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+ * COHERENT K D INTERACTIONS AT 12 GeV/c 

A. Firestone, G. Goldhaber, D. Lissauer, and G. H. Trilling 

Department of Physics and Lawrence Berkeley' Laboratory 
University of California, Berkeley, California 94720 

October 11, 1971 

ABSTRACT 

LBL-384 

+ + + -We have made a study of the coherent reactions Kd-7 K:rr:rrd 

and K + d -7 K0 :rr + d ' 
at 12 GeV/c, using data obtained in the SLAC 82-

inch bubble chamber. The cross sections for these two processes are 

331±35 and 19±4 ~b respectively. + + + -The reaction K d -7 K :rr :rr d is 

dominated by Q :rroduction in the K:rr:rr system. The shape of the Q 

enhancement is nearly identical to that observed in the reaction 
\ 

+ + + -Kp-?K:rr:rrp at similar energies. This result may be interpreted 

in terms of niixing between the strange members of the Al arid B nonets. 

There are also an L signal at M(K:rr:rr) "' 1. 72 GeV and a d* signal at 

+ M(d:rr ) "'2.2 GeV. The L appears to be formed primarily in conjunction 

'* + with the d , with the :rr meson shared between the two of them. The 

reaction 
+ 0 + 

Kd-7 K:rrd is dominated cpmpletely by K*(890) production. 

!.J 
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I. INTRODUCTION 

In this paper we present an analysis of the coherent reactions K+d -7 

+ + -
K rr rr d and at 12 GeV/c, from data obtained with the SLAC 

82-inch deuterium-filled bubble chamber. These reactions_, in which the deuteron 

emerges intact in the final sta~e, are particularly interesting in that the 

·coherence acts as a filter in allowing only I = 0 non- spi.n-flip exchange at 

the deuteron vertex. 

It has been suggested that ;the Q, as producedin hydrogen, for example 

ill the reaction 
+ + + -

K p -7 K rr rr p, has both 
_FC ++ +- . 
Jl = 1 and 1 components, where 

C is the charge conjugation quantum number of the neutral nonstrange members 

of the same nonet (C = + 1 for the A1 nonet and C = - l 
. 1" 3 
for the B nonet). -

Since the strange mesons are not eigenstates of' C, a generalization of C called 

"unitary parity" has been introduced by Dothan
1
which is expected to hold·for 

each entire nonet.
4 

.A particularly straightforward interpretation for two 
_p . + 

distinc~ Jl = 1 states is obtained from the quark model where the A1 a.nd 

B nonets are considered ~s the 3P1 and 1P1 qq states. 5 

Experimentally the ~vidence6 '7 that the Q enhancement consists of (at 

least) two distinct f = 1+ states appears rather well established by now
8

' 9: 

the QA at M ""' 1.25 GeV and 

may .be the same object as the 

Two overlapping f = 1+ 

~ at M ""' 1.38 GeV. The lower mass state, QA' 

10 
C(l240) meson observed in nondiffractive reactions. 

* K states, which decay into the same final state, 

Krrrr, may give rise to new phenomena. The states can mix1 so that the physical 

states QA and ~ are mixtures of the intrinsic states KA and KB belonging to 

11 
the two distinct nonets. Thus one can define a mixing angle ~ such that : 

~ = - KA sin ~ + KB cos ~ 

.. 
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Furthermore, interference effects between the physical states ~ and ~ may 

2 also be present., In the absence of mixing between these two components of 

the Q (exact su
3 

symmetry), and with the assumption of Pomeron exchange, the 

~C = 1+- component of the Q (i.e., ~) is expected to vanish in the coherent 

reaction in deuterium. Conversely the presence of ~ in coherent production 

can be interpreted as evidence for the above mentioned K* mixing effect. The 

work reported here includes the results of a search for these mixing effects, 

* as well as a study of L and d production. 

In Sec. II we discuss the beam, scanning, measuring, and separation 

+ + + -
techniques which were used to obtain the data sample of K d -7 K rr rr d events. 

Inaddition, 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* 

enhancement 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 reac-

tion 
+ . 0 + 

K d -7 K rr d, and Sec. VIII pre sent s the main conclusions of . this . study. 

II. DATA SAMPLE 

A. .General Analysis 

Approximately 500,000 photographs were taken in an exposure of the SLAC 

82-inch bubble chamber to an rf-separated 12-GeV/c K+ meson beam. Incident 

momentum resolution to within 6pjp = ± 0.2% is achieved by using the known 

12 correlation between beam momentum and transverse position in the bubble chamber. 
v 

Through the use of a gas Cerenkov counter, pion contamination in the beam is 

reduced essentially to zero. + On the average 8 K mesons were incident in the 

chamber per pulse. The bubble chamber was filled with deuterium, but there 

was a hydrogen contamination of. 4.5%. 13 
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The film was scanned for events of the following topologies: (i) 

four-prongs with at least one stopping track, (ii) three-prongs, (iii) one-

or two-prongs plus a vee. The events were measured on the LRL Flying-Spot 
I 

Digitizer, ana were reconstructed and kinematically fitted in the program 

SIOu~. Remeasurements 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 rc rc d and 

K+ d ~- K0 rc + d, this missing recoil deuteron is assigned momentum errors, 

6P = 6P = ± 40 MeV/c, and 6P = ± 50 MeV/c. For the reactions with unseen 
X y Z 

spectator protons, e. g.' 
+ + -

~ K rc rc pn, the assigned errors are 6P 
X 

=& y 

± 30 MeV/c, arid 6P = ± 40 MeV/c. z These errors reflect the fact that a proton 

of momentum less than 70 MeV/c leaves no visible track in the bubble chamber, 

while a deuteron must have a minimum momeptum of 110 MeV/c to be visible. 

+ + -
B. Identification of K rc rc d Events. 

The four-pronged events which satisfy the four-constraint kinematic 

+ + + - 2 
hypothesis, K d ~ K rc rc d, with X less than 20 are accepted. To judge the 

reliability of'this kinematic fit we have studied all the four-pronged events 

+ + + -which fit the corresponding one-constraint hypothesis, K d ~ K rc rc pn. We 

find that 97% of the four prongs which fit the four-constraint hypothesis also 

fit the corresponding one-constraint hypothesis. Figure 1 shows the invariant 

mass of the proton, neutron combination, M(p,n), 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(p,n) 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 cos e, the angle in the laboratory frame between the proton and neutron 
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for all one-constraint events. The shaded region again refers to th~ subsample 

also making the four-constraint fit. The spike at cos e ~ + 1, i.e., the 

proton and neutron traveling in the same directibn, is attributable entirely 

. + + + -
to the events fitting the four-constraint hypothesis, K d ~ K n n d. 

In the three-prong events there is the problem of contamination from the 

tau decay + of the incident K , i.e., 
+ + + -

K ~ n n n • All the three prongs which 

fit the tau hypothesis also fit the four-constraint deuteron hypothesis, 

+ + + -K d -~ K n n d. For all events which make the deuteron hypothesis we have 

+ + deliberately misinterpreted the outgoing K as a n , and have then calculated 

the resulting three 11pion" effective mas~ from the measured momenta. The 

distribution in this mass is shown in Fig. 3· The spike at the K mass, due 

to the tau 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 negli-, 

+ + -gible number of K n n d events. 

In the three-pronged events, the hypothesis. K+d + + -
~ K n n pn, is under- ' 

constrained unless the unseen spectator proton is assigned a particular momentum. 
which 

We have performed. a one-constraint fit in,_ the proton is assigned a momentum of 

zero with errors as discussed earlier. All the three-pronged events which fit 

+ + + -
the four-constraint hypothesis, K d ~ K n n d, also fit this one-constraint 

+ + + -
hypothesi~, K d ~ K n n pn. Figure 4 shows the distribution in M(p,n) for 

all events which fit this one-constraint hypothesis with the tau decays removed. 
also 

The shaded region refers to the subsample which,._fit the four-constraint deuteron 

+ + + -
hypothesis, K d ~ K n n a, with x2 

less than 10. The sharp spike at 

the minimum M(p,n) is here also attributable entirely to the four-constraint 

deuteron events~ The depletion of events at M(p,n) ~ 1.9 GeV may be a conse-

quence of the assignment of zero momentum to the unseen spectator. 

In order to obtain a clean sample of 
+ + + -
Kd~ Knnd events we have 

I 
restricted the s~mple to events with M(p,n) from the corresponding one-constraint 
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fit to be less than 1.886 GeV. This cut is of minor consequ~nce in the four 

prongs, but was imposed there for consistency with the three prongs. 

Figure 5, shows the deuteron momentum distribution for the complete sample 

of three prongs and four prongs. The shaded region represents the subsample 

of three-prong 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\/n:-d events thus o~tained is 5609 events, of which 70%are four-· 

prongs. 

+ + c. The K -n: Ambiguity 
With we . 

Athe above proceduresAhave identified.the coherent events in which the 

+ + -deuteron remains intact and a K n: n: is produced. Since the meson momenta 

typically average about· 4' GeV/c, the kinema:tics are not .significantly affected by 

+ + 
the interchange of the K and n: . Thus 61% of the entire sample, i.e., 69% 

of the three prongs and 57% of the four prongs, are kinematically ambiguous 

the + , + + - + 
betweenAtwo hypotheses, K d --? K n: n: d, and the same hypothesis with the K 

+ and n: tracks interchanged. Because of the high momenta involved, bubble 

. + + \ 
density measurements are not capable of separat1ng K from n: mesons. 

For events in ~hich the two ambiguous solutions have a difference in 

chisquare greater than three, we have selected the solution with the lower 

x2 • This reduces the ambiguous sample to 46% of the entire sample, i.e., 

65% of the three prongs and 36% of the four prongs. Small chisquare differences 

between ambiguous fits often reflect measurement errors rather than real kine­

matic information. Furthermore, routine selection of the lower x2 
solution 

may introduce a distinct bias into the data. In the three prongs, 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 

momentum is made the heavier, i.e., the K+. Thus the choice of lower x2 
is 
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+ in fact the choice of calling the highest momen.tum particle the K , and this 

choice is a bias towards low Krrrr masses. Therefore, for the events with 6X2 

< 3 we have plotted in all one-dimensional histograms both solutions, each 

with a weight of 1/2. We have also tried an alternative procedure for treating 

the events with 6X2 < 3, which preferentially selects K*(890) or K*(l420) 

1 t
. 14 so u J.ons. This alternative procedure was used in selecting solutions which 

are plotted in two-dimensional scatter plots. 

+ + The problem intro~uced by this K -rr ambiguity does not affect all kinematic 

+ regions of the da~a. In particula~ when the rr is backward in the center-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 -rr ambJ.guJ. ty 

limits the detail with which one can study the shape of the Q mass spectrum, since 

the two solutions have Krrn 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 deter-

mination of the K*n vs Kp decay branching ratios of the Q from our data. This 

is so because an event with a correctly assigned M(~+n-) in the K*(890) peak 

+ -contributes to a peak in the p region of n rr mass ~f the wrong solution is 

chosen; and moreover the reverse is also true. 15 Consequently we do not quote 

any K*n or Kp decay branching ratios of the Q, nor do we perform a detailed 

Dalitz plot spin-parity analysis. 

III. 
+ + -

GENERAL FEATURES OF THE K n n d FINAL STATE 

+ + + -
We have determined the cross section for the reaction K d ~ K rr n d ~y 

+ . . 16 
norma.lizing our data to the K d total cross section at 12 GeV/c, and correcting 

for the following effects: (1) the topological dependence of scanning effi-

ciencies, (2) measurement efficiencies, and (3) hydrogen contamination in the 

bubble chamber. The resulting cross section is 331±35 ~b, where the quoted 



-8- LBL-384 

uncertainty reflects both the statistics and our estimate of the systematic 

error.) which is about 10%. 

In Fig. 6 we show the d~stribution in dcr/dt vs t for all K+d 
+ + -

-?Krtrtd 

events. 
dcr at 

The data exhibit an approximate exponential form, dt ~ e with 

a ,;, 25±2 ( GeV/ c) - 2 • The small dip in the very forward direction can be attri- ~· 

buted to the effects of the Chew..:Low boundary. 

Figure 7 shows the distribution in M(Kn:n:) for all the events. The reac-

tion iS dominated by Q production, but there is some evidence for an L signal 

at a Kn:n: mass of about 1. 7 GeV. In its gross features the Q mass peak appears 

very similar to the Q peak seen in hydrogen experiments, particularly the high-
. + . 

energy high-statistics K 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-Low plot, ~(Kn:n:) .vs -t, for all the + + -
-?Krtrtd 

events. The Q enhancement is produced primarily at very low ltl values. The 

Chew-Low boundary cuts into the Q mass peak at values of ltl less than or equal 

to 0.008 (GeV/c) 2, and has very little effect on the shape of the Q mass spectrum. 

+• In Figs. 9 through 14 we show the two-body mass distributions; M(K d), 
I 

+ + + - + - + -M(K n: ), M(K n: ), M(n: n: ), M(dn: ) and M(dn: ) respectively. The distribution 

in M(K+d) shows no evidence for any structure. 
+ + 

The distribution in M(K n: ) 

is concentrated at low mass since it reflects the low mass Kn:n: enhancement. 

The low mass excess in the M(dn:-) distribution reflects the dynamics of Q 

decay. There is no evidence for any appreciable a*0 production. The distri-

bution in M(K+n:-) is dominated by the K*(890), but there is evidence for K*(l420) 

production as well. The distributio~ in M(n:+n:~) shows a p signal above the 

background, and the distribution in M(dn:+) shows a clear a* signal at the low-
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+ + 
mass end. As pointed out earlie~ an incorrect resolution of the K n ambiguity 

problem will result in a real K*(890) enhancement appearing as an apparent 

. + -enhancement in the p region of the n n mass. Therefore caution should be 

+ -
observed in interpreting the enhancement in the M(n n ) distribution as due 

entirely to actual p production. 
) 

In Fig. 15 we show the two-dimensional correlation plot: Mf(Knn) vs 

2 + * M (dn ) . 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 

Mf(Knn) < 10 (GeV) 2, and is particularly prominent in the overlap regions with 

the L and Q. Figure 15 shows that the L enhancement appears almost entirely 

within the a* band, i.e., there is no evidence for an L signal with + M( dn ) < 3 

GeV. This effect is discussed in detail in Sees. IV and v. In Fig. 16 we show 

+ - + * the two-dimensional correlation plot M(K n ) vs M(n d), in which the K (890) 

* and d bands are very clear. 

* IV. TRE d ENHANCEMENT 

* The narrow enhancement at the low mass end of Fig. 13 is the d peak. 

We have fit this peak to a Breit-Wigner shape over a. polynomial background 

and obtain parameters M = 2206±20 MeV and r = 140±26 MeV * for the d • This 

mass is consistent with the sum of a nucleon mass and the mass of the 6(1238). 

This a* peak has been observed earlier and interpreted as arising from the 

production of a 6(1238) resonance whose decay nucleon recombines with the 

' 17 
spectator nucleon to re-form the deuteron. Evidence for this interpretation 

in our data is shown in Fig. 17 which shows the distribution in cos 8 for the 

a* events [M(dn+) < 2.5 GeV], where 8 is the polar angle in the Gottfried-

Jackson frame for the a* peak, i.e., e is the angle between the incident 

' + deuteron and the final deuteron in the (dn ) rest frame. The strong forward 

peaking is not at all characteristic of the decay of a single resonance, since 
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it requires a very large number of partial waves. 17 In this discussion we 

' * + use the symbol d to refer to the observed enhancement in the M(dn ) distri-

bution. 

Figure_l8 shows the distribution in the polar angle in the Gottfried-' 

Jackson frame for the K+n- system for the K*(890)d* events, 'i.e·., the angle 

+ . + + -
from incident K to outgo~ng K in the K n rest frame. The distribution is 

consistent with that expected for a ~ = 1- state produced by pion exchange. 

Thup pion exchange at the meson vertex dominates d* production. Figure 19 

shows the same distribution as in Fig. 18, but for the K*(l420) d* events. 

This distribution is characteristic of· ~ = 2+ Kn·state produced by pion 

exchange. 

If we assume the interpretation of the d* as a 6(1238) with subsequent 

+ nucleon recombination, produced by pion exchange to the incident K vertex, 

then the suppression of the d*0 (Fig. 14) with respect to the d*++ (Fig. 13) 

is easily understood in terms of ·the two diagrams shown in Fig. 20. Although 

- ++ 
the 6 and 6 have the same su2 coupling to the nucleon vertex, the exotic 

K+n+ scattering in Fig. 2ob (d*0 ) is expected to be much smaller than the K+n­

scattering in Fig. 20a ( d*~\ 18 

+ - ' * [ + In Fig. 21 we show the distribution in M(K n ) for the d events M(dn ) 

< 2.5 GeV]. + - * The distribution in M(K n ) recoiling against the d shows an 

enhanced K*(l420) relative to the K*(890) in comparison with the total sample. 

This K+n- mass distribution against the d* appears to be very similar to the 

+- ++ + ++-
K n mass distribution against the 6 in the hydrogen reaction K p ~ K n n p. 

Figures 22a and b show the distributions in dcr/dt* vs t*, where t* = 

Itt- tt. I tt is the square of the four-momentum transfer from the incident 
m~n ' 

deuteron to the final (dn+) system, and tt. is the kinematic limit evaluated 
m~n · 

. . * 
at the center of the relevant K resonance, for the reactions 

respectively. 
*0 *++ ' and K (l420)d A The cross sections for the 
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and K*0 (1420)d*++ are given in Table r. At 12 GeV/c the 

K+d ~ K*0 
( 890) d*++ cross section for the reaction ~ is about 20% of the cross 

section for the corresponding hydrogen reaction K+p ~ K*0 (890)~++ (Ref. 19). 

_This can be compared to the result of Werner et al., who find that in K- interac­

tions; at 5·5 GeV/c, the cross section for the reaction K~d ~ K*0 (890)d*0 is 

·• only 7% of the c~oss section for the reaction K-n ~ K*0 (890)~- •18 However in 

the K-d interaction at 12 GeV/c, the cross section for d*0 production is not 

significantly different than that ford*++ production.l9a 

V. THE L ENHANCEMENT 

In Fig. 15 (Sec. III) we showed the two-dimensional correlation plotJ 

Mf(Krrrr) vs M2 (drr+), with the surprising result that, in, contrast to the Q, the 

L enhancement was seen almost entirely within the d* band; and is, in fact, 

totally contained in the region with + M( drr ) < 3 GeV. ln Fig. 23 we show the 

Krrrr mass distribution for events with M(drr+) in the d* region [M(drr+) < 2.5 

GeV]. Although some Q signal remains, this distribution is dominated by the 

L enhancement. We have fit this-distribution in the region 1.5 GeV < M(Krrrr) 

< 2.2 GeV to a Breit-Wigner shape with polynomial background, and obtain 

the best fit parameters for the L: M == 1730±20 MeV and r == 210±30 MeV. 

We have investigated the possibility that the absence of an L enhancement 

* + + outside the d region might be caused by an incorrect resolution of the K n 

ambiguity problem. Thus, for aLl ambiguous events we have chosen that 

solution with M(Krrrr) closest to 1.75 GeV, and have plotted M(Knrr) for all 

ambiguous events thus resolved. There is no significant L signal above back­
for M( drr +) > 3 GeV 

groundAeven with this maximally enhancing procedure. In addition, we have 

+ -examined the distribution in M(K'rr ) for those events with M(Krrrr) in the L 

* region, using this maximally enhancing procedure;- and, outside the d region, 

we find no evidence for a K*(l420) peak. Thus we conclude that the L signal 

* is largely confined to the d region. 

We have investigated the possibility that the L is a kinematical reflection 
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of the combined effects of the a* decay angular distribution (Fig: 17) and the 

K*(l420). We have performed a Monte Carlo calculation, which uses the experi­

mental a* decay angular distribution, as well as the experimental a* production 

angular distribution as fixed ~uantities, and~ch calculates the expected 

distribution in M(K*(l420)rr). ~e results show an enhancement in the region 

of the L, which is significantly broader than the observed L signal (Fig. 23). 

'' 
Thus we conclude that the observed L signal is not consistent with a simple 

* kinematical reflection of the d decay. 

In Fig. 24 we show the -distribution in M(K+rt-) for all the events in the 
( 

a* region with the L selected [1.6 GeV < M(Krtrt) < 1.9 GeV]. The distribution 

is dominated by K*(890) and K*(l420). E"~en with a* selection the L has a 

substantial background which may be due in part to the tail of the Q whieh 

would contain K*(890)rr. Therefore, in prder to obtain information on the decay 

modes of the L, we have taken the distribution shown in Fig. 24 and subtracted 

+ -
from it the distribution in M(K rr ) from .control regions on either side of the 

L [1.45 GeV < M(Krtrt) < 1.6 GeV and 1.9 GeV < M(Krtrt) <-2.05 GeV]. This distri-

bution is shown in Fig. 25. * The data are consistent with entirely K (l420)rt 

decay of the L. However, a K*(890)rr decay mode of the L is possible and we 

d t . th b h. f . t. (L -7 K* ( 89° )rt ] t b _ e erm:me e ranc 1ng rae 10n L -7 K*(l42o)rr o e e~ual to 17±11%. This 

result cannot resolve the contradiction between Barbaro-Galtieri et a1., 20 

who have claimed the decay of the L is 100% K*(l420)rt,- and both Aguilar-Benitez 
/ 

et al. and Bartsch et a1. 21 who find evidence for other decay modes of the L. 

+ - . * Figure 26 shows the distribution in M(rr_ rt ) for the L events with d 

selected. Although there is perhaps some p signal present we ·can make no 

reliable estimate of the branching ratio of L decaying 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 
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appears to be produced largely in conjunc~ion with the 6++ in the reaction 

+ + + - 22 
K p ~ K rr rr p. An L produced in this manner does.not accord with the assump-

tion of Pomeron exchange and the Harari-Freu:J?.d duality hypothesis which asso-

ciates only background with the Pomeron in the cross channel (see Fig. 27a). 

It would appear that at these energies isoscalar exchange other than the 

Pomeron, e.g., f exchange, must be important at the deuteron vertex (see Fig. 

27b). 

VI. THE Q ENHANCEMENT 

The motivation for the study of coherent production of the Q in deuterium 

is to isolate the ,I = 0 non-spin flip exchange. By comparison with Q produc-

tion in hydrogenJwhere otherrexchanges are allowed, we may identify which 

exchange mechanisms give rise to various ~arts of the Q mass spectrum. In 

Fig. 28 we compare our Krrrr mass spectrum with a sample of hydrogen data used 

. + 23 by Firestone in his compilation of h2gh-energy K p data. The hydrogen data 

was normalized to the deuterium population between 1.1 GeV and 1.5 GeV. The 

striking feature of these two distributions is their similarity, including the 

structure characterized by the sharp drop at M(Krrrr) ~ 1.3 GeV. 

The small differences between the hydrogen ~1d deuterium dtstributions 

can be attributed to the fo.llowing 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 suppression of.K*(l420) production in the deuterium, as 

discussed more quantitatively below; (3) the difference in background levels 

above the region of the Q, M(Krrrr) > 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 is a compilation of momenta running from 7·3 to 12.7 GeV/c. 
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We have attempted to fit our distribution of M(Krrrr) in the region of the 

Q to a single Breit-Wigner shape without background, and the results are shown 

in Fig. 29a. The fit is very poor with 2 
X == 72.3 for 22 degrees of freedom. 

In Fig. 29b we show the same distribution but'now fit to two incoherent Breit-

Wigner forms ~ithout background. The .fit is acceptable with 2 X == -25.9 for 

;1.9 degrees of freedom. The parameters of the two Breit-Wigners are M == 1234±12 
A -

MeV and r == 188±21 MeV for A - the lower Q _(QA); and~ == 1368±18 MeV and 

rB-~ 241±30 MeV for the upper Q (_~); these values are in good agreement with 

the parame~ers obtained in a similar fit for the hydrogen data.9 It should 

be emphasized that the above values are the result of a specific parametriza­

tion which was used to compare various Krrrr mass distributions, 9 but do not 

necessarily represent-the masses and widths of the actual physical states. 

From the coherent reaction + Q + Kd--7 Krrd (to be discussed in Sec. VII), 

* and from the K (1420) decay branching ratios reported in the Particle Data 

Tables, we determine a maximum K*(l420) contribution to the Q of 15 events. 

* . This K (1420) contribution to the Q enhancement in the coherent events is 

relatively less than even the small contribution determined in the hydrogen 

case.7 Thus, one cannot interpret the upper Breit-Wigner of the Q 

as the K*(l420). 'This has beem previously noted in hydrogen production by 

9 8 24 Firestone, Barnham et al., and Ferbel. 

The data indicate that
1 
the high mass portion of the' Q enhancement, 

~' produced coherently off a deuteron in this experiment, is as pronounced 
we interpret this fact 

as in hydrogen;Aas evidence that the entire Q enhancement is produced largely 

by I == 0 non-spin-flip exchange, which is most likely the Pomeron. The 

simplest explanation of this effect is 
a 

essentiallyAmaximal mixing 

* between the two K 's, KA and KB, to produce the .two physical states, QA and 

~· The mixing angle, ~' defined in Sec. I, would have to be of the 

order of 45°. A similar conclusion was recently reached by Garfinkel et al.J 

using 9 GeV/c K+d data. 25. 
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In Fig. 30 we show the distribution do/dt' ·vs t' for the Q events only 

[M(Krrrr) < 1.5 GeV]. The distribution has been fit to an exponential form, 

Bt 1 2 dcr/dt' = Ae where B = 29±1 (GeV/c)- . This slope is consistent with 

2 that expected from a slope of about 8 -(GeV/c)- from the hydrogen Q data1 

combined with a slope of about 20 obtained from the average behavior of the 

deuteron form factor for the region ltl· < 0.1 (GeV/c) 2 ; i.e., that region 

where the Q data is concentrated. / 

We have analyzed the Q as a function of M(Krrrr), using the following five 

mass bins: 1.0-1.1 GeV, 1.1-1.2 GeV, 1.2-1.3 GeV, 1.3-1.4 GeV, and 1.4-1.5 

GeV. Figures 31 through 33 each show the distribution of a particular angle 

in these five M(Krrrr) 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 distri-

bution in cos e, where 8 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 
+ _ ' 2 This is 

K rr rest frame. The distributions are all largely cos -e~ consistent with 

the commonly accepted interpretation of the Q as a / = 1+ system~ produced 

by Pomeron exchange, which decays mainly by S-wave 'into K*(890)rr, and where 

the spin"of the K*(890) is aligned such that mJ = 0 along the incident direc-

tion. 
N 

Figure 32 shows the distributions in the polar angleAin the Gottfried-

Jackson frame of the normal to the Krrrr decay plane, i.e. , ··the angle between 

the incident K+ direction and the normal in the Krrrr rest frame. The distri­

butions are largely sin2 N, as expected for a ? = 1 + object, produced by 

Pomeron exchange, which has its spin aligned such that 

beam direction. 

m = 0 
J 

along the 

In Fig. 33 we show the distributions in the cosine of the polar angle of 

the Q in the Got"tfried:-Jackson frame; i.-e., the angle between the incident K+ 

direction and the outgoing K* direction in the Krrrr rest frame. The distributions 
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2 * are not consistent 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 in these distributions due to the K -n ambiguity 

-problem and accept them at face value, then the most natural explanation of 

2 * the cos K component is the interference between the dominant s..,wave decay 

of the Q with a smallD-wave decay of the ~ = 1+ Q into K*(890)n. Further-

more, the asymmetry may be attributed to the interference of the dominant s-

waye decay with a small ~ = 0- or ~ = 2 component of the Q, which d~cayed 

via P-wave into K*(890)n. The Illinois Group has reported a substantial ~ = 0 

component under the predominantly ~ = 1+ A1 meson, 26 and perhaps a similar 

effect is occurring in the Q. However; the non-isotropic components of the 

distributions of Fig. 33 may be due to contamination from Kp decay of the Q 

and incorrect ,resolution of the K+n+ ambiguity problem. The Kp and K*(890)n 

kinematic overlap region is large for the Knn 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 

or components, or a possible D-wave decay of a ~ = 1+ 

Evidence has been presented that the hypothesis of t-channel helicity 

conservation is a better ~pproximation to the data than s-channel helicity 

conservation for the diffractively produced A1 meson27 and Q meson. 28 Due 

Q. 

to 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 significantly the predictions of s-channel or t-channel helicity 

conservation. 

We have examined the Q-decay Dalitz plots as functions of M(Knn), and 

note that even with the selection criteria maximally biased against a p signal, 
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some p signal remains, in particular at high values of M(Kn~). Moreover the 

bulk of the p signal lies in the crossover region with the K*(890). Because 

+ + * of the K -n ambiguity problem, K -p interference, and tl1e.lr intimate overlap, 
I 

no reliable estimate of the K*n vs Kp branching ratio for the 

Q may be made in this experiment. 

' VII· THE REACTION K + d --'7 K0 n + d 

We have also studied the coherent reaction 
+ 0 + 

K d ~ K n d. Because of 

the excellent resolution from fitting the K0 decay, these events are highly 

constrained and may be separated reliably from all background with no ambi-

guities. We have obtained a sample of.l33 events of this type with a cross 

section of 19±4 IJ.b· This cross section has been corrected for the invisible 

0 decays of the K 's as well as all the detection efficiencies outlined in 

Sec. II. 

The Dalitz p~ot for this process is shown in Fig• 34. The reaction is 

dominated by K*(890) production with no substantial evidence for any other 

structure apart from a possible small K*(l420) signal. This can also be 

seen in the mass projections, M(K0 n+), M(dn+), and M(dK0
) shown in Figs. 35, 

36, and 37 respectively. 
0 + . 

From the distribution in M(K n ), shown in Fig. 35, 

we estimate an upper limit of 5 events in the K*(l420) region. After correc­

ting for unseen K0 decays, Clebsch~Gordan coefficients, and the K*(l420) 

branching ratios as reported in the Particle Data Tables, we estimate the 

previously quoted 15 event upper limit of K*(l420) contribution to the Q 

enhancement in the reaction K+d ~ + + -K n n d. We note that in the corresponding 

+ 0 + hydrogen reaction
1 

K p ~ K n p 
I 

at 9 ~V/c 1 the cross section for the reaction 

was 37% of the cross section for the reaction + * 29 K p ~ K ( 890) p. 

In deuterium, however, the K*(l420) cross secti'onappears greatly suppressed 

and we place an upper limit- on this rat-io of 0. 22. 
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VIII. CONCLUSIONS 

+ + + -
In conclusionJ the reaction K d --7 K rr rr d is dominated by Q producti~n. 

The shape of the Q is very similar to that observed in hydrogen reactions, 

a shape not compatible with a single Breit-Wigner. The Krrrr mass distri-

bution in the region of the Q may'be fit satisfactorily with two non-interfering 

Breit-Wigners with parameters MA = 1234±12 MeV, rA = 188±21 MeV, ~ = 136~±18 

MeV, and rB = 241±30 MeV. The contribution of the K*(l420) is extremely small; 

less than 15 events 'in this mass dis:tribution~· The Q is consistent with 

a predominantly ~ = 1+ state, produced by Pomeron exchange, which decays 

* via S-wave mainly into K (890)rr. Furthermore, our data can be interpreted in 

* terms of nearly maximal mixing between the two K 's, KA and~' to 

give the physical states ~ and ~· 

The L meson is produced primarily in conjunction with the d* peak, with 

+ . 
the rr shared between them. This production mechanism is not consistent with 

the assumption of 'Pomeron exchange and the Harari-Freund duality hypothesis. 

The d* enhancement is particularly striking in this reaction, and is 

++ ~ + 
interpreted as a 6 recombining with a neutron to give a deuteron and a rr • 

The evidence for this interpretation is the decay angular distribution of the 

d* which shows many partial waves to be present, 

and is what would be expected from on-shell 

+ rr d elastic scattering. 
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Table I. Cross sections. 

\. 

The cross sections for the specific reactions are obtained from the indi­
cated mass cuts with no background subtraction. 

Events C5 (f.lb) 

K+d ~ + + -
K rc rc d 5606 331±35 

K+d + Q+ .~ Q d, ~ 
+ + -(a) K rc rc 3604 213±21 

K+d + + + + -(b) 
306 "" 18 ~ L d, 1 ~ K rc rc 

K+d + - *++ *++ +(c) 1'020 6o±6 ~ Krcd ,d ~ drc -+ K*0 (890)d*++, d*++ ~ + 
K*0 (890) ~ K+rc-(d) 328 K d ~ drc , 19±3 

+ 0 *++ *++ drc +, K*0 (1420) ~ + -(e) 204 K d ~ K* (l420)d , d ~ K rc "" 12 

K+d ~ K0 rc+d 133 19±4 

K+d ~ K*+(890)d 6o 9±2 

K+d ~ 
~ K* l(l420)d < 13 < 2 

(a) Q; l. 0 GeV < M(Krcrc) < 1.5 GeV. 

(b) L: 1.6 GeV < M(Krcrc) < 1~9 GeVj M(drc+) < 2.5 GeV. 

(c) d*: + 
2 • 0 Ge V < M ( drc ) < 2 • 5 Ge V. 

(d) K*(896): + -0.84 GeV < M(K rc ) < 0.94 GeV. 

(e) K*(l420): + -1.3 GeV < M(K rc ) < 1.5 GeV. 
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FIGURE CAPTIONS 

+ + -Fig. 1. M(p,n) for the four-prong events ~ K n n pn. ·The shaded region 

refers to the subsample + + + -
K d ~ K n n d. 

Fig. 2. Cos B(p,n) for the four-prong events 
+ + + -

K d -7 K n n pn. The shaded 

region refers to the subsample 
+ + + -

K d ~ K n n d. 

+ + + -
Fig. 3· 

Fig. 4. 

M(3"n") for the three-prong events consistent with K d ~ K n n d. 

M(p,n) for the three-prong events The shade~ region 

refers to the subsample + + + -
K d ~ K n n d. 

+ + + -
Fig. 5· Deuteron momentum distribution in the laboratory for all K d ~ K n n d 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

events. The shaded region refers to the subsample of three-prong events. 

6. 

7· 

8. 

9· 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

I + + + -dcr dt vs t for all K d ~ K n n d events. 

+ + + -M(Knn) for all K d ~ K n n d events. 

Chew-Low plot ~(Knn) vs -t for all K+d ~ 
+ + + + -

M(K d) for all K d ~ K n n d events. 

M(K+n+) for all 
+ 

K d -7 + + -
K n n d events. 

M(K\r -) for all 
+ 

K d 
+ + -

~ K n n d events. 

+ -M(n n ) for all K+d -7 + + -K n n d events. 

M(dn +) for all K+d + + --7 K n n d events. 

M(dn-) all K+d + + - events. for -7 K n n _d 

~(Knn) 2 + 
vs M (dn ) for all 

+ 
K d -7 + + -

K n n d 

+ -M(K n ) 
- + 

vs M(dn ) for all 
+ . 

Kd-7 + + -K n n d 

Distribution in cos ed* for the d* events. 

+ + -
K n n d 

events. 

events. 

Distribution in cos eK* for the K*(890)d* events. 

Distribution in cos eK* for the K*(l420)d* events. 

Diagrams for *++ *0 d and d production 
++ 

through 6. and 

+ - * M(K n ) for the d events. 

events. 

6.- production. 

dcr/dt* vs t* for (a) the reaction 
+ Kd-7 K~(890)d*++ and (b) the 

reaction + Kd-7 K~(l420)d~++. 

,, 

( 
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Fig. 23· M(Knn) for the * d events. ,,_,. 

24. 
+ rr-) Fig. M(K for .the d* events with L also selected. 

M(K 
+ n-) d* selected and control Fig. 25. for the events with L regions on ·. 

either side of the L subtracted off, 

26. 1M(n 
+ n-) Fig. for the d* events with' L also -selected. 

Fig. 27. Diagram's for, L production through Po me ron or f exchange. 

+ + + - * Fig. 28. M(Knn) for all K 9-.--7 .K n n d events with the d removed. The 

dashed histogram is the distribution in M(Kn~) from Ref. 23 renormalized 

to the population in this experiment between 1.1 and 1.5 GeV. 

Fig. 29. M(Knn) for all 
+ + + -

Kd-?Knrcd events. The smooth curves refer to 

the results of fits to the hypotheses (a) a single Breit-Wigner shg.pe, 
/ 

and (b) two incoherent Breit-Wigner forms. 

Fig. 30. do/dt' vs t' for the Q events [M(Knn) < 1.5 GeV]. 

Fig. 31. Distribution in cos B as a function of M(Knn), where B is the polar 

angle in the Gottfried-Jackson .frame. 

Fig. 32 •. Distribution in cos Nasa function of M(Knn), where N is the ·normal 

to the Knn decay plane in the Knn rest frame. 

Fig. 33· Distribution in cos K* as a function of M(Knn), where K* is the polar 

angle of the K*(890) in the Knn rest frame. 

Fig. 34. Dalitz 
. 2 0 + 

plot M (K n ) 2 + 
vs M (rc d) 

+ 
for the reaction K d --7 0 + 

K n d. 

Fig. 35· M(K0 n+) for the reaction 
+ Kd--7 0 + 

K n d. 

36. M(n+d) + 0 + 
Fig. for the reaction K d --7 K rc d· 

I 

M(K0 d) 
+ 0 + 

Fig. 37· for the reaction K d --7 K n d. 
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..----------LEGAL NOTICE-----------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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