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Pion production by 2.65-BeV/c K+ mesons interacting in the BNL 20-in. hydrogen bubble chamber has
been investigated. It is found that these inelastic events are dominated by E*(891)and E*(1236)produc-
tion. Based on. 537 three- and four-body events, the cross sections for production of Lope-+ and If+Pm.+~ are
2.7%0.3 and 2.5&0.2 mb, respectively. The three-body 6nal states contain 56'Po E*p and 32% E*J"',while
the four-body states contain 9% E*pm+, 19%%*Em, and 53% J"*E*.Resonance production is compared
with predictions of several versions of the one-meson-exchange model. Although agreement with the data is
not exact, the models tend to reproduce a number of qualitative features of the experimental results.

I. INTRODUCTION
' 'T has been observed that inelastic E+-nucleon re-
~ - actions have the particularly simplifying property
of yielding rather small numbers of diferent 6nal states,
containing limited numbers of resonant particles. Since
the properties of the resonances most copiously pro-
duced, K*(891) and IVe(1236), are perhaps the best
known of any, their production reactions are then
especially suited to the study and elucidation of pro-
duction dynamics. The models proposed' and tested'
by comparing with data obtained at various incident
E+ momenta are variants of the simple one-pion-. ex-

change mechanism first proposed by Chew and Low'
and Goebel. ' There has, in general, been reasonably
good qualitative agreement with the predictions of
these peripheral production models, but quantitative
disagreement, especially with observed. absolute values
of differential cross sections for the production of the
resonances. Generally, for a particular reaction energy,
some modification of the simple one-meson-exchange
Born term, either by inclusion of form factors or ab-
sorption eGects, can be found which will yield pre-
dictions in good agreement with the data. Of course
it, then becomes important to pursue the energy de-

pendence to determine whether the modified model has
any physical significance other than just arbitrary
juggling of parameters to obtain better agreement with

t' Work done under the asupices of the U. S. Atomic Energy
Commission.

~ Present address: Columbia University, Nevis Cyclotron
Laboratory, Irvington-on-Hudson, New York.

f Present address: Department of Physics, University of Cali-
fornia, Irvine, California.

' N. J. Sopokovich, Nuovo Cimento 26, 186 (1962);L. Durand
and Y. Y. Chiu, Phys. Rev. D9, 3646 (1965); K. Gottfried and
J. D. Jackson, Nuovo Cimento 34, 735 (1964); K. Ferrari and
F. Selleri, Nuovo Cimento Suppl. 24, 453 (1962); L. Stodolsky
and J.J. Sakurai, Phys. Rev. Letters ll, 90 (1963).See also Refs.
2 and 23 below for reviews containing extensive references.

'The review article by J. D. Jackson LRev. Mod. Phys. 37,
484 (1965)g gives many references to experimental results. See
also Refs. 10, 12-19 below.

3 G. F. Chew and F. E. Low, Phys. Rev. 113, 1640 (1959).
4 C. J. Goebel, Phys. Rev. Letters 1, 227 (1958).
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observation. To this end we present here results of a
study of the reactions

K+p —+ Ke+p,

K+p ~ Kopje++

K+p ~ KeoÃe++,

produced by E+ mesons at an incident momentum of
2.65 BeV/c. Results for process (1) are compared with
predictions of a one-meson-exchange model modiled by
those form factors introduced to obtain good agreement
with data at other momenta. Reaction (3) will be con-
sidered with a model including absorption effects.

Again because there occur only a relatively small
number of competing channels, E+-nucleon reactions
might be expected to give a good yield of any existing
higher-spin resonant states. Such high-spin high-mass
states are to be expected if, for instance, the observed
resonances are in fact to be described by "Regge" poles'
in the complex angular momentum plane. Recurrences
of the E meson might appear with mass near 1.5 BeV/c'.
The present data have been analyzed to detect evidence
of the existence of such states with mass up to 1.5
BeV/c decaying Into mllltlbody' final states.

II. EXPERIMENTAL PROCEDURE

A. Seyarated X+ Beam

The experiment was conducted with the AGS ac-
celerator and 20-in. bubble chamber at Brookhaven
National Laboratory. The 20-in. chamber beam is
shown schematically in I'ig. 1.and is described in detail
in the literature. ' lt consists of a transport and momen-
tum-de6ning stage followed by two mass separation
stages, the second of which provides additional mo-
mentum de6nition, and finally a beam shaping transport

5 T. Regge, Nuovo Cimento 14, 951 (1959); G. F. Chew and
S. C. Frautschi, Phys. Rev. Letters 7, 394 (1961);8, 41 (1962).

6 C. Baltay, J. Sandweiss, J. Sanford, H. Brown, M. Webster,
and S, Yamamoto, Nucl. Instr. Methods 20, 37 (1963);J.Leitner,
G. Moneti, and N. P. Samios, ibid. 20, 42 (1963).
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section to the chamber. The desired 2.7-BeV/c E+beam
pressed the mass separation capability of the beam
toward its limit. In order to achieve good mass separa-
tion, care was taken to keep the vertical image and
object sizes to a minimum. The height of the target
in the AGS proton beam was 0.050 in. while the heights
of slits S2, S3, and S4 in Fig. 1 were 0.045, 0.100, and
0.060 in. , respectively. The xA. separation achieved
is indicated in a tuning curve for the second separator,
shown in Fig. 2. The run was made with the indicated
setting on the high side of the E peak. , where the con-
tamination of lighter particles was negligibly small.
From a comparison of the number of observed three-
prong E+ decays with a count of passing beam tracks
we estimate, however, a contamination of 0.09+0.02.
As dicusssed below, this estimate is consistent with that
obtained from fitting of the four-prong events to a
hypothesis with incident pion. The discrepancy we pre-
sume to result from separator instabilities causing ran-
domly occurring periods of greatly increased pion con-
tamination. To minimize contamination from in-Right
decays of E+ in the final section of the beam, stringent
acceptance criteria were imposed on the azimuthal and
dip angles of beam tracks entering the bubble chamber
when selecting events for analysis. The beam momen-
tum was determined to be 2.65&.03 BeVjc from ineas-
urement of passing tracks in the chamber.

B. Data Processing

A total of 50000 pictures was taken. All film was
scanned three times to locate events, providing essenti-
ally 100% scanning efficiency. Those events having a
two-prong topology with no observed neutral decay
were not analyzed in this study. Otherwise all events
were measured and processed using the LANAI. -pAcKAGE

bubble-chamber-analysis computer programs. ~ For the
final analysis only those events occurring in a restricted
fiducial volume were accepted. For each event a kine-
matic fit was attempted to every known combination
of strongly interacting particles, consistent with the
observed topology, which conserved energy, strangeness,
and baryon number, and which involved at most one
unobserved particle. A hypothesis was accepted if two
conditions were met: the X' for the fit corresponded to a
probability level greater than 1%, and the track bubble
density observed was consistent with the particle velo-
cities indicated by the fit. Ambiguities were resolved
on the basis of bubble density if possible, otherwise
on the basis of X', except in the case of the following
rather common ambiguity. Among the events with
four charged prongs, we often find both a four-con-
straint fit to the final state E+pm+7r and a one-con-.
straint fit to pE+~+s. ~'. In the latter fit the vr' is found
to be nearly at rest in the laboratory frame, and the

7 W. E. Humphrey and A. H. Rosenfeld, Ann. Rev. Nucl. Sci.
13, 103 (1965);A. H. Rosenfeld; Lawrence Radiation Laboratory
Report No. UCRL-9099, 1961 (unpublished).
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FrG. 1. Schematic diagram of the beam to the Brookhaven
20-in. bubble chamber.

III. PARTIAL CROSS SECTIONS

Cross sections were determined by comparing the
number of events, suitably corrected, in each channel
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track assignments of the E+ and p are reversed with
respect to the four-constraint fit. When bubble density
could resolve this ambiguity, the fits positing a missing
~' were found, almost invariably, to be "fakes."Hence
when bubble density could not resolve the ambiguity,
the fit with x was rejected in favor of the four-con-
straint fit.

About 8% of the events yielded no acceptable fit.
This is consistent with the number of events which
might be expected to involve more than one unobserved
neutral particle, together with those events arising
from x contamination.

About 5% of the events were unmeasurable or failed
in the computer processing after repeated tries. Channel
cross sections derived from fitted events were scaled
up accordingly.

Since the pion contamination in the beam is presumed
small, no corrections have been made for possible pion-
produced events. The number of such background
events which might be included in the sample because
of kinematical ambiguities is a function of the particular
production channel considered. There is essentially
zero effect for events with visible E' decay. Among
the four-prong events, however, there is kinematical
ambiguity between incident pions and E mesons. From
known pion-production cross sections, we show below
in more detail that the number of background events is
suKciently small to be neglected.
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thc factol R was Rbout j..2 for E decays~ Rnd 1.3 fol'
A' decays.

Cross-section data for all channels accessible to this
study are presented in Table I. Parentheses around a
neutral particle indicate it was not observed. Errors
are statistical, based on the number of events observed
in each channel combined with a statistical uncertainty
of g%%uo in the number of three-prong events used to
determine cross sections. Errors in the remaining quan-
tities entering the cross-section determination are negli-
gible compared to these factors.
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Fzo. 3. Dalitz plot for the Anal state Eapm+. Events in the mass
histogram are weighted as described in the text. Curves plotted
on the histograms correspond to the production of E*(891),
N*(1236), and nonresonant background in proportions deter-
mined from a likelihood 6t to the Dalitz plot distribution.

with the number of three-prong E+ decay events occur-
ring within the same fiducial volume and satisfying the
same beam track entrance criteria. These provided a
measure of the total E+ track length. Among these
events are examples of decays with Dalitz pairs as well

as those via the m+x+x mode. The branching ratio for
such decays is 0.060&0.001.8 Further, R mean life
rx+= (1.234+.004) &10 ' sec and hydrogen density
p=0.0626+0.0003 g/cm' were used in the cross-section
determinations.

Kith a few exceptions, information on final states
including a Eo or Ao was obtained only from those
events in which the E' or A.o was observed to decay
within a preset volume in the chamber. To obtain cross
sections, the number of such requires two corrections.
The first is a factor of 2.9 for E' events and 1.5 for Ao

events, to take into account the E2 and neutral decay
modes of these particles. The second is an escape cor-
rection to allow for those Ej' or A which decay outside
the acceptance volume. This correction was made by
weighting each event with a factor w;= (1—P;) ', where

P; is the probability, for that event, that the E or A.

would reach the boundary of the acceptance volume
without decaying. This is given by 8=exp( —f/T),
where T is the mean lifetime and t is the proper po-
tential time available for decay. The average value of

G. Trilling, Lawrence .Radiation Laboratory Report No.
UCRL-16473, 1965 (unpublished).

TAsLE I. Cross sections for E+p
inelastic reactions at 2.65 BeV/c.

Channel

EQpm+

E'p-'(-')
E'm+m-+(m)

E+ pm+ad
E+p~+~ (~0)-
E+~+~+~-(e)
~+~+w-E0
Px m+~ E'(m )
E+pm+~+~-~-
E+EQZ+
E+E+X'
E+E+A.o
E+E+A.'(~')
E'E+w+(A. ')

Cross section (mb)

2.7 ~03
1.9 +0.2
0.64+0.12
2.5 ~0.2
0.43+0.06
0.14&0.03
0.19+0.05
0.04+0.04
0.01+0.01
0.02&0.02

&.01
0.03+0.02
0.01+0.01
0.03+0.03

9 D. Berley and N. Gelfand, Phys. Rev. 139, 81097 (1965).

IV. ANALYSIS OP EVENTS

A. The Final State Xset+P

1. GCNefG/ F8GISt'8$

Examples of the final state E'rr+p with observed E
decay were almost without exception unambiguously
identified and the c6ect of m+ beam contamination is
negligible. Those states produced in s+p collisions
which might be mistakenly identified are EeE+p,
EoE+Ptro EoEop7r+ and EoE+m.+ which are produced
with a combined cross section, at this energy, of only
0.07 mb Rnd fulthcr arc cRslly dlstlngu1shcd by thc
quality of the fit to the kinematic constraints.

A Dalitz plot of the Esrr+P events is shown in Fig. 3,
along with projections on the ass(Ee) and ttss(pe. ) axes.
Clearly this state is dominated by the production of
E*(891) and S'(1236). To estimate the relative frac-
tions of E* and E*produced in this state a maximum-
likelihood fit was made to the Dalitz plot distribution
assuming a sum of noninterfering contributions from
uniform background, E*p, and SeEe production:

1(f,tl'x, tris„.)=fir a+fdx*(trsx. )+fan*(ttt, .),
where the f, give the relative rates into the three chan-
nels and each distribution function I is normalized to
one over the Dalitz plot. IB is a constant; Breit-signer
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were used for I~* and I~+. Here, letting a and b denote
the products of the resonance decay, m is the effective
mass of the pair ab, P is the rest-frame momentum for
the decay m ~ a+5, m* is the resonant mass, F(m)
is an energy-dependent decay width normalized so that
I'(m*) is the resonance width, and 1V normalizes the
distribution to one over the Dalitz plot. The factor
m'/P removes the phase-space dependence from the I'
in the numerator. We take I'(m) proportional to p'/m'
for the E* and proportional to (p'/m)(Eq+mq) for the
E*, where mb and Eb are the mass and energy, respec-
tively, of the proton in the E~ rest frame. Masses and
widths (in MeV) of the resonances were input to the fit:

m~+=891, m~+=1236, I'~*=50, I'N*=120.

In making the fit, each event was weighted with the
escape correction factor m; defined in Sec. III, so that
the likelihood function becomes

+IG. 4. Decay angular dis-
tributions for the E* in the
channel E*+p.Particle symbols
in the coordinate system dia-
gram represent the direction of
motion of the particles in the
E* rest frame. Events are
weighted as described in the
text. Curves are determined
by E* density matrix param-
eters obtained from a three-
parameter likelihood 6t to the
(0,y) distribution.
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where X is the position on the Dalitz plot. Statistical
errors, however, were estimated from a likelihood func-
tion calculated without weights. The fit indicates
(12&8)% background, (56&7)% E*P, and (32+7)%
N~E'. Curves corresponding to these values are plotted
on the weighted m'(Em. ) and tn'(p7r) distributions in
Fig. 3. The corresponding E* and N* production cross
sections in this channel are 1.5&0.3 and 0.9~0.2 mb,
respectively.

Z. IP I'rodlctio~z

For the analysis of E* production we select events
with 0.850&m~ &0.930 BeV, but not 1.16&m„&1.30
BeV. By integrating the distributions f,I; described in
the last section we estimate this sample to be 94%
E~p, 3% E*E, and 3% background.

The decay distribution of the E~, in terms of its
spin density matrix, is

m(II, y) = (3/4~) t poo cos'0+pn sin'0 —pi i sin'8 cos2 p
—V2Repm sin20 cosy], (4)

with ppp=1 —2py]. Here 8 and p are polar angles in a
coordinate system in which the y axis is taken to be
normal to the production plane. If the z axis is taken
to be the direction of the incident E+ in the E~ rest
frame, ppp may be interpreted as the relative contribution
of pseudoscalar exchange in the framework of a one-
meson-exchange model involving the exchange of vector
and pseudoscalar particles. For x exchange ppp=1 and
all other elements are zero. This interpretation is not
a6ected if the exchange process is modified by form
factors, The value of ppp will be altered if absorption

effects are important, but still may be expected to give
an indication of the relative importance of pseudoscalar
exchange.

The parameters ppp p] y and Repip were evaluated
from a single maximum-likelihood fit to the E* decay
distribution. ' In making this fit each event was weighted
with its escape correction factor, as in the fit to the
Dalitz plot distribution. To avoid biases arising from
the omission of the part of the E*band which overlaps
the 1V* band, we exploit the fact that distribution (4)
is invariant under the transformation 8~ m —8, p —+ q
+m.. The overlap is so located that if an event lies in
the overlap region, then its conjugate event lies outside
it." In making the fit each event was given a weight
factor of 2 if its conjugate lay in the overlap region,
thus efIectively replacing the excluded events. There
result the following density matrix elements:

ppp = 0 20~0.08,

pj, g= 0.19+0.09,
Repip = —0.16~0.03.

Evidently the data are not consistent with a pion-
exchange mechanism. Figure 4 shows the measured and
fitted decay angular distributions.

' It should be noted that the sign of the density matrix param-
eter RepIO for the E*and RepaI for the N* depends on the choice
of the normal to the production plane. We take always n = (q Xq'),
where q is the momentum of the incident E+ and q' is the
momentum of the E* in the 6nal states E*p and E*E*,or of
the E in the anal state E'S*.

"P. Eberhard and M. Pripstein, Phys. Rev. Letters 10, 351
(1963).



1314 NEWMAN, CHINOWSKY, SCHULTZ, JOHNSON, AND LARSEN 158

Ch

C
Ol

ED

O
s IQ
C7

Ea

I

Q Unweighted events

Q Correction for
K escape

(44 events)

0

Cos 8

- 1.0

I o.s
isa

b

)06 s

0.4

0.2

0
I

is the contribution from x exchange, and

do. q' f' F (6') '-(G„+Gr)'
-62a,2

dfl 3sq 4s. 3f„'+6' 4a-

2sq'q" sin'8 G,' Gy' dP

+
%~+2 4g 4g 4'„2

is the contribution from vector-meson exchange. Here
a, is the momentum of the incident E+ in the rest
frame of the E*:

FxG. 5. E -production angular distribution for the reaction
E+p ~E*+p.The curves are predictions of a one-meson-exchange
model modi6ed by form factors, with qt and co exchange. Values
of the vector coupling constant f'Gy' are chosen to reproduce the
E*+P total cross section at 3.0 BeV/c (curve a) and 2.65 BeV/c
(curve b).

As has been observed from results at other energies,
the E production angular distribution, seen in Fig. 5,
is strongly peaked at forward angles, a feature charac-
teristic of production in peripheral collisions. We con-
sider then the application of a one-meson-exchange
model, modified with inclusion of form factors, following
Jackson and Pilkuhn. "With a restriction to low-mass
particles, the exchange of m, ri, p, ro, and P mesons is
allowed. We argue that only x and co exchange need be
taken into account. Evidence against importance of p
exchange has been provided by the results of a study"
of the reaction E+ri,~ E*oP in which isoscalar meson
exchange is forbidden. Isospin invariance applied at the
vertices of the exchange diagram permits us to conclude
that p exchange does not contribute significantly to the
E+p reaction. The absence of p exchange provides some
support for the conservation of A parity, "which forbids
a pEE* coupling. Conservation of A parity would also
forbid a yEE* coupling. This, along with the high mass
of the q, provides arguments against the importance of
p exchange in our reaction. As for the p, SU3 symmetry
using a D/F ratio of 2.0 indicates g'»ri/g'» s ——1/27,
while at the meson vertex we have grczeri'/grcrc*~o'=1/3.
This, along with the high mass of the g compared to
the x, indicates that the contribution of g exchange to
our reaction will be small compared to m exchange.
Hence we restrict our model to the exchange of x and or

mesons. Treating the E* as a stable particle, we may
write its production cross section with the one-meson-
exchange (OME) model as do/dQ=do„/dQ+do„/dQ
where, with a factor for the E~~E m+ branching ratio,

2q~ g2 G2 F (+2) 2

+2g 2

dQ 3sq 4a 4s m, '+6'
"J.D. Jackson and H. Pilkuhn, Nuovo Cimento 33, 906 (1964);

-34) 1841K (1964).
'~ S. Goldhaber, J. L. Brown, I. Butterworth, G. Goldhaber,

A. A. Hirata, J. A. Kadya, and G. H. Trilling, Phys. Rev. Letters
15, 737 (1965)."J.B. Bronzan and F, E. Low, Phys. Rev. Letters 12, 522
(1964).

g 2 +2+ (7''» jjrlxe)s +2+ (7ldx+ Jjrfxo)2
4%~*2

and
F„(h') =exp[ —5'/0. 7]

I (~') = (~'-m ')/(~'+&')

with y'=0. 165 (BeV/c)' and dP is in (BeV/c)' The
first was used in analyzing E* production data from
3.0-BeV/c interactions. "The pseudoscalar form factor
was obtained in the analysis of results" at 1.96 BeV/c,
and from the E*E*production data at 1.96 '~ and 3.0
8eV/c. "

In Fig. 5 we show the E*-production angular distri-
bution together with the distribution predicted by the
one-meson-exchange model in the form given. To obtain
quantitative agreement with the measured differential
cross section, a coupling constant (f'G, ')/(4s)s= 28.6
is required. This value is in disagreement with that ob-
tained from a fit to the 3.0 BeV/c data, (f'G„')/4rr= 13.4,

'~ M. Ferro-Luzzi, R. George, Y. Goldschmidt-Clermont, V. P.
Henri, B. Jongejans, D. W. G. Leith G. R. Lynch, F. Muller,
and J. M. Perreau, Nuovo Cimento 5, 1101 (1965)."S.Goldhaber, W. Chinowsky, G. Goldhaber, and T. O'Hal-
loran, Phys. Rev. 142, 913 (1966).

"G. Goldhaber, W. Chinowsky, S. Goldhaber, W. Lee, and
T. O'Halloran, Phys. Letters 6, 62 (1963).

'8 M. Ferro-Luzzi, R. George, Y. Goldschmidt —Clermont, V. P.
Henri, B. Jongejans, D. W. G. Leith, G. R. Lynch, F. Muller,
and J. M. Perreau, Nuovo Cimento 39, 417 (1965).

s is the square of the c.m. energy, q is the c.m. momen-
tum of the E+, q' is the c.m. momentum of the E*, and
62 is the momentum transfer to the E*. In the m ex-
change contribution, g'/4a. is the E+7roE*+ coupling
constant, estimated from the E* decay width to be
about 0.75, CP/4s =15 is the NN7r' coupling constant,
and F (6') is a form factor. In the vector-exchange
contribution, f'/47r is the vector-meson coupling con-
stant at the EE* vertex, G~ and Gz are coupling con-
stants at the nucleon vertex, and F„(A') is a form factor.
Of the vector coupling constants little is known, except
that one can argue' for ~ exchange that G~=O. The
unknowns then in these expressions are the product
f'Grr' and the two form factors F„(LV) and F„(h').

To apply the model to the present results, we adopt
parameters induced from experimental results at other
energies. Thus we use the form factors



INELASTIC X+—PROTON INTERACTIONS AT 2. 65 BeV/c 1315

as can be seen directly from the corresponding curve
a of Fig. 5.

Total E+p-+ E*p cross sections from a number of
experiments" ""'~" are plotted as a function of in-
cident momentum in Fig. 6. Curves a and b have the
same meaning as before. Curves c and d are, respectively,
the x and co exchange contributions to curve a. Here we
see very dramatically the failure of the simple OME
model to reproduce the energy dependence of the %*-
production cross section. The predicted cross section
rises steadily, while experimentally it rises steeply at
threshold and then falls o6 rapidly. This experimental
behavior corresponds closely to that of the total cross
section for the channel E'~+p """'~" which is shown
in Fig. 7. The falling oG of this cross section becomes
understandable when we note that the total E+p cross
section above E* threshold is nearly constant, so that
the opening up of new multibody channels is necessarily
at the expense of the Ee~+P cross section, and hence of
the E*p cross section. Thus it becomes quite clear that
a model for E*p production must take into account the
e6ect of competing channels.

From Fig. 6 we see that the rise of the OME cross
section with energy results from the vector-exchange
contribution. This increase with energy is a well-known

difhculty associated with vector-exchange models. As
we see here, this behavior is not controlled by the ad-
dition of a form factor. Unfortunately, it is also not
tamed satisfactorily by the absorption model as formu-
lated by Jackson and others. ""

Next we compare in Fig. 8 the observed values of the
density matrix parameter ppp at several production
momenta with the predictions of the model. """""
The values of ppp are averaged over momentum transfer,
and as indicated earlier give a measure of the relative
importance of pseudoscalar exchange. Curves a and b

"M. G. Bowler, R. W. Bland, J. L. Brown, G. Goldhaber,
J. A. Kadyk, V. Seeger, and G. H. Trilling, in Proceedings of the
Oxford International Conference on Elementary Particles, 1965
(Rutherford High Energy Laboratory, Harwell, England, 1966);
Lawrence Radiation Laboratory Report No. UCRL-16370, 1965
(unpublished) .

E. Boldt, J. Duboc, N. H. Duong, P. Eberhard, R. George,
V. P. Henri, F. Levy, J. Poyen, M. Pripstein, J. Cussar, and A.
Tran, Phys. Rev. 133, B220 (1964).

2' G. B. Chadwick, D. J. Crennell, W. T. Davies, M. Derrick,
J. H. Mulvey, P. B. Jones, D. Rado jicic, C. A. Wilkinson, A.
Tettini, M. Cresti, S. Limentani, L. Poruzzo, and R. Santangelo,
Phys. Letters 6, 309 (1963).See also Ref. 15 and references given
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FrG. 6. Energy de-
pendence of the cross
section for the re-
action K+p —+ K*+P,
K*+—+ Ko~+. Curves
a and b have the
same meaning as in
Fig. 5, while curves
c and d represent
the ~ and co ex-
change contributions
to curve a.
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have the same meaning as before. Here the simple OME
model gives a somewhat more accurate prediction.

Finally we note that the OME model used above
implies a zero value of the density matrix parameter
Repyp although inclusion of absorption e8ects predicts
in general a nonzero value. In fact we find that param-
eter to be —0.16+0.03, indicating another failure of
the simple model we have applied.

In conclusion we state that the OME model, modified
only by form factors, gives rather poor agreement with
the data on the reaction E+p ~ E"p. Production angu-
lar distributions are reproduced only by fitting with
drastic form factors of rather arbitrary form, while the
energy dependence of the reaction cross section is re-
produced very badly. It is not likely that the inclusion
of q or y exchange contributions could alter this
conclusion.

3. E*Erodlcti om

I t t I I I

Reference

Fxo. 7. Energy de-
pendence of the cross
section for the reac-
tion X+P ~X'~+P.
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For analysis of the E* production reaction we select
events within the previously de6ned M(per) limits and
exclude events with M(Epm. +) within the limits de&ning
E*. Figure 9 shows the lV* production and decay
angular distributions. Again a strong peaking at low
momentum transfer is observed. Comparison with
models for the production distribution has not been
made, because of the limited statistical validity of the
data.
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The N* decay angular distribution in terms of the
elements of its spin density matrix is

3
w(8, y) =—pss sin'8+pii(s+cos'8)

4x

—2/V3Reps i sin'8 cos2y

—2/&3Repsi sin28 cosy, (5)

where the coordinate system is defined with the y axis
normal to the production plane. Here pj.y= ~

—p33.
Angles e,and y are defined in this system as shown in
Fig. 9. The data plotted in Fig. 9 have been corrected
for E' escape and for omission of events in the E*—N*
overlap region as described in the preceding section.
The N* density matrix elements obtained from a single
maximum-likelihood fit to the decay distribution in
space are

0 15-
E II
~ IQ-
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p, i i i I

-I 0
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p3g =0.50&0.10,

Rep3 i=0.19&0.07,

Rep3g ——0.09a0.07.

B. The Final State X+P~+~

1. Genera/ Features

We consider first the effect of pion contamination
in the beam on the sample of events identified as ex-
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FIG. 8. Energy de-
pendence of the K*
density matrix ele-
ment ppp in the re-
action K+p ~ K*P.
Curves a and b have
the same meaning as
in Fig. 5.

The distributions in cos8 and y given by (2} using the
density matrix elements determined from the maxi-
mum-likelihood fit are shown in comparison with the
observed distributions in Fig. 9.

It is interesting to note that the number of "con-
jugate" events used to replace the N* events in the
overlap region of the E* and N* bands, plus the cor-
responding number of events for the E* sample, is
seven —exactly the number of events which actually
lie in the overlap region for our sample. The number of
events predicted by integrating the distribution of our
fit over the overlap region is 8. Thus it appears that
there is neither constructive nor destructive inter-
ference between E* and N* amplitudes in the overlap
region.

Q I a

Q

(

2
(BeV/c )

Fio. 9. Production and decay distributions for the N* in the
channel N~~K'. Particle symbols in the coordinate system dia-
gram represent the direction of motion of the particles in the N~
rest frame. Events in the decay distributions are weighted as
described in the text. Curves are determined by N* density
matrix parameters obtained from a 6t to the t,'H, y) distribution.

"C. Alff —Steinberger, D. Berley, D. Colley, N. Gelfand, D,
Miller, U. Nauenberg, J. Schultz, T. H. Tan, H. Brugger, P.
Krainer, and R. Piano, Phys. Rev. 145, 1072 (1966).

amples of the reaction E+p~ E+p7r+rr . These are
indistinguishable from background events produced in
the reaction ~+p~vr+ps. +or if one of the final-state
positive pions has a momentum comparable to the
beam momentum. In fact some 25%%uq of the 471 events
were consistent with the kinematics of either incident
x+ or E+. We assume that the fitting procedure for
pion-produced events in the state ~+7r+ps yields a
similar fraction of ambiguous fits. With a total of 39~7
four-prong events fitting only pion-production kine-
matics, taking into account that it is sufhcient that
either m+ be of high momentum to simulate a E+ event,
we find a fraction 0.06&0.01 of the sample to be pion
contamination. This yields, with cross sections 3.5"
and 2.5 mb, respectively, for the x+ and E+ reactions,
a beam background 0.095+0.015, consistent with the
estimate based on beam decay counts. In the analysis
of the data, this background is neglected.

In Fig. 10 we present a triangle plot of the observed
E+s. and pn.+ masses. Abundant production of E* and
N* is clearly indicated. To determine the relative rates
of the reactions yielding E*, N*, E*with Ã* and non-
resonating particles, a maximum-likelihood fit was made
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TAsLE II. E*and N* density matrix parameters in the reaction E+p —+ E~N*++ for various ranges of production angle 8.

cos8

0.95—1.0
0.90—0.95
0.80—0.90—1.0—0.80—1.0—1.0

0.13—0.19
0.19—0.26
0.26—0.39
0.39—2.68
0.13—2.68

poo

0.90&0.16
1.00+0.12
0.36~0.12
0.58~0.10
0.65+0.06

P1, -1
—0.22&0.06

0.14+0.08—0.04+0.10—0.08~0.07—0.07+0.04

Rep10

—0.18+0.07—0.18+0.04—0.17+0.06—0.10~0.06—0.16+0.04

cos8

0.95—1.0
0.90—0.95
0.80—0.90—1.0—0.80—1.0—1.0

0.13—0.19
0.19—0.26
0.26—0.39
0.39—2.68
0.13—2.68

p33

0.24+0.09
0.00&0.11
0.26&0.09
0.18a0.07
0.18&0.05

Rep3,

—0.01+0.08
0.07&0.09—0.06~0.09
0.05~0.07
0.01&0.04

Rep31

—0.10+0.10
0.09+0.09
0.00~0.10—0.10a0.08—0.04&0.05

E*'p~+
1V*++E+~—

0.53+0.04,

0.09&0.04,

0.19&0.04,
0.19+0.04.

Mass distributions of E+2r and plr+ pairs obtained with
these rates and the functional form above are plotted
on the projections of the scatter plot in Fig. 10.

2. I'rodmctiorl of E*iV"

To study the details of the reaction E+p~ E*Ã*,
we select those events for which 0.85&m~ &0.93 and
1.12&m„+&1.34. By integrating separately the four
terms in distribution (6) over this region of the triangle
plot we estimate the sample to contain 82% E*E*
events, 7% E*prc+, 7% 1V*E+lc, and 4% nonresonant
background, assuming no interference between these

to the intensity distribution within the triangle plot
boundaries. Assuming the total amplitude for the re-
action to be a sum of noninterfering amplitudes for the
four processes, this distribution is

1(fy~Kn y~yr+) —(flIK+N++f21K++f21N++f2IS)

XPqlq2/W. (6)

Here I~+ and I~+ have the functional dependence on
MK, and MP +, respectively, given in Sec. IV A. The
distribution function I~*~ =constXI~*I~*, while I~
is constant. Multiplying each term in brackets is the
phase-space factor associated with a point within the
triangle, with P the momentum of the Plr+ pair in the
over-all c.m. system, q& the momentum of the m+ in
the Plr+ rest system, q2 the momentum of the lr in the
E+x rest system, and 5' the total energy in the center-
of-mass system. Each of the four distribution functions
is independently normalized to give, when multiplied
with the phase-space factor, unit integral over the
triangle. The factors f, give the relative rates into the
four final states, with of course Pf,= 1.

This procedure yielded the relative production rates
via the four channels:

1.6

1.4 +
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I ~ i .s I I i s I
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FIG. 10. Mass scatterplot for the final state E+px+m, Curves
plotted on the mass histograms correspond to the production of
E*N*++, X*0, N*~, and nonresonant background in proportions
determined from a likelihood fit to the scatterplot distribution.

contributions. Using our estimate that the pion-pro-
duced background included in the total sample of events
is less than 7%, and assuming that such events are
distributed over the "triangle" plot roughly according
to phase space, we estimate that the number of pion-
produced events included in the sample defined above
is less than 2% of that sample.

General expressions for the decay distributions of the
E* and E* in terms of their spin density matrix ele-
ments were given previously. Those parameters for our
sample of E*E* production, were evaluated using a
three-parameter maximum-likelihood 6t to the decay
distributions of the E* and E*with coordinate systems
de6ned in Figs. 11 and 12. Results are presented in
Table II for the total sample, and for subsamples cor-
responding to diGerent regions of production angle. In



13ig NEWMAN, CH1NOWSKY, SCHULTZ, JOHNSON, AND LARSEN

40-

20

l0—
lD

0-)
Cl

Sm

~ 40—

30

20

IO

K;
K+f

o 't

0
cos e

FIG. 11. Decay angular dis-
tributions for the E* in the
channel E*'N*++.Particle sym-
bols in the coordinate system
diagram represent the direction
of motion of the particles in the
E* rest frame. Curves are de-
termined by E*density matrix
parameters obtained from a
three-parameter likelihood fit
to the (8,q) distribution.

includes a term with j=—,'as well as the term with

j= jo= & and we use k(j) rather that k(j——',). Results
are presented for both forms. The absorption eBects are
contained in the functions

k(j) =e"~+e*'~,

where 8,+ and 8, are the complex elastic-scattering
phase shifts in the initial and final channels. Again,
Jackson's form is used for these:

e@&'+—L$ C e
—y+P)llewL +

with C+=er+/47r&+ and y+ ———',q'A+, where or+ is the
total K+I scattering cross section, q the incident c.m.
momentum, and A the logarithmic derivative of the
differential cross section, assumed of the form

o (t) = o Oe"'.

Further, it is assumed that C+=C . Calculations were
made with y+ ——y and also y =y+/3.

To evaluate C+ and y+, a total cross section of
17 mb" was used; A+ was obtained by interpolating
from results at other energies, ' "yielding A+ 3.5. We
then obtain C+=1.0 and y+=0.15.

I

7r 0 7F
P

I

,Pf

Figs. 11 and 12 we present the decay distributions of
the E* and S*, respectively, along with curves deter-
mined by the density matrix elements obtained from
the fit to the complete sample. While these density
matrix parameters are not consistent with predictions of
the simple one-pion-exchange model, which requires
p00=1 and all other matrix elements in Table II zero,
the disagreement is not overwhelming.

Further evidence for the dominance of single-particle
exchange is again provided by the production angular
distribution, shown in Fig. 13. This distribution also is
sharply peaked at small momentum transfers, with the
E* preferentially in the forward direction. Since the
decay distributions are almost consistent with the un-
modified one-pion-exchange model predictions, but the
production process is peripheral, we now compare the
data with a single m-meson-exchange model including
absorption.

Using the formulation of the model given by Jackson
and others" we obtain, for the E~E* production at
small angles, a helicity amplitude

K; xK

40—

20:-io$
0 I I I

E

30

0
cos 8

tlat

0 I

-7r 0 7r

FIG. 12. Decay angular
distributions for the N* in
the channel E*'N*~. Par-
ticle symbols in the co-
ordinate system diagram
represents the direction of
motion of the particles in
the N* rest frame. Curves
are determined by N*
density matrix parameters
obtained from a three-
parameter likelihood fit to
the (8,&) distribution.

/max

io

where the notation is that of the reference cited. This
expression di6ers from that of Ref. 23 in that the sum

"V. Cook, D. Keefe, L. T. Kerth, P. G. Murphy, W. A
Wenzel, and T. F. Zipf, Phys. Rev. Letters 7, 182 {1961).

~ W. Chinowsky, G. Goldhaber, S. Goldhaber, T. O'Halloran,
and B. Schwarzschild, Phys. Rev. 139, 81411 (1965)."J.Debaisieux, F. Grard, J. Heughebaert, L. Pape, R. Wind-
molders, R. George, Y. Goldschmidt-Clermont, V. P. Henri, D.
W. G. Leith, G. R. Lynch, F. Muller, J. M. Perreau, G. Otter,
and P. Sallstrom, Nuovo Cimento 43, A142 (1966).



Pro. I3. Production
angular distribution of
the E* in the reaction
E+p ~E~N*~, E*o~
E+m . The curve repre-
sents a pion-exchange
model modified only by
a form factor.
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k(j——,) in the sum of Eq. (7). This sensitivity has also
been found, especially for production angular distribu-
tions, in a detailed study of some cases by Hogaasen
et al.32

V. SEARCH FOR OTHER RESONANT STATES

%e have examined all 2- and 3-body effective-mass
distributions in the channels

E+p —+ E+pn+m . (400 events),

E+pm+x 7r' (77 events),

In Fig. 14 we show the absorption-model predictions
for the E*Ã*-production angular distribution near the
forward direction, compared with our experimental
data. Curve a is the prediction of the unmodified single-
pion-exchange model, while curve b is the prediction
of the absorption model with the parameters defined
above. Curve b reproduces the shape of the experi-
mental distribution, but is about a factor of 2 too high
in magnitude. For comparison we present curve c, which
is the result of a calculation in which the range of the
absorption in the final state has been increased by
putting y =0.05, and curve d, which results from re-
placlllg k(J) wltll k (g

—2) 111 tile s11111of Eq. (7), following
Jackson. In Fig. 15 we compare absorption-model pre-
dictions with our data on the E* and E~ density
matrix parameters as a function of production angle.
In each plot the solid curve corresponds to a calculation
with C+=C =1.0 y+ ——y =0.15. Putting y =0.05
leads to curves almost identical to these. The dashed
curves are the result ot replacing k(j) with k(j—~) in

Kq. (7).
The agreement of the data on E*E*production with

the predictions of the absorption model is not very good.
However, the model does roughly reproduce the pro-
duction differential cross section, and succeeds generally
in reproducing the sign and order of magnitude of the
deviations of the density matrix parameters from the
values predicted by the unmodified theory. A virtue of
the model is that it involves no arbitrary parameters to
be determined by "fitting".

One of the problems with the absorption model is the
crude way in which the absorption factors must be
represented as a function ofj.In fact, as pointed out by
Jackson, ~ the absorption might more reasonably be
taken to be a decreasing function of the orbital angular
momentum /. For the production E*E~ (or pX~), the
values of / can di6er from the corresponding values of

j by as much as —,', and the relations between / and j
are of course quite complicated. This may be a serious
problem, since the results of absorption-model calcu-
lations seem to be quite sensitive to the way that ab-
sorption is introduced in the low partial waves. This
may be seen in comparing our results using k(j) and

J v
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Fn. 14. Production angular distribution of the E* in the re-
action E+p —+ E*'N*~, E*'—+ E+m . Curve a is the prediction
of the unmodified pion-exchange model; curves b, c, and d follow
from x exchange modified by absorption as discussed in the text.

"H, Hogaasen, J.Hogaasen, R. Keyser, and B.E.V. Svensson,
Nuovo Cemento 42, A323 (j.966}.

and find no evidence for the production of resonant
states other than E*(891),E*(1236),and or. The cross
section for &o production in channel (9) above is 0.07
~0.03 mb.

We have looked particularly for possible enhance-
ments in the Exw mass distributions in these channels.
In Fig. 16 we show the E+x+x mass distribution in
channel (8). The dashed curve is the phase-space dis-
tribution, while the solid curve is the distribution which
would result from the production of E* and E* in the
proportions indicated in Sec. IV, assuming simple
Breit-signer forms for their production matrix ele-

ments, and assuming that these resonances decay iso-
tropically. The experimental distribution deviates from
both curves near 1.2 BeV/c. A much sharper E+7r+7r

enhancement has been reported in m p reactions at a
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in the text.
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Fxo. 15. Density matrix parameters, as a function of production
angle, for the E*and N* in the reaction E'+p -+ E*S*++.Curves
are the predictions of an absorption model, as described in the
text.

that the E+m+~ enhancement in the four-body states
is a kinematical e6ect, perhaps reQecting noiiisotropic
decays of the E* and E~ resonant states.

The observation of a small peak in E+p and E+ri
total cross sections at a c.m. energy of about 1.19 BeV
has raised the possibility of a F=2, 8= j., I= 1 resonant
state with that mass and u width I'=180 MeV. '4 We
have examined the E+p and E+pa' distributions in
the above channels for such an enhancement. We 6nd
no statistically valid evidence for production of such a
state.

mass of 1.175 BeV/c."Further, no such enhancement is
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