
VOr. UME 21, NUMBER 27 PHYSICAL REVIEW LETTERS 30 DECEMBER 1968

~~R. T. Deck, Phys. Rev. Letters 13, 169 (1964).
To distinguish the two protons in the final state, the

following notation is used: p~ is the proton which com-
bined with the 7t.+ gives an effective mass closer to the
4++ than the other proton designated as p2. As the two

invariant masses pp+ and p27t-+ are generally very dif-
ferent, usually only one combination per event, i.e.,
p&n+~ —,will contribute to the px+7t- spectrum below
2.0 GeU as seen in Fig. 1. Thus p&7t+7t.- is almost al-
ways the lower mass pn.+m- combination.
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A study of the K+~ decay mode of the E*(1400) produced with an N*++ has been made

using the reaction K+p —K+m w+p at 5.5 BeV/c. We have fitted the K*(1400) angular
distributions using a model involving interference between 1 and 2+g+7t. states. In
this model a considerable amount of 1 is needed in the K*(1400) mass region, suggest-
ing that there is a J =1 resonance under the E*(1400). Such a J =1 resonance
could be the first daughter of the E*(1400).

The analysis of high-energy interactions com-
posed of two final particles of which one or both
are resonances is complicated by the presence
of nonresonant background. The situation can be
remedied to a certain extent by assuming that the
background, as estimated from mass regions
bordering the resonance, may be directly sub-
tracted from the resonance data. ' This proce-
dure fails in cases where the nonresonant back-
ground and the resonance interfere. An example
of such an interference is the observation of a
backward-forward asymmetry in the decay of the
K*(890) in the process K+p -K*'6++.' This
asymmetry is an important aspect of work on a
K7t phase-shift analysis. ' However, the nonzero
value of Rep„[observed in K*(890) decay] makes
apparent the need for more than single m exchange
in K*OK++ production. Rep, o not equal to zero
can be achieved by more complicated exchanges
or by using an absorptive pion-exchange model. '~'

We have also found that in our K*(1400)h++ sam-
ple, the K*(1400) decay exhibits characteristics
which indicate more than one spin and parity is
in the Km system and other than m-type exchanges
are present. Consequently, we have made an
analysis of the K*(1400) region taking into ac-
count both the above effects. This analysis leads
in a plausible way to evidence for a JP = 1 -type
structure in the K*(1400) mass region as well as
the presumed 4'= 2+ K*(1400).

The data are taken from a 3.3-event/pb K P ex-
posure at 5.5 BeV/c taken in the Brookhaven Na-
tional Laboratory 80-in. bubble chamber.

We have examined the properties of the K+n

system in the reaction

K P-K+v N*+

where the presence of an N*++ in an event is de-
fined by the p~+ mass being in the interval 1150
to 1340 MeV. In Fig. 1 the K+m mass distribu-
tion is presented for all events of Reaction (1),
and also for the subsample of these events which
have -t, the square of the four-momentum trans-
fer from the initial proton to the final N~++, in
the interval 0.2 to 0.5 (BeV/c)'. The K*(890) and
K*(1400) peaks are clearly seen in both histo-
grams. Furthermore, this momentum-transfer
cut greatly enhances the apparent signal-to-back-
ground ratio in the K*(1400) region. It is evident
from these mass distributions and from momen-
tum-transfer distributions (not shown) that the
K~(1400) is produced at higher momentum trans-
fer than the K*(890).' To utilize the relatively
clean K*(1400) signal found above, we shall limit
our analysis to events of the type

K+p K+g pj'~++, 0.2(g2(Q. 5 (BeV/c)2

and we shall refer to this class of events as Re-
action (2) throughout the remainder of this paper.

An examination of the decay properties of the
N*++ indicates that vector exchange is not en-
hanced in the K*(1400) mass region and is rela-
tively small from 1270 to 1570 MeV. However,
that some nonzero spin exchange is necessary is
found from examination of the K+m system. It
seems natural to assume that pion (zero-spin) ex-
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FIG. 1. (a) The K m invariant-mass spectra for
events with the 7t+p mass in the interval 1150 to 1340
MeV. The shaded area is the subsample in which the
momentum transfer from the target proton to the N*~
is between 0.2 and 0.5 (BeV/c) . (b) Diagrams repre-
senting the produced K+vr spin states and the allowed
exchanges for model I. (c) Diagrams representing the
produced K+m. spin states and the allowed exchanges
for model II. (d) Diagrams representing 0+, 2+ inter-
ference (model III).

change dominates but that there is a background
of vector exchange.

The angular distributions we have used to study
the K+m properties are cos6„and p„distribu-
tions. e„and yz are the polar and azimuthal an-
gles of the n- as observed in that K+m center-
of-mass system which has the beam direction as
the Z axis and the normal to the production plane
as the 7 axis. These distributions for our three
K+v mass intervals are shown in Fig. 2.

In order to parametrize the coherent interfer-
ence between different Km angular momentum
states we have used a generalization due to Grif-
fiths and Jabbur' of the Jackson-Gottfried ex-
pression" for the two-body decay angular distri-
bution expanded in terms of the spin-density ma-
trix elements. The general form of this expan-
sion for a K7I final state is

W(8, tp) = Q g p, (J, J')
J, J' m, m'

J' t'(m —m')pxd d ed

where J and J' are the angular momentum states
which are assumed to be interfering and the m's
are their projections. Specializing this formula
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FIG. 2. Decay distributions for the K+x system in
threeK 7I- mass regions. 8 andy are defined in the
text. The curves are the fits of models I and II, the
two fits being identical. The chi-squared fit probabili-
ties are given for each distribution.

+f, cos38 +f, cos48,

W(y) =g, +g, coscp+g, cos2y,

(2)

(3)

where the f's and g's are linear combinations of
the spin-density matrix elements, p(J, Z')m mi."

In this paper we will consider the following two
cases: (I) The K+m system is produced with
spin 2 by pseudoscalar-plus-vector exchange, and
with spin 1 by pseudoscalar exchange; (II) the
K+Tt. system is produced with spin 2 by pseudo-
scalar exchange, and with spin 1 by pseudoscalar-
plus-vector exchange. Diagrams are shown in
Figs. 1(b) and 1(c). In (I) the density matrix ele-
ments which are calculated from the data for this
model are p»(11), p»(22), p»(22), p, ,(22),
p«(21), and p„(21); in case (II) they are p«(11),
p~~(11), poo(22), p~ ~(11), poo(21), and Repo~(21).
The validity of these models cannot be estab-
lished in a rigorous fashion since the 1 and 2+

to the case of angular momentum states J& 2

produced by pseudoscalar and/or vector exchang~
leads to the 8 and y distributions of the form

W(8) =f0+f, cos8 +f, cos28
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contributions to the K+7t system can only be
found if one makes assumptions as in the models
(I) and (II) above. The addition of more partial
waves or of more types of exchanges makes the
size of the 1 and 2+ contributions intractable.

We have found that the other models, (i) a pure
spin state made by pseudoscalar-plus-vector ex-
change, or (ii) a 2+ state with 0 background [as
shown in Fig. 1(d)], failed to fit the 1400-MeV
K+m region.

Several salient features of Eqs. (2) and (3) in
the case of our two specific models are of spec-
ial importance. First, the coefficients of the
cos[(2n+1)e] and the cosy terms depend only on
the quantities p~0(J', J'), where JW J'. In models
I and II, J=1 and J'=2+ final states intefere
allowing asymmetries in the cos8 distribution
and a cosy dependence in the y distribution. In
addition, vector exchange must contribute to pro-
duce a cosy dependence. The model of 2+ with
0 background cannot produce such asymmetries.
Secondly, the presence of a cos46) dependence and
a cosy dependence corresponds to the presence
of a J=2 K~ final state since g, and f~ depend on
the p~m I(22) exclusively. Finally, the separate
fitting of the y and cos8 distribution of the 2+, 1
interference model does not distinquish whether
vector exchange contributes to 2+ or to 1

The curves representing the best fits of the an-
gular distributions predicted by the models of
Fig. 1(b) to the data are shown superimposed
against the data in Fig. 2. As indicated by the X

probabilities the models I, II fit reasonably well.
The variation of the relevant density matrix

elements times the number of events per mass
interval, Npmm, (JJ'), is shown in Fig. 3 as a
function of Km mass. This quantity should reflect
enhancements in resonant partial waves. The as-
sociation of vector exchange with 2+ production
and the association of vector exchange with 1

formation lead to similar behavior of the com-
mon important diagonal elements as is shown in
Fig. 3. The Rep»(21) and Rep»(21) which are
used in models I and II, respectively, are deter-
mined in the same way and are identical.

The maximum in p»(22) in the vicinity of 1400
MeV may be considered as evidence that there is
a 2+ resonance in that region. However, there is
the same kind of behavior evident in the p»(11)
matrix element. Since these elements contribute
to orthogonal parts of the angular distribution,
it is possible to separate them to within statis-
tics. We interpret the poo(11) variation to be
evidence for an appreciable enhancement of the
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FIG. 3. Variations of the spin-density matrix ele-
ments of the 2+, 1 interference models I and II as a
function of the K+m mass.

1 background in the K*(1400) mass region. Oth-
er interpretations are possible if w'e discard the
assumptions of models I and II. In any case, our
analysis has demonstrated that the K*(1400)
mass region is more complex than a single 2+

resonance. Furthermore, the 1,2+ interfer-
ence model is a very plausible one and would
contribute to the difficulty in determining branch-
ing ratios for the K~(1400)."

The p,o(21) term is expected to have its largest
magnitude in the K*(1400) mass region. However,
it is seen from Fig. 3 that p„(21) has its largest
magnitude at 1300 MeV. This may be due to a
strong s - and P -wave interference which we
could not include in our model. Possibly related
to this effect is the rather narrow peaking at
1300 MeV in the K+7t mass distribution as seen
in Fig. 1. %e do not have a clear interpretation
of this effect at the present time.

In conclusion we would like to point out the rel-
evance of a J+ = 1 structure under the K*(1400)
to recent developments in boson resonances. It
has been suggested that the apparent splitting of
the A, into two peaks' is the result of the pres-
ence of two resonances in the A, mass regions,
the A,+ with J+& = 2++ at 1315 MeV and the A
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with ~PC 1 + at 1270 Me V x4 The tentative 1 +

state, the A, , which is so close in mass to the

A, , could be on the first daughter trajectory of
the A, ." In this case a similar 1 daughter
state is expected at nearly the same mass as the
K*(1400). Such states were not allowed in the
nonrelativistic quark model, whereas it has re-
cently been found that they are expected in rela-
tivistic models. "

We thank Dr. G. Feldman, Dr. T. Fulton,
Dr. L. Madansky, and especially Dr. D. Griffiths
for helpful discussions concerning this paper.
We wish to thank Dr. G. Domokos and Dr. G.
Kane for discussions concerning the quark model
and daughter trajectories. The assistance of
Dr. F. Bomse, Dr. S. Borenstein, Dr. J. Cole,
and Dr. E. Moses during the early stages of the
experiment is acknowledged. The tireless ef-
forts of Mrs. Doris Ellis in computer program-
ming is greatly appreciated. We gratefully ac-
knowledge the efforts of the Brookhaven National
Laboratory 80-in. bubble chamber crew and the
beam No. 3 crew. Finally, we thank our scan-
ners and measurers who made this work possible.

)Work supported in part by the National Science
Foundation, the U. S. Air Force Office of Scientific He-
search, and the U. S. Atomic Energy Commission Com-
putation Center.

*Present address: University of Maryland, College
Park, Md.

f.Present address: Stanford Linear Accelerator Cen-
ter, Stanford, Calif.

See, for example, N. Schmitz, in the Proceedings
of the Easter School for Physicists Using CERN Proton
Synchrotron and Synchrocyclotron, Bad Kreuznah,
April, 1965 (European Organization for Nuclear Re-
search, Geneva, Switzerland, 1965) Vol. I, p. 5.

2G. Goldhaber, J. L. Brown, I. Butterworth, S. Gold-
haber, A. A. Hirata, J. A. Kadyk, B. C. Shen, and
G. H. Trilling, Phys. Letters 18, 76 (1965).

3Peter E. Schlein, Phys. Rev. Letters 19, 1052
(1967); T. G. Trippe, C. Y. Chien, E. Malamud,
J. Mellema, P. E. Schlein, W. E. Slater, D. H. Stork,
and H. K. Ticho, in the Proceedings of the Fourteenth
International Conference on High Energy Physics, Vi-

erma, Austria, August, 1968, University of California,
Los Angeles, Report No. UCLA-1024 Revised (to be
published) .

This is evident in our analysis in which Repro-0. 20
and several standard deviations from 0.0. See, also,
M. Ferro-Luzzi, R. George, Y. Goldschmidt-Cler-
mont, V. P. Hemri, B. Jongeyans, D. W. G. Leith,
G. R. Lynch, F. Muller, and J.-M. Perreau, Nuovo
Cimento 39, 417 (1965).

5J. D. Jackson, J. T. Donohue, K. Gottfried, R. Key-
ser, and B. E. Y. Svensson, Phys. Bev. 139, B428
(»65).

Schlein (Ref. 3) describes how absorption in pion ex-
change can be accounted for in doing a Kz phase-shift
analysis.

~B. Cox, F. Bomse, S. Borenstein, A. Callahan,
J. Cole, D. El].is. L. Ettlinger, D. Gillespie, G. Luste,
B. Mercer, E. Moses, A. Pevsner, and R. Zdanis,
Bull. Am. Phys. Soc. 13, 114 (1968).

P. Antich, A. Callahan, B. Carson, B. Cox, D. De-
negri, L. Ettlinger, D. Gillespie, G. Goodman,
R. Mercer, A. Pevsner, and R. Zdanis, in the Pro-
ceedings of the Fourteenth International Conference on
High Energy Physics, Vienna, Austria, August, 1968
(to be published).

9D. Griffiths and R. J. Jabbur, Phys. Rev. 157, 1371
(1967).

K. Gottfried and J. D. Jackson, Nuovo Cimento, 33,
9689 (1964).

The fact that only pseudoscalar and/or vector ex-
change is considered restricts the values of ~,m' to
be +1, 0.

To quote a particular example: The X* m/Kw ratio
has been given as 0.32+0.17 (Ref. 7), 0.49+ 0.11
[F. Schweingruber et al. , Phys. Rev. 166, 1317 (1968)],
0.62+ 0.11 [A. H. Rosenfeld et al. , Rev. Mod. Phys. 40,
77 (1968)].

G. Chikovani et al. , Phys. Letters 25B, 44 (1967).
D. J. Crennell, U. Karshon, K. W. Lai, J. M. Scarr,

and I. O. Skillicorn, Phys. Rev. Letters 20, 1318
(1968).

See, for example, H. Harari, in the Proceedings of
the Fourteenth International Conference on High Ener-
gy Physics, Vienna, Austria, August, 1968 (to be pub-
lished).

~6This is the Gell-Mann —Zweig model that is dis-
cussed in Ref. 15. A relativistic model describing
baryon daughters has been developed by G. Domokos
and S. Kovesi-Domokos, "Algebra of Observables and
Tribes of Regge Poles" (to be published).

1845


