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X*(890) and EP(1420) Production in X-p Interactions at 4.5'7 BeV/ct'

Y. W. KANot
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(Received 10 June 1968)

A study of three-body final states produced in 2-prong K p interactions at 4.57 BeV/c is presented on the
basis of 10 500 orrxs-fitted events. Abundant production of E*(890) is observed in all three final states
(K s+rs, s pK, and Z px ), while Ze (1420) is more copiously produced in the final state E s+I than in
the others. The spin density matrix elements for the Ee(890) and E*(1420) are given and the production
mechanisms are discussed in terms of the one-meson-exchange model. The cross sections for E*(890) and
Z*(1420) are given.
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with emphasis on reaction (1). Reaction (1) has been
studied by Schweingruber et ul. ' at 4.1 and 5.5 BeV/c,
Verglas et al.s at 3.0 BeV/c, and Friedman et ul.s at
1.45 BeV/c.

In the data presented here, the E*(890) is prominent
in all three reactions, while the E*(1420) is produced
more copiously in the 6nal state E m+E than in the
o'ther final states. The 1P(1236) is observed in reactions
(1) and (3).

Isospin considerations indicate that possible exchange
particles (in, for example, a one-meson-exchange model)
are sr and p in the E*'(890) production, and sr, rt, p, co,

and g in Ee (890) production. It has been noted by
many authors' "that rt, p, and P are relatively less im-
portant in E*(890) production. Thus, both sr and oo

exchange could occur in the E* (890) production, but
the experimental data'4 show dominant co exchange.
This result is consistent with the isospin prediction that
for pure T=1 pseudoscalar exchange the cross section
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I. INTRODUCTION
' 'N this report we present an analysis of E*production
~ - in E p interactions at 4.57 BeV/c. The work was
carried out at the Brookhaven National Laboratory.
The 80-in. hydrogen bubble chamber was exposed in
the separated E beam at the AGS. The results are
based on an analysis of 10500 measured two-prong
events, for which kinematic Qts were attempted.

Ke studied the following reactions:

for E~(890) is four times as small as that for the
E*s(890) production.

%e have studied the spin density matrix elements, and
the decay angular distributions for the Z* (1420), which
is strongly produced in reaction (1). A spin-parity as-
signment of 2+ is favored.

G. EXPERIMENTAL DETAILS

From a triple scan of approximately 11 000 pictures,
a total of 11 500 two-prong events were found in a re-
stricted fiducial volume. Over-all scanning efficiency
was 99.5% All events were measured in three views and
reconstructed in space, and I0500 events were pro-
cessed with the Gm's kinematic 6tting program. ' Fits
to eight likely hypotheses Lreactions (1) to (3) plus five
other reactions) were attempted with GUTs. A total of
2041 events, which were candidates for one of the three
reactions (1) to (3) and were not elastic events, were
examined on a scanning table for ionization consistency.
Under normal conditions~ proton-pion and kaon-pion
ambiguities could be distinguished up to 1..5 and 0.8
BeV/c, respectively, by comparing with a nearby beam
track in at least two views. After a 6nal selection, only
26 of the events included in reaction (1) had a proton-
pion ambiguity, and these events were checked. indi-
vidually in the anal analysis for particular biases. The

and missing-mass distribution for the ionization se-
lected events are shown in Fig. I.

In order to purify the data further, we have used the
following criteria for the selection of candidate events:

(1) P(xs)) 1.4%%u~, for reaction (1)
P(Xs))4.6%, for reactions (2) and (3)

(2) 1115MeV)missing mass) 730 MeV
for reaction (1),

680 MeV&missing mass&320 MeV
for reaction (2),

400 MeV&missing mass& —300 MeV
for reaction (3),

(3) missing-mass error (500 MeV, and

6 J.P. Serge, F.T. Solmitz, and H. D. Taft, Rev. Sci. Instr. 32,
538 (1961).' Exceptional cases are steep tracks (&50'), short tracks
(&3 cm) due to secondary interactions and poor 61m conditions,
However, these cases were fq~,
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(4) hearn tracks must lie within prescribed limits on
azimuth, dip, and momentum.

Since at least one of two charged secondaries cannot
be identi6ed by ionization alone and fake fits to reac-
tions with more than one neutral particle are possible,
a careful investigation of contamination was carried
out. %e used well-analyzed samples of the four- and
five-body finals states (E Ps+s=, E' Prr+rr s.s, and
E rr+rr+rr I) to create fake two-prong events by treat-
ing two of the outgoing charged particles as unmeasured.
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8 Roland K. Juhala, Ph. D. thesis, Iowa State University, 1968
(unpublished}.

These fake two-prong events were then analyzed in the
same way as actual two-prong events. ' Ke also studied
the two-prong —V topology for this purpose. Et was found
that contamination in reaction (1) is small t (12+4)%],
while that in reactions (2) and (3) is substantial

[(35+10)'/of. The estimated contamination in reactions

(2) and (3) is shown in the Err mass projection in Fig.
2. The misidentified events tend to concentrate at
higher effective masses. Hence, the E* (890) is not se-

riously affected by this background, but the E* (1420)
is likely to be affected substantially. Quantitative inves-

tigations in these cases were limited to the E* (890).
About 14% of the events assigned to reaction (2)

were ambiguous with respect to final states (2) and (3)
after application of a five-to-one X probability ratio
cutoff. This 14% will not significantly affect the final-

state analysis, because the Ex effective mass is essenti-

ally invariant under interchange of the meson masses

(i.e., E to s and s-' to E' or vice versa) when both
meson momenta are greaterm than 1 BeV/c.

Further, when studying the E* (890) production and

decay angular distributions we combined events from

reactions (2) and (3) (after separate investigations of

the two reactions).
The cross section was determined by computing the

E path length on the basis of a 7-decay count with

corrections for scanning eKciency and for the Dalitz

9 The dominant contribution to contamination came from four-
body final states, and that from five-body anal states was negli-
gible. This can be only semiquantitatively interpreted because of
uncertainties in cross sections for the final states X pm'~, m. pE x,
and E a+neo at 4.57 BeV/c.' About one-half of these ambiguous events could be wrong
assignments. These would introduce a bias in angular distribu-
tions, but the contribution to the Z~ (890) mass region should be
small.
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pair conversion probability of a pion. Using this calcu-
lation of the effective K—path length with the total
number of E p interactions (determined from a triple
scan of part of the ftlm), we obtain a total E p cross
section in good agreement with counter values. "Cross
sections in each Anal state were corrected for unused
events which resulted from 6ducial volume cuts, mea-
suring failure, and beam track entrance criteria. They
were also corrected for background events, pion beam
contamination, missing mass, and X restrictions. Errors
in the cross sections include the statistical error and
various uncertainties in estimating the cross sections.

III. GENERAL FEATURES OF
RESONANCE PRODUCTION

In Figs. 3(a), 3(b), and 3(c) are shown the E7r in-
variant mass spectra for reactions (1) through (3),
respectively. The il.*(890) is prominent in all three
reactions, while the K~ (1420) is produced most co-

piously in the ftnal state E s'+rI. When the K*(890)
mass region is taken from 840 to 940 IeV, the non-

resonant backgrounds under the E* peak s are 18, 12,
and 23%, for reactions (1) through (3), respectively.
The corresponding background fractions for the
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11 gr F. 11aher R, L. ("oo. l, F. ~. Jenkins, T. F. Kycia, R. H. Phillips, and A. L. Read, Phys. Rev. 129, 2285 (1963).
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E*(1420) in the mass region 1330 to 1510 MeV are 41,
64, and 78%, respectively. Figures 4(a), 4(b), and 4(c)
show the Es invariant mass spectra for reactions (1)
to (3), respectively. The Ã*(1236) is outstanding in
reactions (1) (89 pb) and (3) (36 pb), but is not notice-
able in reaction (2), as is the case in other experiments.
Over-all resonance production in the thr'ee reactions. is
52, 40, and 40%, respectively.

In Figs. 5(a), 5(b), and 5(c) are shown Dalitz plots
for the Ex invariant mass versus the Em mass in re-
actions (1) to (3). The E*(890) band is prominent in
all three reactions, while the E*(1420) is evident in
reaction (1) but is less clear in reactions (2) and (3).

In the final states E vr+rs and E p7r', in which an
E*(1236) enhancement was observed, we observed an
asymmetry in the Ee(890) band across the Dalitz plot.
We dehne an asymmetry parameter as the number of
events in the lower half of the E*band minus number
of events in the upper half, all divided by the total num-

ber of events in the band. The asyrlnnetries for the two
final states are (22+2)% and (28+11)%,respectively.
The asyinrnetry in reaction (1) is much larger when a
four-momentum transfer cut I f

~
(0.2 (BeV/c)s is made

Lsee Fig. 9(a)$. The asyinmetry appears to be distri-
buted uniformly throughout the lower half of the
Ee'(890) band. Thus, if one considers this asyinmetry
to be due to E*S*interference, it is necessary to assume
interference with more than just the Ãe(1236) since the
iV*(1236) is confined to the very bottom of the Dalitz
plot.

In Figs. 6(a), 6(b), and 6(c) are shown Chew-Low

plots. It is evident that E"(890) and E*(1420) are pro-
duced peripherally, consistent with production by single-

meson exchange.
In order to determine the masses, widths, and cross

sections of the E*(890) and E*'(1420), each invariant
mass spectrum was Gtted with phase space" plus two
constant-width Breit-Wigner functions (six unknown

parameters). The results of these fits are summarized in
Table I. The masses and widths agree with accepted
values. "

The cross sections are also shown in Fig. 7 and com-

pared with other data. '4 Morrison" suggested that for
quasi-two-body reactions the total cross section de-

"For the anal states (2} and (3) another background term (see
Fig. 2) was included.

"A. H. Rosenfeld, ¹ Barash-Schmidt, A. Barbaro-Galtieri, L.
R. Price, P. Soding, C. G. Wohl, M. Roos, and W. J. Willis, Rev.
Mod. Phys. 40, 77 (1968).

"The references for E*"sare Refs. 1 and 2 and the references
for E* (890) are as follows: G. W. London, R. R. Rau, N. P.
Samios, S. S. Yamamoto, M. Goldberg, S. Lichtman, M. Primer,
and J. Leitner, Phys. Rev, 143, 1034 (1966), at 2.24 BeV/c; J. H.
Friedman and R. R. Ross, Phys. Rev. Letters 16, 485 (1966),at
2.45 and 2.64 BeV/c; Birmingham-Glasgow-London (I.C.".)-
Miinchen-Oxford-Rutherford Laboratory Collaboration RPP/H/
25 (unpublished), at 6.0 BeV/c; and Ref. 1, at 4.1 and 5.5 BeV/c."D. R. 0. Morrison, Phys. Letters 22, 528 (1966).
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creases as P; ",where P; is the incident beam momen-
turn in the laboratory system and e~i.5 for meson ex-
change. For the E*(890)'s our cross sections are close to
the straight line suggested by other data, but the
E*'(1420) cross section appears to be a little larger than
the value expected from other experiments in the 4- to
6-BeV/c momentum range. It may be that the cross
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section at 4.1 BeV/c has been suppressed by threshold
effects." IGOO—
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IV. X*(890)

The E*(890) is produced relatively cleanly because
the nonresonant background is less than 20%%uz in the
mass region 840 to 940 MeV. The four-momentum trans-
fer was restricted to lfl (0.5 (BeV/c)s to purify the
sample further.

The decay angular distributions of the E*'s involve
the spin density matrix elements, which are determined
by the production process. Therefore, both the spin of
the decaying particles and the production mechanisms
can be studied by investigation of the decay angular
distributions. In the E* rest frame (the coordinate sys-
tem is dered by choosing the s axis in the direction of
the E incident beam particle and the y axis normal to
the resonance production plane), the decay angular dis-
tribution of the E*(890) is

~ (8,y) = (3/4Ir)l poo cos'8+-', (1—poo) sins8

pq, t cos2y sins8 —RepqsV2 cosy sin28j, (4)

where 8 is the polar angle of one of the decay particles
and &f& is the corresponding azimuthal angle /see Fig.
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TABrz I. Production cross sections, masses, and widths for E*'s.

E*(890)~E ~+
-+ Epx E"(1420) ~ E s.+

Reaction
Ep~

Final-state
cross section

(mb)

1.222+0.112
0.704+0.124

Mass Width
(MeV) (MeV)

899+5 48+8
884~5 52~8

Cross
section

(pb)

306+34
279&29

Mass Width
(MeV) (MeV)

1425+15 116&17

Cross
section

(t b)

236+28
~ ~ ~

9(c)j.The spin density matrix elements poo, pt, t, and
Rep&0 are the three independent quantities which de-
termine the form of the distribution. Conversely, their
values may be inferred from the experimental
distribution.

The spin density matrix elements can be expressed
in terms of expectation values (or moments) of certain
functions of 8 and g. These expressions were used to
calculate the spin density matrix elements from the
experimental distributions. The results are given in
Table II. The p;; are shown as a function of four-
momentum transfer in Fig. 8 (Argonne-Northwestern
results' at 4.1 BeV/c are also included). Both data are
in good agreement with the theoretical curves from Ref.
1.

By integrating W(8,$) over 8 and P separately, the
distributions in 8 and P given are by

W(8) =st poo cos 8+s(1—poo) sin'8j,
W (p) = (1/4rr) (1—2pt, t cos2$) .

In Figs. 9(a), 9(b), 10(a), and 10(b) are shown the
experimental data and the distributions in 8 and P from
Eq. (5) and Table II. It can be seen from Table II
that for the E*o(890) for ~t~(0.2 (BeV/c)' W(8) is
dominated by the cos'8 terms and W(8) is nearly iso-
tropic, while for E* (890), W(8) is dominated by the
sin'8 term and W(P) is a function of cos(2&). This sug-
gests that the E*'(890) production is dominated by
pseudoscalar exchange (poo—1), while the E'* (890) is
produced by vector exchange (poo=0, pt, -tW0).

This conclusion is further supported by the produc-
tion angular distributions shown in Figs. 9(d) and 10(c).
The E*'(890) is seen to have a sharper forward peaking
than the E* (890), suggesting that a lighter particle
is exchanged in the production process.

TABLE II. E*(890) spin density matrix elements

V. E*o(1420)

The E* (1420) is dominantly produced at low four-
momentum transfer: ~t~ (0.2 (BeV/c)'. Nonresonant
background is about 40% in the mass region 1330 to
1510 MeV.

The E* (1420) decay angular distributions for two
four-momentum transfer regions are shown in Figs.
11(a) and 11(b). We notice, erst, that after the back-
ground substraction (using the neighboring bins: 1240
to 1330and 1510to 1600 MeV), the sharp forward peak-

P~K" (890) K" (890) K a+

(a)

840 C M (K a ) c 940 MeY

gg II 83 C M ( A e+) & 1323 MeV

it I &02
86 EVENTS

Kouv

80- '

IO l68 EVENTS

Since the total cross section for E—P-+ E*o(890)tt is
459 pb, the total cross section for E'

p -+ E*—(890)p due
to the pion exchange alone is 4&(459= 115pb from iso-
spin prediction. The cross section for E p-+ Ee (890)p
due to vector exchange alone is 393—115=278 ttb. Thus
the pion exchange fraction is 29%. This value is con-
sistent with poo=0.35 in the region It((0.1 (BeV/c)'
where the pion exchange production is dominant (see
Table II).Hence, the vector-meson exchange dominance
in the E* (890) production is indicated by isospin
arguments,

Reaction
4-momentum

transfer squared
(BeV/c)2

t &0.5
t &0.1

0.1&t&0.2
0.2 &t&0.5

t&0.5
t &0.1

G.i &t(0.2
0.2&t &0.5

E p ~ E"'(890)s:,E*'(890)~Err+'
Spin density matrix elements

poo pl, -1 Rep1p

0.519~0.072 0.143~0.066 —0.067+0.041
0.695&0.098 0.070~0.086 —0.178~0.075
0.516&0.166 0.170~0.156 0.013&0.094
0.277~0.123 0.229&0.129 0.041&0.056

E p-+ E~(890)p, E* (890) ~Eos,E s'
0.206~0.061 0.282+0.072 0.067~0.030
0.350~0.130 0.295~0.151 —0.077&0.064
0.174+0.102 0.325+0.130 0.078&0.OSS
0.140~0.089 0.240~0.130 0.002~0.048

O
IO—

(b) 0.2 C 5&0.5
44 EVENTS

IO

cos 8

I

I.O 0 90 $0 0

$ (DEG)

0.5
I&I (BeV/c )

l.o

Fzo. 9.The decay angular distributions for (a) ( t ( &0.2 (BeV/c)s
and (b) 0.2& )t(&0.5 (BeV/c)', and (d) four-momentum trans-
fer distribution for X*o(890) produced in the reaction E p-+ E*p(890)e. The selected resonance mass region is 840
&M(E s+)&940 MeV/cs. The absorption model curve (d) is
from Ref. l.
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FIG. 10. The decay angular distributions for (a) It 3
&0.2

(BeV/c)s, (b) 0.2& It3 &0.5 (BeV/c)', and (c) four-momentum
transfer distribution for Z~ (890) produced in the reaction Z p~ Z* (890)p. The selected resonance mass region is 840&&(Es.)
&940 MeV/c'. The absorption model curve in (c) is from Ref. 1.

Fro. 11. The decay angular distributions for (a) 3t3 &0.2
(BeV/c)' and (b) 0 2& It 3 &0 5 (BeV/c)', and (c) four momentum
transfer distribution for Z~s(1420) produced in the reaction
Z p —+ Z* (1420)e. The selected resonance mass region is 1330
&3I/(Z s+) &1510. The background mass regions are 1240
&ttf (Z n+) &1330 MeV/c' and 1510&M(Z s+) &1600 MeV/c'.
The absorption model curve in (c) is from Ref. 14, and normalized
to the experimental data. The numbers in parentheses following
event numbers indicate background events.

ing in the cose distribution disappears, while the sharp
backward peaking remains. This is contrasted to the
E*'(890) case where the forward-backward symmetry
was somewhat recovered after the tV*(1236) subtrac-
tion. This asymmetry may be related to interference
with E*'s. Ke notice secondly that the distribution in
cos8 for

3
t

3
&0.2 (BeV/c)' is quite different from that for

0.2& 3t3 (0.5 (BeV/c)'. The sharp backward peaking,
plus a comparison of the number of E*events and back-
ground fractions in the two momentum regions Lsee
Figs. 11(a) and 11(b)j, suggests that E*'(1420) is dom-
inantly produced in the region

3
t3 (0.2 (BeV/c)'.

The preferred spin-parity assignment for the
E*(1420) as reported in previous experiments is 2+,
but the 1 possibility has not been ruled out."For spin-
parity 1 the decay angular distribution is given by Eq.
(4), while the distribution for 2+ is given by

Ws(8,$)= (15/16')(3 pss sin 8+pqt4 sin 8 cos 8

+peas (3 cos'8 —1)')+cos2& Lpss(s+6)
Xsin'8 (3 cos'8 —1)—pt t4 sin'8 cos'8$

+cosp L
—psr4 sin 8 cos8—pts(s+6)

X (3 cos'8 —1)j+cos3@
3 ps, t4 sin'8 cos8$

+cosQ Lps, s sin'8j). (6)

The eight spin density matrix elements were experi-
mentally determined by the moment method described
in the K*(890) case, and the results are shown in Table
III.

"The earlier references are found in Ref. I.

The curves for 1 and 2+ in Fig. 11(a) were drawn by
using only the dominant ppp contributions in Table III.
The 2+ curve Qts the present data better than the 1
curve. Events in the backward region (in our coordi-
nate system) can be interpreted as pure K* events be-
cause E*events and diffraction scattering events do not
contribute in this region, and general background events
are distributed isotropically in cosg. It should be noted
that the value ppp~i for 1 is the physical upper limit
for ppp, and the last bin is more than two standard de-
viations above this upper limit for the I curve. Thus,
the sharp backward peaking which is characteristic of
a cos40 component suggests 2+.

It is seen in Table III that all matrix elements ex-
cept ppp and p11 are very small. Pion exchange with ab-
sorption predicts ppp=0. 87 p11——0.06, and all other
p;;=0, while vector exchange with absorption predicts
p11=0.4 and all others small. "Our data, therefore, sug-
gest that the production mechanism of the K* (1420)

TABLE III. Z*'(1420) spin density matrix elements.

Spin-parity P00
Spin density matrix elements

p1 i-I P10 Pll

0.996&0.073
0.761 +0.093

0.052 %0.071 0.011&0.047
0.038+0.083 —0.002 &0.010 0.352 &0.036

P21 P20

0.007 &0.032 —0.004 %0.045
P2,-1 P2, -2

0.040 &0.043 0.021 +0.062

"H. Hogaasen, j.Hogaasen, R. Keyser, and B.E. Y. Svensson,
Nuovo Cimento 42, 323 (1966).
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in the present experiment is dominantly pion exchange
with some admixture of vector-meson exchange since p~~

is much larger than the predicted value of 0.06. The dis-
tribution in p is approximately isotropic and is consis-
tent with this conclusion. The value p», calculated by
the. normalization condition pss+2pqq+2pss ——1, is
—0.233~0.083. A large negative value of p2~ was ob-
tained by workers for the f meson. 's The unphysical
negative value of p22 is interpreted in the present experi-
ment as due to the large background for which only an
approximate correction can be made.

The production angular distribution in Fig. 11(c)
indicates a broader forward peaking than for E*'(890).
This is partly due to a higher kinematic limit in the
1400-MeV region (see Chew-Low plot). The theoretical
curve shown 6ts the shape of the data but was norma-
lized to the total number of events. "

VI. CONCLUSIONS

The E*(890) production is prominent in all three
reactions, while the E*(1420) is produced most co-

~~ J. A. Poirier, N. ¹ Biswas, ¹ M. Cason, I. Derado, V. P.
Kenney, W. D. Shephard, E. H. Synn, H. Yuta, W. Selove, R.
Ehrlich, and A. L. Baker, Phys. Rev. 165, 1462 (196/); H. O.
Cohn, R. D. McCulloch, %. H. Bugg, and G. T. Condo, Nucl.
Phys. 82, 690 (1966).

piously in the 6nal state E 7r+1V. The Ee(890) is pro-
duced with a signal-to-background ratio of better than
4 to j.. The decay and production angular distributions
suggest that the E*'(890) is dominantly produced by
pion exchange, while the E* (890) production mecha-
nism is dominantly co exchange. This conclusion is con-
sistent with the isospin prediction that for pure T= 1
pseudoscalar exchange the cross section for E*'(890)
production is four times as large as that for the E* (890)
production. The E*'(1420) is dominantly produced at
low momentum transfers, ~t~(0.2 BeV/c. The cross
section for E*'(1420) production at 4.57 BeV/c appears
to be higher than the value which the data at other
momenta suggest. This may possibly be explained by
threshold eGects. The study of the spin density matrix
elements also indicates that pion exchange is dominant
in E~'(1420) production. We favor a spin-parity assign-
ment of 2+ for the E*(1420)on the basis of our analysis.
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