle is ambiguous.
Because of the ambiguity problem this coherent
reaction is not the most suitable one for probing
the details of the spin structure of the Q, i.e. ,
possible J~=O or J =2 components, or a possi-
ble D-wave decay of a J =1' Q.

Evidence has been presented that the hypothesis
of f-channel helicity conservation is a better ap-
proximation to the data than s-channel helicity
conservation for the diffractively produced A, me-
son and Q meson. Because of the effect of the
deuteron form factor, the Q in this experiment is
restricted to a region of very small momentum
transfers, where the crossing angle between the
helicity and Gottfried-Jackson frames is very
small. Therefore we cannot distinguish signifi-
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FIG. 34. Dalitz plot ~2(Log+) vs ~2(g+@ for the re-
action E'd Z'z+d.

cantly the predictions of s- or t-channel helicity
conservat1OQ.

%6 have examined the Q-decay Dalitz plots as
funct1ons of M(KIIII) RIld Ilote that evell wl'tll the
selection criteria maxima11y biased against a p
signal» some p signal reDlalns» 1Q pax'tlculax at
high values of M(KIIII). Moreover, the bulk of the

p signal lies in the crossover region with the
K~(890). Because of the K'-II' ambiguity problem,
&*-p interference, and their intimate overlap, no
reliable estimate of the E*m-vs-Kp branching ratio
for the Q may be made in this experiment.

%6 have also studied the coherent reaction g+d
—K'II'd. Because of the excellent resolution from
fitting the R decay, these events are highIy con-
strained and raay be separated reliabIy from all
background witll 110 Rnllllgultles. We have obtained
a saIDple of 133 events of this t57pe %'ith a cross
section of 19+4 p, b. This cross sbction has been

, (f III, &..~t „k~
M(~+d) (GeV)

FIG. 36. 3f (x+8) fox' the reaction E+d Eox+d.

corrected for the invisible decays of the K"s as
well as all the detection efflclenc168 outlined ln
Sec. Q.

The Dalitz plot for this process is shown in Fig.
34. The reaction is dominated by K*(890) produc-
tion with no substantial evidence for any other
structure apart from a possible small K*(1420)
signal. This can also be seen in the mass yrojec-
tions M(K II'), M(dII'), and M(dK ) shown in Figs.
35, 36, and 37, respectively. From the distribu-
tion in M(K II'), shown in Fig. 35, we estimate an

llppel Ilmjt of five events ln 'the K*(1420) 1'egloll.
After correcting for unseen K decays, Clebsch-
Gordan coefficients, and the K~(1420) branching
ratios as.reported in the Particle Data 7aMes,
~e estimate th6 previously quoted 15-event upper
limit of K*(1420) contribution to the Q enhance-
ment in the reaction K'd-K'7)'m d. %6 note that.
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FIG. 35. ~(Eovr+) for the reaction g+d E~m+d.
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FIG. 37.. M(Eod) fox" the reaction E+d Eoz+d.
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in the corresponding hydrogen reaction, K'P- K'w'P
at 9 GeV/c, the cross section for the reaction
K'p-K*(1420)p was 37% of the cross section for
the reaction K'p- K*(890)p." In deuterium, how-
ever, the K*(1420) cross section appears consid-
erably suppressed and we place an upper limit on
this ratio of 22%.

VIII. CONCLUSIONS

In conclusion, the reaction K'd-K'm'm d is do-
minated by Q production. The shape of the Q is
very similar to that observed in hydrogen reac-
tions, a shape not compatible with a single Breit-
Wigner form. The Kerr mass distribution in the
region of the Q may be fitted satisfactorily with

two noninterfering Breit-Wigner forms with param-
eters M„=1234 + 12 Me V, I'„=188 ~ 21 Me V, M~
= 1368a 18 Me V, and l ~ = 241 + 30 Me V. The con-
tribution of the K*(1420) is extremely small: less
than 15 events in this mass distribution. The Q is
consistent with a predominantly J =1' state, pro-
duced by Pomeranchukon exchange, which decays
via S wave mainly into K*(890)w. Furthermore,
our data can be interpreted in terms of nearly
maximal mixing between the two J =1' K*'s, K„

and K~, to give the physical states Q„and Q~.
The I. meson is produced primarily in conjuc-

tion with the d* peak, with the m' shared between
them. This production mechanism is not consis-
tent with the assumption of Pomeranchukon ex-
change and the Harari-Freund duality hypothesis.

The d* enhancement is particularly striking in
this reaction, and is interpreted as a 6" recom-
bining with a neutron to give a deuteron and a m'.

The evidence for this interpretation is the decay
angular distribution of the d* which shows many
partial waves to be present. " The dm' angular dis-
tribution shows a marked forward peak, which is
what would be expected from on-shell m'd elastic
scattering.

ACKNOWLEDGMENTS

We gratefully acknowledge the help of the SLAC
accelerator operation group, and in particular we
thank J. Murray, R. Gearhart, R. Watt, and the
staff of the 82-in. bubble chamber for help with
the exposure. We acknowledge the valuable sup-
port given by our scanning and programming staff,
especially E. R. Burns and A. P. Habegger, and by
H. White and the staff of the Flying-Spot Digitizer.

*Work supported by the U. S. Atomic Energy Commis-
sion.
)Present address: Department of Physics, California

Institute of Technology, Pasadena, Calif. 91109.
~R. Gatto, L. Maiani, and G. Preparata, Nuovo Cim-

ento 39, 1192 (1965).
~G. Goldhaber, Phys. Rev. Letters 19, 976 (1967).
R. H. Dalitz, in Proceedings of the Thirteenth Inter-

national Conference on High-Energy Physics, Berke-
ley, 1966 (University of California Press, Berkeley,
Calif. 1967), p.215.

See, for example, G. L. Kane, Phys. Rev. 156, 1738
(1967).

5H. Lipkin, in Proceedings of the Thirteenth Inter-
national Conference on Hi gh-Energy Physics, Berkeley,
1966, Ref. 3.

SG. Goldhaber, A. Firestone, and B. C. Shen, Phys.
Rev. Letters 19, 972 (1967).

~G. Alexander, A. Firestone, G. Goldhaber, and
D. Lissauer, Nucl. Phys. B13, 503 (1969).

SK. W. J. Barnham et al. , Nucl. Phys. B25, 49 (1970).
~A. Firestone, in Experimental Meson Spectroscopy,

edited by C. Baltay and A. H. Rosenfeld (Columbia Univ.
Press, New York, 1970), p. 229.

~OR. Armenteros et al. , Phys. Letters 9, 207 (1964) .
~~E. W. Colglazier and J. L. Rosner, Nucl. Phys. B27,

349 (1971).
~ S. Flatte, Lawrence Radiation Laboratory, Berkeley,

Group A Memo No. 664, 1966 (unpublished).
~3R. D. Watt (private communication) .
~4Details of this procedure are given by D. Lissauer,

Lawrence Radiation Laboratory Report No. UCRL-20644,
1971 (unpublished) .

~ T. Ferbel, R. Holmes, P. Slattery, and B.Werner,
University of Rochester Report No. UR-875-304, 1970
(unpublished),

~6W. Galbraith et al., Phys. Rev. 138, B913 (1965).
~7Zvidence for the interpretation of the d* effect as &

production with recombination was first presented by
M. A. Abolins, Phys. Rev. Letters 15, 125 (1965), and

I. Butterworth et al. , ibid. 15, 500 (1965).
B.Werner etal. , Nucl. Phys. B23, 37 (1970).

~~J. Berlinghieri et al. , Nucl. Phys. B8, 333 (1968).
A. Barbaro-Galtieri et al. , Phys. Rev. Letters 22, 1207

(1969).
2~M. Aguilar-Benitez etal. , Phys. Rev. Letters 25, 54

(1970); J. Bartsch etal. , Phys. Letters 33B, 186 (1970).
The strong association of I. production with the ~++

in the reaction &+p &+z+z p can be seen clearly in Fig.
10 of C.-Y. Chien, in Experimental Meson Spectroscopy,
Ref. 9, p. 289, and in Fig. 1 of Ref. 15.

~3See Fig. 24 of Ref. 9.
~T. Ferbel [University of Rochester Report No. UR, —

875-337 (unpublished)] has proposed a model which pur-
ports to explain the Qz as an interference effect between
the Q and the &~(1420). This suggestion is unlikely,
first because there is insufficient'*(1420), and second
because Qz has a decay angular distribution character-
istic of J+ = 1+ and not J = 2+.

5A. F. Garfinkel et a/. , Phys. Rev. Letters 26, 1505
(1971).

6A. Ascoli et al., Phys. Rev. Letters 25, 962 (1970);



COHERENT E'd INTERACTIONS AT 12 GeV/c

D. V. Brockway, University of Illinois Report No.
COO-1195-197, 1970 {unpublished) .

27Illinois-Genova-Hamburg-Milano-Saclay-Harvard-
Toronto-Wisconsin Collaboration, Phys. Rev. Letters
26, 929 (1971).

Aachen-Berlin-Bonn-CERN-Cracow-Heidelberg-
London-Vienna Collaboration, Phys. Letters 34B, 160
(1971).

~V. G. Lind et al., Nucl. Phys. B14, 1 {1969).

PHYSICAL REVIE W D VOLUME 5, NUMBER 3 1 FEBRUARY 1972

Coincidence Experiment on Inelastic Electron-Proton Scattering in the

Region of the 6(1236) at q2 = —0.35 and -1.0 (Gev/c) 2

S. Galster, G. Hartwig, H. Klein, J. Moritz,
K. H. Schmidt, W. Schmidt-parzefall, and D. Wegener
Institut fur Experimentelle Kernphysik der Universitat (TH)

und des Kernforschungszentrums Karlsruhe, Karlsruhe, Germany

and

J. Bleckwenn
Deutsckes Elektronen Synck-rotron (DESY) Hamburg, Germany

{Received 31 August 1971)

We present measurements on inelastic electron-proton scattering in the region of the
4{1286) resonance for two values of q . A fit to the single-arm and the 7t -electroproduction
cross sections gave a separation of the resonance and the nonresonant background contribu-
tion. The transition form factor G~~{q ) was determined and shown to have a different depen-
dence on q2 than the magnetic nucleon form factor, confirming earlier measurements. A fit
to the angular dependence of the x -electroproduction cross section gives some indications
that smaller multipole amplitudes contribute to the resonance besides the dominating M&+
amplitude.

INTRODUCTION

The scattering of high-energy electrons on pro-
tons provides information about the structure of
the proton and its excited' states. Experimentally
this information 'can be extracted from the energy
spectrum of electx ons: scattered off hydrogen at a
fixed angle. In the case of single-pion electropro-
duction additi:onal i.nformation can be collected
through measurements where the outgoing proton
or pion is detected in coincidence with the scat-
tered electron. This permits a separation of the
two eleetroproduction processes e+p- e+p+ m'

and e+p- e+n+ m' and leads to the determination
of angular dependences. Thus differential cross
sections are obtained which can be compared with
theories describing the structure of the proton and
its excited states.

In this paper we report on an investigation of the
structure of the first nucleon resonance b, (1236)
which was performed at the Deutsches Elektronen-
Synchrotron (DESY) at Hamburg. High-energy
electrons were extracted from the synchrotron
and focused on a liquid-hydrogen target. Scattered
electrons as mell as coincident protons were de-

tected.
The experimental setup and detection apparatus

is described in some detail in Sec. I. The proce-
dure followed for evaluation of the measured data
is described in Sec. II and results are given and
interpreted in Sec. GI.

I. EXPERIMENTAL SETUP

The experiment was performed at the Deutsches
Elektronen-Synchrotron (DESY) at Hamburg. ' A
schematic draming of the apparatus is shown in
Fig. I. A slowly extracted beam of high-energy
electrons was focused on a liquid-hydrogen target
of 3-cm diameter. The intensity of the beam was
measured in a secondary-emission monitor and a
totally absorbing Faraday cup which stopped the
beam.

The spectrometer for detection of scattered elec-
trons was mounted on a platform pivoting horizon-
tally around the target and consisted of a collima-
tor, a bending magnet, four digitized wire spark
chambers mith ferrite-core readout, and scintilla-
tion counters including a shower counter. When-
ever a coincidence signal arrived from the scintil-


