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Analysis of the Low-Mass Evrff Enhancement
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The reaction K p K px 7I at 4.3 BeVjc has been studied to investigate the nature of the
low-mass%7(~ enhancement. We find that the enhancement decays principally into' (890)vr
with the II' (890) alignment the same as for the K (890) from the final state K*(890}N*(1236).
We interpret the similar K*(890) decay distributions in the two distinct samples of events as
further support for the hypothesis that the Q' enhancement is due to a Deck-type mechanism.

I. INTRODUCTION

We have studied the broad low-mass Kmm en-
hancement (the Q) in an exposure of the MUHA-ANL

2/00
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30-in. liquid hydrogen bubble chamber to a 4.3-
BeV/c K' beam. The properties of the Q region
are already agreed upon: The dominant spin-parity
is I', the isotopic spin is —„and the principal de-
cay is into K*(890)w. We find similar decay dis-
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FIG. 1, Scatter plot of M(pm+) versus M(K+x ) for
(a) the unambiguous events; (b) the ambiguous events.

FIG. 2. M(X+7(+sr ) for the (a) unambiguous events for
vrhich M(7l+p) is not in the%~ interval (1136-1336MeV/
c2); (b) ambiguous events for the hypotheses for which

M(7i+p } is not in the N* interval.
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tributions for the K*(890) from the Q region and
for the K*(890) which are produced with compara-
ble cross section via one-pion exchange in the re-
action K'P-K~{890)N*(1236). This observation is
new support for the suggestion of Deck' that thresh-
old enhancements such as the Q are due to diffrac-
tive scattering of an exchanged pion from the tar-
get proton.

II. EVENT SELECTION

We have identified 8216 events of the reaction

K' p-K' pvt'r- .
(This sample constitutes approximately 60% of the
total number of events expected in the exposure. )
For 7640 of these events only one permutation of
mass assignments among the tracks gives a fit
which satisfies our four-constraint acceptance
criteria: g'&20 and all tracks having visual ion-
ization estimates consistent with the fitted momen-
ta and mass assignments. In the remaining 576
events the identification of one pair of positive
tracks is ambiguous between two mass assignments.
These ambiguous events have a distribution dif-
ferent from the unambiguous events on the K'7t'

versus Pv' scatter plot (Fig. 1). The unambiguous
events are characterized by production of the
K*(890) and the N*(1336) [Fig. 1(a)]. The ambigu-
ous events show production only of the K*(890)
[Fig. 1(b)]. The K'v'w mass spectrum' (Fig. 2)
is also different for the two sets of events. The
ambiguous events have a larger fraction of events
in the Q region than do the unambiguous events. We
therefore feel it is necessary to include these am-
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biguous events in any analysis of the Q region.
The hypothesis selection criteria for ambiguous

events are discussed in the Appendix. Here we
summarize the criteria employed:

(a) The hypothesis with the higher g' probability
is chosen for all events with E' P and m' P am-
biguities (104 events) and for those events with
K'—v' ambiguities for which the y' probability
ratio for the two hypotheses is greater than ten
(98 events).

{b) If the ambiguity ls a K ~ 77 ambiguity and
the X' probability ratio is less than ten, production
of K*(890) is used, if possible, as the basis for the

cr) 1.00—

I

+ .60-
CU

l 1 i I

.2 .4 .6 .8
M'( ){eev Zc )-

I I I~ ~ ~

~ ~
~ l

0 ~ 0
~

~ e$ t ~ I
~ ~ ~ ~41 9 ~ ~ ~ i

~ ~ ye -
~ I ~ P ~ t

Ife ye ~ o+ ~
II ~ ~i ~ ~ 1~ ~ ~

~I ~ 1 ~
~ ~ ~ ~ ~~ ~ L ~

%8%5~~lmlE~I% ~ -sy N

~ Q$ ~ I ~ I I

l I I

l

I I I

I t I

I I
I

I

~l
'

I I

50-

0
275 475 675 875

M (, 7r'7r ) I M e Vjc )

FIG, 3. Daljt2', plot ofI (K+/ ) vers@/ I (/+g ) for g
events with M(E+x+x ) & 1470 MeV/c2 and no (m+p) coInbin-
ation in theN~ interval (1136-1336MeV/c ). The dashed
lines indicate K*(890) and p regions.

FIG. 4. Mass projections for the Q events with
M(K '7 x ) & 1470 MBV/c and no ('lFP) combination in
the N* interval (1136-1336MeV/e2). (a) M(K+~ );
(b) M(m+x ).
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By studying the decay of the K*(890) we learn
about its mode of production. Figure 5 is the dis-
tribution of the Treiman-Yang angle in the K*(890)
rest system for the Q events. 4 The isotropic dis-
tribution is consistent with K (890) production via
one-pion exchange. Figure 6(a) is the distribution
of cos 0«, where 0« is the angle between the in-
cident K' and the outgoing K' in the K*(890) rest
system. The distribution is fitted to a power series
in cos 6)«and the coefficients are shown in Table I.

As already noted, there is another distinct sam-
ple of K*(890): those seen in the reaction K"P
-K*(890)¹(1236)t Fig. 1(a)]. The cos Ozz distri-
bution for these K"(890) is shown in Fig. 6(b) and

20 60 100 140 180

T-Y Angle

FIG. 5. Distribution of the Treiman-Yang angle in the
X~(890) x'est system fox M(X x x ) & 1390 MeV/c2 and no
X~ (1136-1336MeV/c2).
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hypothesis selection (3'f4 events)

The principal effect of this procedure appears in
the m'm spectrum, as is discussed in the Appen-
dix. These selection criteria do not involve the
K'm'm mass and we use the ambiguous events in
our discussion of the Q.

HI. THE Q ENHANCEMENT

The K'm'm mass distribution, after we remove
the N*(1236) events, shows a clea.r Q signal
(Fig. 2). Peaked are seen in the Kvv mass spectrum
at - 1260, - 1320, and - 1420 MeV/c'. Without pre j-
udicing a discussion of the existence of narrow
Kmw resonances we note that the number of events
in the peaks is small compared to the number in
the broad background and proceed to analyze the
entire region. Figure 3 is a Dalitz plot of M'(K'w )
versus M'(m'v ) for the Q events, those events
with K'r'm mass less than 1470 MeV/c'. Both the
Dalitz plot and the mass projection on the K'm ax-
is (Fig. 4) show that the decay of the Q is dominated
by the K*(890).
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TABLE I. X decay angular distributions.
I'(p) =1+Ay+By, p, =cos6zz.

-I.O —.6 —.2 0 .2 .6 1.0

X*(890)N*(1236) events 0.97+0.12 4.02 + 0.38
K*(890) events from Q decay 0.63+0.15 4.09+ 0.55

Using only the unambiguous events, we find A = 0.51
+ 0.16 and 8 =4.18+ 0.61.

FIG. 6. Distribution of cos8zz in the X*(890) rest sys-
tem for (a) Q events with M(E+7r+7r ) & 1390 MeV/c~ and
no X+(].].36-].336 MeV/c ); (b) X+(890) N+(1236) events.
The curves are from the fit to the E*N* events given in
Table I, but normalized to the appropriate number of
events.
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~, =1M„2- (M. -M, )2]IM.,2 —(M. +M,)'],
a(M„~) is the slope of the vP elastic differential
cross section as a function of M„p, Ip = momentum
transfer to the proton,

a, = -(M, —t~*)(1+M„'—tr*) ' = a,
Qr*~ ™z*~ tp ™r(Mic™r—try)

x(t~+ t~w -M, ')(2tr*) '.
Figures 8 and 9 are comparisons between the

data and the predictions of the model. The agree-

FIG. 7. Feynman diagram corresponding
to the Deck model.
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is fitted to a power series (Table I). This fit is
normalized to the number of Q events —the events
shown in Fig. 6(a) —and a }t' is computed to test
whether the fit obtained for the K*(890)N*(1236)
events is consistent with the cos0«distribution
of the K*(890) from Q decay. This }t' is 28 for 19
degrees of freedom, a 10% probability that the
distributions are the same. The K*(890) from the
K*(890)¹(1236)events and from the Q events have
the same decay angular distribution. Therefore it
is reasonable to conclude that the production mech-
anism for both samples of K*(890) is the same.
The dominant mechanism for K*(890)¹(1236)pro-
duction is one-pion exchange. On the basis of the
distribution of the Treiman-Yang angle and the
cos6r~ distribution, we conclude that the K*(890)
associated with the Q region are also produced via
one-pion exchange. This result does not depend on

a particular formulation of a one-pion exchange
model.

A possible explanation of the enhancement in the
Kmm mass spectrum based on one-pion exchange
has been advanced by Deck. A Reggeized version
of Deck's model, due to Berger, ' gives for the
diagram in Fig. 7 the following matrix element:

IM12-A., e't o~'(1+ a, )'(Q~*,)' (1 —costa, ) ',
where

24-

12-)
CD

Q
1900 2140 2580 2620 2860

M (Kp) (MeV/c )

70
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TABLE II. Comparison of the experimental
distributions to the Berger model.

Distribution

K*p
Trei man- Yang angle
tp
t~*
cos (9pp

y /degree of freedom

92/28
63/33
47/17
28/18

452/9
14/10

0
1020 1260 1500 1740 1980

M (K7T) (MeV/c )

FIG. 8. Comparison of the Berger model with experi-
mental distributions for (a) K*(890)p mass spectrum
with tp & 0.45 BeV and tz* & 0.6 BeV; {b)K*(890)n.
mass spectrum with tp & 0.45 BeV and t&+ & 0.6 BeV .
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FIG. 9. Comparison of the Berger model with experimental distributions: (a) Treiman-Yang angle in the 7t p rest sys-
tem for events witht&&0. 45 BeV, tz*&0.6 BeV, andM(K*&) &1..47 BeV/c; (b) t& for events withM(K*7r) &1.47 BeV/c;
(c) t&~ for events with M(K~7t) & 1.47 BeV/c; (d) cose&& in the ~+p rest system for events with~(K*m) & 1.47 BeV/g2, f&
& 0.45 BeV2, and t&*&0.6 BeV2.

TABLE III. Ambiguous events.

Events for which y2

probability ratio is
&].0 &1{)

Hypothesis
with the

higher g2

probability

lower y2

probability

IA

ment between the data and the model as measured
by a y' test (Table II), particularly for the tr~ dis-
tribution, cannot be considered good. However the
model does reproduce the qualitative features of
the data.

Without relying on the success of a specific mod-
el, we feel that the similarity in the K*(890) align-
ments is strong evidence for the importance of the

diffractive one-pion exchange mechanism in Q pro-
duction.

APPENDIX

The main source of ambiguous events in this ex-
posure is the assignment of the K' and m' mass to
a particular pair of tracks. The selection of the
correct hypothesis in these ambiguous events of
reaction (I) is particularly important in the study
of the Q. The K'm'7t mass spectrum is not affect-
ed by the incorrect resolution of the ambiguity (be-
ing determined principally by the momentum of the
unambiguously identified proton) but the K'm and
m'Vt mass spectra can be very significantly dis-
torted. The essential reason for this can be under-
stood as follows. Imagine an event in which for a
pair of the tracks the K'71' mass is, as is very
likely, -890 MeV/c'. If the K' is erroneously
identified as a m', then the Tt'm effective mass of
this same pair of tracks will be —V50 MeV/c'. If
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FIG. 10. Distributions for Group I events: (a) M(E+x-) for hypotheses IA and IB; (b) M(m 7t ) for hypotheses IA and

IB; (c) cos0zz for IA hypotheses withE*(840-940 MeV/c2) and for IB hypotheses withE*; (d) cos0zz for IA hypotheses
with M(E m) & 1390 MeV/c and for IB hypotheses with M(E*7t) & 1390 MeV/c; (e) cos0z~+ for IA hypotheses with "p"
(675-825 MeV/c ) and for IB hypotheses with "p"; (f) cos0& + for IA hypotheses with M(X "p") & 1390 MeV/c and for IB
hypotheses with M(E "p")& 1390 MeV/c .

the K'~ mass spectrum has a peak corresponding
to the K~(890) and a substantial number of K' are
identified as m', then there will be an apparent
peak near the p mass in the "m'w " mass spectrum.
This erroneous peak can lead to serious errors in

the analysis of the Q. We wish to show that mis-

identification occurs when g' alone is used to re-
solve ambiguous events.

In the ambiguous events there are two acceptable
hypotheses. One is certainly wrong; the other is
presumably correct. We wish to devise some
method by which we can, for each event, separate

TABLE IV. Comparison of distributions of hypotheses IIA to hypotheses IIB.

Variable
Probability that the IIA and IIB

distributions are from the same sample

E+7t mass
7l' 7t' mass
cos0zE, E* events
cos 0@&, E* events, Mz~~+ & 1.39 BeV/c
cos0z~, p events
cos0z, p events, M&z+ & 1.39 BeV/c

0.921
0.996
0.843
0.949
0.952
0.195
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FIG. 11. Distributions for Group II events: {a)M{K+x") for hypotheses IIA and IIB; {b)M(& 7r ) for hypotheses OA
and IIB; (c) cose&E for IIA hypotheses withe*(840-940 MeV/c ) and for IIB hypotheses with%* (d) coso&& for IIA hy-
potheses with M(E*7r) & 1390 MeV/c2 and for IIB hypotheses with M(X*x) & 1390 MeV/c~; (e) cosez„+ for IIA hypotheses
with "p" (675-825 MeV/c2) and for IIB hypotheses with "p"; (f) cosSz~+ for IIA hypotheses with M{K "p")&1390 MeV/c~
and for IIB hypotheses with M(X "p") & 1390 MeV/c .

the correct hypothesis from the ineorreet one. If
we are able to do so, we expect the distribution of
sonle physically relevant vRrlRble to be different
for the accepted hypotheses from that of the re-

jectedd

hypotheses. '
We divide all the K' v' ambiguous events (there

are two hypotheses per event) according to the
scheme shown in Table III. For Group I events,
those in which the X' probability ratio between the
two competing hypotheses is greater than 10, we
believe that the probability ratio is a. reliable dis-
criminator. Group IA, the hypotheses with the

higher g2 probability, then becomes the accepted
sample. When we compare distributions for the
hypotheses of IA (accepted) to IB (rejected), we
observe obvious differences (Pig. 10).

However, when we compare distributions of IIA
to IIB, we find similar distributions for the two
subsamples (Fig. ll and Table IV). The division
bRsed on X plobablllty Rffect8 the Qroup II events
in a way indistinguishable from a random. selection
criterion.

These distrlbutlons for the Group II events show

a peak in the m'm mass spectrum near the p
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FIG. 12. M(7r'x ) for the unambiguous events
for which M(n+P) is not in the N* interval

(1136—1336 MeV/c~) .

[Fig. 11 (b}] which is not present in the unambigu-
ous events (Fig. 12) or the Group I events
[Fig. 10(b)]. Since the m'v peak in any one sub-
sample (IIA or IIB) corresponds to the K*(890)
peak in the alternate subsample (IIB or IIA), the

peak may stem from K''s misidentified as
v"s (Fig. 13).

To decide if the peaks in the mm mass spectra
for the Group II events indicate p production or
result from the misidentification of K' as m', we
must resort to indirect arguments:

(a) The events in which we have the greatest
confidence in our identification, the unambiguous
events and the Group I events, show little evidence
for a p.

~ ~

600 900 1200 1500 1800

K+Tr Mass -(MeV/c j

FIG. 13. Scatter plot for the Group II events of
M(K 7r ) from one hypothesis versus M(7r+vr ) from the
alternate hypothesis. There are two entries per event.

(b) Even in the E'v mass spectrum of the IIB
subsample, we find a prominent peak at -895
MeV/c' in agreement with the accepted value of
the K*(890) mass. However, the peak in the m'm

mass spectrum for the IIA hypotheses is at -700
MeV/c', rather far from the accepted value for
the p mass [Figs. 11(a}and 11(b)].

(c) The }l' probability criterion for the Group II
events does not divide the hypotheses into sub-
samples for which we observe significant differ-
ences.

In view of these arguments we do not feel that a
g' probability criterion leads to a dependable meth-
od of selecting between hypotheses for Group II

TABLE V. Comparison of accepted and rejected hypotheses: Group I events to Group II events.

Variable Probability~

K+ 7r mass —selected hypotheses for Groups I and II
K'm mass —rejected hypotheses for Groups I and II
m+Yr mass —selected hypothes es
7r+7r mass —rejected hypotheses
cos ezra, K* events —selected hypotheses
cosozz, K* events —rejected hypotheses
cosezz, X* events, Mz*~ & 1.39 BeV/c2 —selected hypotheses
cos0zz, K'* events, Mz+„& 1.39 BeV/c2 —rejected hypotheses
cos 0«, p events —selected hypotheses
cos0«, p events —rejected hypotheses
cosez~, p events, Mz'p & 1.39 BeV/c —selected hypotheses
cosoz~, P events, Mz& & 1.39 BeV/c —rejected hyPotheses

0.03
0.16
0.02
0.60
0.26
0.68
0.09
0.70
0.42
0.16
0.65
0.01

Probability that the distributions for the accepted hypotheses of Group I and Group II are the same and the distribu-
tions for the rejected hypotheses of Group I and Group II are the same.
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FIG. 14. Distributions for the se1ected and rejected hypotheses for the Group II events: (a) M{K+~ ) for the selected
and rejected hypotheses; (b) M(& x ) for the selected and rejected hypotheses; (c) cos9zz for the selected hypotheses
with E*(840—940 MeV/c ) and for the rejected hypotheses with E*; (d) cosgzz for the selected hypotheses with M(K 7r)
& 1390 MeV/c2 and for the rejected hypotheses with M(K ~) & 1390 MeV/c2; (e) coso&~+ for the selected hypotheses with
"p" (675-825 MeV/c2) and for the rejected hypotheses with "p"; (f) cosa«+ for the selected hypotheses with M(X "p")
& 1390 MeV/c and for the rejected hypotheses with M(K "p") & 1390 MeV/c .
events.

To resolve the a.mbiguity for Group II events, we
make use of the fact that the narrow K*(890) dom-
inates all the K'm spectra. Vfe select one hypoth-
esis on the basis of the strong K*(890) production
observed in this final state. If only one of the two
ambiguous hypotheses has a K'n mass between
790 MeV/c and 990 MeV/c, t11at hypothesis ls
chosen. This criterion removes the ambiguity in
109 of the 374 Group II events. For the remain-
ing 265 events of this group, we resort to choosing
the hypothesis with the higher 1( probability to

resolve the ambiguityv; we accept the IIA hypoth-
eses for those events in which the K* selection
method cannot be applied. The distributions for
all 374 ambiguous events of Group D, but with the
ambiguities now resolved, if possible, with the
criterion of K*(890) production, are shown in
Fig. 14. With this choice of hypothesis there is no

p peak 1n the F F mass dlstrlbutlon. Th1s 1s
partly due to the selection criteria. but the similar-
ity between the distributions shown in Fig. 14 to
those of Group I shown in Fig. 10 (Table V) sug-
gests that the criteria, are valid.
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Total and differential cross sections for 7t p elastic scattering are presented at 35 energies
between 1400 and 2000 MeV.

I. INTRODUCTION

In recent years a large amount of data has been
accumulated on the elastic and charge-exchange
channels of mÃ scattering. Several extensive
phase-shift analyses' ' performed on these data
have uncovered much of the complicated reso-
nance structure up to energies of 2000 MeV. The
data and phase-shift results have been summarized
by a number of authors. ' " Resonance parameters
from some of the recent analyses are listed in
Table I.'~ Despite good qualitative agreements,
quantitative discrepancies still exist among the
various solutions. These discrepancies exist in
part because of the multidimensional parameter

space explored and the different methods used,
because of fluctuations between different experi-
mental measurements, and finally, because the
elastic data used are fairly insensitive to partial
waves of low elasticity. Thus, the motivation for
the present experiment was to fill the need for
direct measurement of the inelastic channels. The
systematic and rather complete set of measure-
ments of the elastic channels, described in this
paper, came as a by-product of this inelastic
study.

We present below the first part of the results of
a study of elastic and inelastic m p scattering at
35 momenta between 550 and 1600 MeV jc. Figure
1 illustrates the scope of the experiment. At each


