PHYSICAL REVIEW

VOLUME 135,

NUMBER 2B 27 JULY 1964

Angular Correlations in the Vector-Meson Exchange Model for Resonance Production*
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The vector-meson exchange model for resonance production is used to predict the angular distribution of
the decay products of the resonance and of the scattered particle or resonance. Only parity and angular-
momentum conservation rules are used in these calculations. The angular correlation functions are given in
explicit form. The examples presented are for reactions of type: 7+N — w-+N*, p+N* and 74 N*.

ECTOR-MESON exchange is a possible mech-
anism for the production of resonances. This model

has been considered by Stodolsky and Sakurai' who
used field theory to obtain the angular distribution of
the decay products of the resonance for reactions of the

type:
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We consider here the mechanism given in Fig. 1. In
all cases, the particle [1] has spin and parity 0(—),
particle [3] is the exchange vector meson 1(—), and
the particle [4] is a nucleon 3(+). The particles [6]
and [7] are 0(—) and % (+), respectively; and the spin
and parity of [2] are 0(—) or 1(—). In addition to these
particles, it can be significant to measure the angular
distribution of the decay products of [2] in correlation
with the decay products of [5]; several possible decay
modes of [2] will be considered. No other restrictions
are imposed on the system. The possible spins and
parities are summarized as:

[1]: 0(—)

[2]: 0(=)or1(—)

[3]: 1(=)

[4]: 3(+)

[5]: a fermion of arbitrary spin and parity
[6]: 0(-)

[7]: 3(+).

Instead of using field theory, the angular correlation
function can be obtained by using only the angular-
momentum and parity conservation rules.

The analysis is done in three steps:

(a) The angular momentum state of [3] in the rest
frame of [1] is determined from parity and angular
momentum conservation rules at the vertex (1,2,3), and
by the measurements which can be done on the decay
products of [2].
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(b) The spin state of [ 3] is transformed from the rest
frame of [1] to the rest frame of [5] (see Appendix).

(c) The angular momentum state of [ 5] is then given
by parity and angular momentum conservation rules at
the vertex (3,4,5). This allows us to find the angular
distribution of the decay products of [5].

For the analysis of the angular momentum at the
vertex (1,2,3), we chose a system of axis such that [1]
is at rest, the z axis is along the direction of the mo-
mentum of [3] and the y axis is perpendicular to the
reaction plane. After the decay of [ 17, the spin states of
[2]and [3],and their orbital angular momentum couple
to a total angular momentum j;=0, to form a negative
parity state:

¥ (jegs; Jesbi; 0)
= 2. X"V 10 (0)(Jamagsms| jagsgasmes)
mom3
X{Fasmashi0] 7251100y,  (3)

As the values of j; and j; are restricted to 0 or 1 only,
there is only one value of /; which satisfies parity and
angular-momentum conservation rules: /;=1. For arbi-
trary values of j, and j;, the summation in Eq. (3)
should include the indices /; and 7.;. We write then (in
the following, we will drop over-all constants without
notice) :
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The observation of the decay products of the particle
[27] will select some ., states, or some linear combina-
tion of 7, states. The correct combinations will depend
on the type of decay of [2], and on the type of measure-
ment made on the decay products. The different cases
of interest will be given explicitly later; but in order to
keep the formulas simple, we consider now only one
specific m, state.

Frc. 1. Schematic dia-
gram of vector-meson ex-
change model. The particles
designations are described
in the text.
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In order to find the spin state of [3] in the rest frame
of [5], the following transformations are done:

(1) a Lorentz transformation along the z axis, which
brings [3] at rest;

(2) a “rotation” B around the y axis such that the
new z axis points in the negative direction of the
momentum of [57];

(3) a second Lorentz translation along the new z
direction to the rest frame of [5].

If the helicity representation is used,? the two Lorentz
transformations do not change the spin states. The
mixing of states occurs only when the rotation in the
rest frame of [ 3] is performed.

Although the rotation 8 involves an unphysical angle,
it is shown in the Appendix that the transformation
matrix for the spin states of [3] looks like the usual d®
functions. We denote by U (8) this transformation

matrix:
Xigm= X U m(8)X;sms (5)
m3’

The spin state of [3] in the rest frame of [5] is then:
Yy =2(jamags—ma| j2js10)Usm=m(B)X,ms. (6)
m3

At the vertex (3,4,5), the intrinsic spins and orbital
angular momentum couple to form a state
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where @n, is the coefficient of X;™ in Eq. (6). If we
denote by H the Hamiltonian which describes the
formation of the resonance [5] from the state ¢, the
spin state of [5] is

Yoo =2X;" | H|[¥). )

By using the Wigner-Eckart theorem, this can be
written
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For any given parity and spin of [5] (with j;>3%), the
conservation of angular momentum and parity restricts
the summation over j and /, to three terms. They can be
expressed in terms of a linear combination of magnetic,
electric, and longitudinal multipole wave functions for
the vector meson. For example, if [5] is a §(+) reso-

2 M. Jacob and G. C. Wick, Ann. Phys. (N. Y.) 7, 404 (1959).
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nance, we have the possible cases
1) j=1; h=1
(2) j=2; L=1
) j=2; L=3.

The first case corresponds to a M1 radiation, and the
two last cases to orthogonal mixtures of E2 and L2.
Instead of assuming that one of these three cases is a
dominant process, we will keep the summation un-
restricted in order to evaluate the interference terms.

The reduced matrix elements (7s||H|| jl27s) are inde-
pendent complex numbers.

The particle [5] decays by emitting a £(+) [or a
0(—)] particle in the direction 6, ¢. A given m; state
decays to a specific #; state as:

X5 —> (lsusfomr|lsjafsms) ¥V 1 (0,0)X ;7. (11)

In Eq. (11), the summation over /3 is not indicated,
because parity and angular-momentum conservation
rules allow only one value of /.

For a specific value of ms, ms, and my, the spatial
wave function of [7] is
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where
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The angular distribution of [7] is then

(13)
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where the summation is extended over the indices m.,
my', ms, ms', ma, ms, 4§, §', lo, and 1), Here again, 6, ¢
are the angles of decay of the resonance [5]. The coordi-
nate system is in the rest frame of [5]: —ps is the z axis
and y is normal to the production plane.

The mMatrix emgmy is the “efficiency matrix” for the
observation of the particle [2]. As it is possible to per-
form several different measurements on [2], we can
imagine that different detectors are used, each detector
being specified by its efficiency matrix. For example, if
only the direction of [2] is measured, no information is
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obtained on its polarization, and in this case, the
efficiency matrix is

(15)

Emamy’ = Omgmy -

In the case where [2] decays into two = mesons, as can
happen if [2] is a p meson, a measurement on the direc-
tions of the decay products of [2] corresponds to a
polarization-direction measurement of [27]. In this case,
the efficiency matrix is

Emgmy =V ™2 (0,2)Y ;,*™'(0,9), (16)

where © and ® are the polar and azimuthal angles of the
direction of one of the two = mesons in the rest frame of
[2]). This rest frame is related to the rest frame of [1]
specified above by a Lorentz translation in the z direc-
tion. The coordinates are thus p, is the z axis and vy is
the normal to the production plane. If [27] decays into

sin%
)
6
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three 7 mesons, as can be the case if [2] is an w meson,
then
emgmy =V 7"(0,2)V ;,*™'(0,2) sin*(Ly).  (17)

Here, if $; and py; specify the directions of propagation
of one decay product and the center of mass of the other
two, respectively, in the rest frame of [2] (which is
again related to the rest frame of [ 1] specified above by
a Lorentz translation in z direction), the angles ©, ®
specify the direction of the normal to the decay plane:
P1X Pas and ¢ is defined by cosy=p; - Pas. L specifies the
relative state that the decay product 1 and the center of
mass of the other two are in.
An explicit calculation of (14) for the process

at+n — o+ N*+ (18)

through the exchange of a vector meson is carried out
and the angular distribution is
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As shown in the Appendix, sing is pure imaginary in our case with factor +3, C is real.
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The expressions for the angular distributions in the
cases of [2] being a 7,=0 particle, or a j,=1 particle
which decays into two spin-zero mesons, can be deduced
from (19) rather easily. The former can be obtained by
replacing

U= (B) = U8, UM(B) — UM(B),

U0(B8) = U, (8)

and then integrating over ®, &, ¢. The latter is the same
as (19) except that the factor sin?(Zy) must be dropped.

Simultaneous measurements on the decay products of
[2] in its center-of-mass system in correlation with the
decay distribution of [5] in its center-of-mass system
might be necessary in order to determine completely the
two relative magnitudes and two relative phases which
specify the reduced matrix elements. This type of
correlation analysis has been neglected in the experi-
ments up to now. It is seen to require no better statistics
than the analysis of the decay distributions of the indi-
vidual resonances separately and it will yield some inde-
pendent information.

The complicated form of (19) can be approximated if
we believe that |ai1|>>|aa], |@:| corresponding to the
argument made by Stodolsky and Sakurai' that the
magnetic dipole term is predominate. In this case, the
angular correlation of decay products of [2] and [5] in
their respective rest systems enters through the coefh-
cient B(8,¢,9). We thus have

sin?@ sin?(Ly){ (2/9) (1—3 sin sin’p)
+[cos2 (¢p+®)+cos2 (p—P) J& sin%

—cos2®((2+3 sin%)/18)} (21)

which immediately reduces to the result obtained in
Ref. 1 once the integrations over @, ®, y are carried out.
Another approximation is also worthwhile mentioning.
Numerical calculation of Uy shows that for incident
pion laboratory energy of 3 BeV in the process

at+n— o N*t,

and for 0>¢>—m,?, we have —1<UY/U"<—0.9
and U /U "=V2(|U,Y/U|)2 Therefore, it would
be plausible to make the approximation that | U+1(5) |
=|UM(B)|=V2|U*(B)|. Thus, Eq. (19) is simplified
to a certain extent. The angular correlation between
decay products of [2] and [5] in their respective con-
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venient systems is more explicit, without being obscured
by the presence of 8 dependence among terms.
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APPENDIX

In the rest frame of the resonance [5], the four
momenta of [17, [37, [4], [5] are:

Py, 0 0 0
0 0 0 and 0
Plz ’ P3z ’ _Psz ’ n 0 ’
E1 Mg'_E4 E4 MB
respectively.

The Lorentz transformation which brings [3] at rest
from the rest frame of [5] is:

10 0 0
= 01 0 0
710 0 14+P32/A/t(Ms—Es+A/t) —P3/\/t ’
00 P3/A/1 (Ms—Eyg)/\/t
where

=M@ ME—2E:My,
S=M>2+M 324-2E,E4+-2P1,Py,.

This transformation in the direction of the motion of
[3], does not change its spin state. It is an “unphysical”
transformation, corresponding to the crossing of the
light cone. In this new reference frame, the four vector
of [17 will be
Py

0
P 1z
Ey

We now perform a rotation around the y axis, such that
the momentum of [ 1] lies along the z axis. The rotation
matrix has the form

LX

cosB 0 —sing O
0o 1 0 0
sin8 0 cosB Of’
0 0 0 1

where

(M—M D) (M2~ M D) +1(M 2+ M+ M+ M) —2st—

cosfB=—

and
sinB=1(cos?83—1)1/2,

The rotation B is unphysical, in the sense that cos8>1

[(t— M2~ M)y —4M M @] 2L (1M 2— M 22— 4M 2]

and sing is pure imaginary. The corresponding trans-
formation of the helicity state

Xjgo= 2 Ujssa(B8)X;4"s
v3
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can be written as

(14cosB)/2 —(sinB)/V2Z  (1—cosB)/2
U,=| (sinB)/V2 cos@ — (sinB)/V2 | .
(1—cosB)/2  (sinB)/V2 (14-cosB)/2

Another Lorentz transformation in the new z direction
to the rest frame of [1] does not change the helicity
state.

FOR RESONANCE PRODUCTION BS565

The justification of the unphysical transformation can
be seen in two ways. From dispersion theory, cosB is
the same as the cosine of the angle in the ¢ channel. If,
on the other hand, we construct the field function of [3]
and impose the Lorentz condition even in the case that
[3]is virtual, to eliminate the spin-zero component, we
obtain the same answer for the transformation between
the field functions in two vertices.
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The generalized Pauli principle is combined with the assumption of SU; symmetry to yield relations be-
tween hyperon-nucleon and nucleon-nucleon scattering amplitudes for the 1.5, and 35| states.

LTHOUGH many applications of the “eightfold
way”’ version of unitary symmetry' have been
made to two-body meson baryon reactions, relatively
little attention has been paid to baryon-baryon sys-
tems.? In this note we combine the assumption of SU;
symmetry with the generalized Pauli principle to deduce
relations between hyperon-nucleon and nucleon-nucleon
amplitudes.?® Particular attention is given to those reac-
tions which are most readily accessible to experiments,
namely,

ptor—ptp  T(pp) (1a)
nt+p—ntp T(un) (1b)
St+p—tdp T(ESHZH) (1c)
Z+p—oZ+p T(EZ) (1d)
ZHp—=24n T(E2) (1e)
T +p—A+n  T(EA) (1f)
A+p—A+p  T(AA) (1g)
Atp—Zt4n T(AZY) (1h)
A+p—24p T(A) (13)
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In general, the wave function of two particles, each
of which belongs to an octet representation of SUj, will
be a linear combination of irreducible wave functions
belonging to the representations [27], [8,], [8.], [10],
[107, and [1]. (Note that the symbol [10] denotes a
continuous bar over the “one” and ‘‘zero.”) The gen-
eralized Pauli principle applied to states containing two
baryons which belong to the JP=1/2*+ baryon octet,
allows a reduction in the number of independent, re-
duced SU; matrix elements needed to describe the
reactions of Eq. (1).

The total wave function for two baryons must be anti-
symmetric under the interchange of all of the coordi-
nates of the two particles. In the two nucleon problem
it is customary to split the total wave function into
several parts, one describing the isospin and the other
the spin-space part. However, if SU; invariance is
assumed, then the dichotomy is into an SU; part and a
spin-space part. Correspondingly, when two baryons
are in an antisymmetric spin-space state (1:So, *Po,1,2, * * *
in the notation 25+L;), their SU; wave function
[(B1Bs+B:2B1)/V2] must be symmetric. B; and B,
represent the SU; functions for baryons 1 and 2,
respectively. Similarly, for symmetric spin-space states
(381, Py, - - +) the SU; wave function [ (ByB.— B3B1)/V2]
is antisymmetric. In general, the SU; symmetric states
belong to the representations [27], [8,], and [1], al-
though in the reactions of Eq. (1) the singlet [1] state
does not occur. The antisymmetric SU; states are con-
tained in [8,], [10], and [10].

Assuming strict SU; invariance of the strong inter-



