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A simple parametrization of the spin density matrix p is given which ensures that p is a positive,
Hermitian matrix which satisfies the parity symmetry conditions. There is a minimal number of
parameters and they can vary independently; no complicated constraints on their allowed region of
variation are required. A similar parametrization is given for the real part of p. Rank conditions,
polarized targets, and angular distributions are also discussed.

I. INTRODUCTION

In the determination of the spin density matrix
p of a particle, a resonance, or a more general
system from experimental data, it is very useful
to have a parametrization which ensures that all
the constraints to which p is subject are satis-
fied.!™® Ideally, one would like a parametrization
using the minimal number of parameters which
automatically yields a Hermitian p satisfying the
positivity conditions, parity conditions, and rank
conditions, such as the Eberhard-Good theorem.®
This parametrization should be useful both for the
case where the system in question has a definite
spin and for the case where it is a mixture of dif-
ferent spins.

The main purpose of this paper is to present a
simple parametrization of p for a system produced
in a parity-conserving process such that the pa-
rameters can vary independently over a preas-
signed range (say, between -1 and +1 or 0 and
27) and always yield a p such that

(a) p is Hermitian, p=pT;

(b) p satisfies the symmetry imposed by parity
conservation in the production process;

(c) the eigenvalues of p, which are real, are
non-negative, and the matrix p is “positive”;

(d) the rank 7 of p is in some cases smaller than
the dimension of p.

Most commonly, p is parametrized so that (a) and
(b) are satisfied and then (c) and (d) are imposed
as constraints. Daboul® has given several simple
parametrizations for which (a) and (c) are satisfied
but then (b) is imposed as a constraint. Both pro-
cedures have the disadvantage that the ranges over
which the parameters can vary are constrained in
a complicated way.

The parametrization we shall present here is a
generalization of that given by Daboul—he calls it
the Cholesky decomposition of p—which guarantees
that (a)-(d) are satisfied in a very simple way. It
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has the further practical advantage of utilizing
parity conservation (b) to break up the matrix into
matrices of smaller dimension. Furthermore,
when the system has a definite spin, the number

of parameters used is equal to the number of
measurable quantities. For the case of mixtures
of spins we generally have some extra parameters.
This method works for joint density matrices as
well,

We consider in this paper the density matrix p
of a resonance, or of a mixture of resonances and
background R, produced in a parity-conserving
process A+ B— R+ C. (The nature of C is not im-
portant for these considerations. For definiteness
we assume it to be a system of definite mass,
spin, and parity.) The key to our simplified pa-
rametrization is to introduce eigenstates of the
reflection operator II, corresponding to reflec-
tions in the production plane. The idea of employ-
ing “parity eigenstates” has been around for some
time.” The application of this idea to the density-
matrix analysis has been carried out in the case
of bosons by Ascoli.?

We start in Sec. II by defining a complete set
of orthonormal eigenstates of the reflection oper-
ator. We then express p in terms of the reflection
eigenstates and give the connection to the conven-
tional basis. We review briefly the relation of p
to angular distributions and discuss the measur-
ability of the various elements of p. In Sec. III
we discuss the positivity conditions and present
our parametrization. Rank conditions require a
simple restriction on this parametrization and are
given in Sec. IV. Section V gives a brief account
of how some of these results are modified when a
polarized target is used. Section VI is devoted to
a few important examples for both bosons and
fermions as illustrations of this method. We give
in the Appendix the angular distributions for a
wide class of resonance decays and examine in
some detail the constraints due to parity conserva-
tion.
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II. PARITY CONSERVATION AND THE
REFLECTION OPERATOR

It has become a common practice to use the spin
density matrix p in the study of resonance produc-
tion with the rest frame for the resonance chosen
according to either the Gottfried-Jackson® (GJ) or
the s-channel helicity convention. Both of these
conventions, used for defining the spin quantization
axis of R in the process A+ B—-R +C, belong to a
larger class of conventions in which the y axis is
normal to the production plane and the z axis (i.e.,
the quantization axis) lies along some preassigned
direction in the production plane. That direction
is P4 in the GJ convention and —p¢ in the s-channel
helicity convention, where P, and P, denote the
momenta of A and C in the rest frame of R.

The operator II, of reflections in the production
plane is related to parity by a rotation through m
about the y axis:

N,=Pe~i"¥, 2.1)

The helicity states as defined by Jacob and Wick™
satisfy

| B, @, \)=n(-1)" " P, a, -r); (2.2)

we use the notation a to stand for J", where J (1)
is the spin (parity) of the state. Notice that this
result does not depend on which reference frame
is used to describe the process so long as p is in
the x-z plane, because II, commutes with Lorentz
transformations in the x-z plane and with rota-
tions about the y axis. In particular, it is true in
the rest frame of R with the spin of R quantized
along the z axis. This is a particularly useful op-
erator because it commutes with the S matrix and
leaves the momenta invariant; only the helicity
is changed. For our present purposes only the
helicity of R will be observed and so the reversal
of helicity of the others is unimportant.

For the state R in its rest frame, the eigen-
states of II, are given by

leam)=[|am) +en(=1) ™ a-m)o(m), (2.3)

J

where
6m)=1/N2, m>0
:%, m=0
=0, m<0.

I1,2=(-1)*’ requires that €=(-1)*’ and orthogonal-
ity of the states (3) requires that ee*=1, so

€=x1 for bosons,

e=xi for fermions.
The eigenvalues are given by

Il,| eam)=€(~1)*"| eam) . (2.4)
Notice that for bosons there is only one state for

m =0, the one with € =7(=1)?, The inverse of (3) is

| am) = Z [l eam) 6(m)+n(=1)"*™ex| ea = m) 6(-m)].

€

(2.5)

The spin density matrix of R in this basis is re-
lated to the usual density matrix by

'pie =(eam|ple’a'm’)
=[plnr + €¥e! (=1)7 T (=)™ ' p e
+ 0% € (=1)7 7™ + 0% € (=1)7 T’ ]
X 6m)6(m’) . (2.6)
If parity is conserved
P =" (=1)7 7 (=1)" " pe @.7)

Then the right-hand side of (2.6) vanishes unless
€=¢’, and p is diagonal in € as expected. Then

D =2[P55r + €’ (1) 7™ 3L,/ 16m)O(m ")
=2[ps +exn(=1) "%, 16(m)60m’) .
(2.8)
We shall call this the reflectivity density matrix.
The transformation between these two bases is

unitary; for bosons it is orthogonal. The inverse
of (2.8) is

Primt = D [D5mr 00m) 0Gm") + €X' (=1)7* ™" 22 6(m) 6(-m ")

€

+en(=1)7*mep® L 0(—m)om’)+nn’ (=1)T " (=1)" ™ % _, 6(—m)6(-m")]. (2.9)

In matrix language, €p breaks up into subma-
trices “p and (7p in block diagonal form; i.e.,

(4
€p=< po > (2.9')
0 (-)p

Constraints due to parity conservation are thereby
explicitly and completely taken into account.

r

The question of angular distributions, multipole
moments, and the like can be systematically
studied in terms of the eigenstates of II,, Eq. (3).
These are dealt with in the Appendix.

So far we have specified the elements of the
density matrix only in terms of J, 1, and m. In
general, they will depend on any other internal
variables that describe the state of R. For ex-
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ample, there should be indices specifying the
helicity.and the various subenergies (if R decays
into three or more particles) as well as the
charge, strangeness, etc. of each of the particles
that constitute R. This presents no extra compli-
cations for variables such as energy or charge, in
which p is necessarily diagonal, or for variables
such as helicity if they are not measured. They
are then simply additional variables, like total
energy or momentum transfer, on which p must
depend. If one measures the helicity A, for ex-
ample of the p in R— m+p, then a larger density
matrix py,, v must be used. In certain favorable
circumstances, the dependence on these additional
variables may factor off. This seems a reasonable
assumption when R consists of resonances. Then
the production and decay of R separate into two
steps and p can be taken to be the density matrix
resulting from the production step. There is no
clear reason why such an assumption should be
valid for the background, however. For any sys-
tem R consisting of a spin-0 and a spin-3 particle,
parity conservation forces this factorization onto
p, the reason being that when J and 7 are given
the spin state is determined. For simplicity of
presentation in developing our analysis we will
usually ignore the extra variables. Since angular
momentum plays very little role in the way we
parametrize the matrix, it is a simple matter to
include them.

Of course, angular momentum plays a central
role in the measurement of p. We do not propose
to go into the general question of the measur-
ability of p here. This depends too much on the
details of the particular experiments that can be
done, the particles R decays into, the validity of
factorization hypotheses, etc. We do want to dis-
cuss briefly the case where R decays into two 0~
or one 0~ and one 3* particles. (See the Appendix
for a more complete treatment.) If only angular
distributions are measured, it is well known that
only the real parts of the elements of p are di-
rectly measurable. One of the major uses of the
positivity conditions is that they constrain the
values of the unmeasured imaginary parts of p.

If R consists of a mixture of spins then there are
even more unmeasurable elements of p. Positivity
and rank conditions can be used to constrain these
as well, as we will illustrate later. The reason
not all elements of p are measurable is easy to
see: The angular distribution is given by!!
1(6,9)= 3. NyNpplDix(e,6,0)

X.aaa'm, m’
XDr{t,')\((Ps 9’ O)F‘%\F(;\,*'
(2.10)
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Here A =0 for bosonic R, Fy=1, and A=+3 for
fermionic R, F,,,=1/V2, F_ ,=(=1)"*¥2/V2.

2d +1\ /2
N’=< 4 > '

By the usual Clebsch-Gordan series,

2L+1\/2d"+1\¥% .,
16,9)=3" ( ><—27+—1‘> Prim' (I 'm", LM | Jm)

4m

XGE*' Dy (@, 6,0),

where
Gi*' =Y WALO|JNFSFY™ (2.11)
x
Note that G2 =0 unless (-1) =n7’.
The moments of the distribution are
H(LM) = [ 42 Dio(p, 6,0)1(6, )
’ 1/2
- 3 <%‘3—:i1-> 0 (T, LM | Jm) G2 |
a,a’'m,m’
(2.12)
Hermiticity of p implies
H(IM)=(-1)"H*(L, -M) (2.13)
and parity conservation implies
H(L, -M)=(-1)"H(LM) , (2.14)

so the moments are all real. This prevents the
determination of Imp. In addition, because G’
depends on J and J’ the sum on the right-hand
side of (2.12) cannot be inverted to allow solution
for Rep in terms of H(LM) if more than one J is
present. For example, in the case both 0" and 1~
are present, not even all the diagonal elements of
p are measurable. Only the combinations

x=2p} +pit + 055 and y =pll - pli are measurable.
Positivity can then be used to bound, for example,
the unmeasurable s-wave element pJ3 both from
above and below.

III. PARAMETRIZATION OF THE DENSITY MATRIX

Let us consider a collection of several spin-
parity states. Let N be the dimension of the full
density matrix which describes these states and
their interferences. If these states are fermions,
the matrices (*)p are both (N/2)x (N/2) matrices.
In the case of bosons, the dimensionality of (”p
depends on the “naturality” of the bosons involved.
A spin-parity series with n=(=1)" [n=(-1)"*!] is
termed the natural (unnatural) spin-parity series.
Let K, (K,) be the number of natural (unnatural)
spin-parity states in the collection. Then the di-
mension of (Yp is 5(N+K, —K,) and that of ¢ p
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is 3(N —K,+K,) because the m =0 states fall in
€ p with € =n(=1)".

The density matrix is in general given by

P::'n,;'= Zfam,kf:'m’.k' (3.1)

k

Jam ,» denotes the production amplitude for £ with
spin parity a and helicity »; & denotes the unob-
served variables: the spins of the other particles
and, if appropriate, the production angles. As a
consequence of its definition, (3.1) is a Hermitian,
positive semidefinite matrix; i.e., all of its eigen-
values A; are real and A; = 0. If the sum in (3.1)
does not involve an integration then the rank of
p, 7, is less than or equal to the number of dif-
ferent values the spin index 2 can take on. If
¥ <N there will be additional constraints on p.°
In particular, N-7» eigenvalues A; must equal zero.

The transformation to block diagonal form (2.9’)
is unitary and so the submatrices €p are also
positive. Our considerations will now be directed
toward these submatrices which are subject to no
additional constraints. (Rank conditions will be
discussed in the next section.) Since these con-
siderations are completely general we will dis-
cuss an arbitrary, nXn positive semidefinite,
Hermitian matrix p with elements p;;.

It is useful to note that if a meson system R is
produced from a 7 or K beam by the exchange of a
Regge pole of definite naturality o, then asymp-
totically*?

Pl = =050 (= 1) Pl .
0y denotes the naturality of R:

og=n"(=1)"".
Hence, the exchange contributes only to the block
with

3.2)

There are many equivalent ways of stating that
a matrix p is positive semidefinite—we will say
“positive” for short—which may be found in any
good book on matrices, for example that by
Halmos.'® The basic one is our definition of p,
(3.1):

€=-0,

Pi; = Z VieVie (3.1)
kR
or equivalently
p=VVT", (3.17)

The matrices V need not be square but they can
always be chosen to be so. This decomposition is
not unique; any matrix V' =VU where U is an ar-
bitrary unitary matrix will also do. An equivalent
definition was mentioned at the beginning of this
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section, viz., there exists a U such that

p=UAU", (3.3a)

A, 0
X2

A= y (3.3b)
0 A,

220, (3.3¢)

A third equivalent condition is
(x| p|lxy=0 (3.4)

for any complex vector ]x) in the n-dimensional
vector space.

A consequence of these conditions is that all of
the principal minors of p are greater than or equal
to zero. (The principal minor is the determinant
of the matrix formed by removing any number of
rows from the matrix along with the columns which
intersect these rows on the main diagonal.) These
conditions are often a useful test that can be used
to quickly test the positivity of p. The simplest
ones are the familiar conditions

PiiPjj > pijl z,

Another way of checking the positivity has been
given by Dalitz® and Minnaert.? We list it for con-
venience: Introduce the characteristic polynomial
of p

A(X)=det(\M - p)

n
= (=DfCA" . (3.5)
k=0
Then a necessary and sufficient condition for
positivity is
C,=z20- (3.6)

for all k. The simplest of these conditions are
C,=Trp=0,
C,=detp=0.

Our adaptation of Daboul’s parametrization is
based on the decomposition (3.1’) or (3.1"). It
uses the ambiguity of V up to multiples of a unitary
matrix to bring V to superdiagonal form:

(3.7a)
(3.7b)

Viizoy ]>l
Vig=ye'™, 1=3iG-1)+j, j<i,

with
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=20,0s <2
Wi ’ @, m, (3 .8)
a,;=0 for l=3i(i+1);
i.e., the diagonal elements are real and positive.
If p is normalized so that Trp=1 there is one
more constraint:
n(n+1)/2
y2=1. (3.9)
=1
This can be satisfied automatically by introducing
a new set of parameters x;, ..., X,(n41)/ With

1-1
V=% Z (1= x,2)'", I<zn(n+1)

m=1
0s<x <1, (3.10)

Xn(ne e = 1.

For the unnormalized matrix there are zn(n+1)
parameters y, and n(n - 1) parameters a,; the
sum equals 7%, the number of real parameters
which determines p. As mentioned earlier, for
an important class of reactions, only the real part
of p can be measured in the original basis. This
matrix, too, can be transformed to a parity-con-
serving basis by Eq. (2.8): Let Rep=®. Then

CRetr = 2[R+ e’ (=1) T RS, ]
X 8(m)o(m’) . (3.11)

For bosons ¢®%,, is also a real, symmetric,
positive matrix because the transformation is
orthogonal. We can use the same parametrization
for ‘® as for p by simply setting @, =0 for all I
and letting y, range over positive and negative
values, except for the diagonal elements,

1=3i(i +1) where y, can be chosen to be positive.
There are now 3n(z+1) parameters, which again
is exactly the number that determines ¢®.

For fermions the transformation (3.11) is not
real and so °® is not in general a real matrix.
Thus the full set of parameters y, and «; as in
(3.7) and (3.8) are needed. At first sight this
appears to be too many parameters: #* for *® and
n? for "R. Notice, however, that

gae’, =qoe ¥ (3.12)

(For fermions (*)® and {® always have the same
dimension.) Thus, the parameters that give ‘)&
can also be used to give g by simply changing
the sign of a. The total number for the full NXN
matrix is then (N/2)? real parameters. A mo-
ment’s thought will show that this is exactly the
number of real parameters needed to describe the
original matrix. (Recall that ®}; _,, =0 for fer-
mions.)

We now give a constructive proof of the decom-
position (3.1’), (3.7). There are simpler demon-

strations, but we give this one because it enables
one to calculate V from p. This can be useful in
practice, since one may have a trial p that can
serve as a starting point for the search for a more
accurate p. First, recall that the columns of U

in (3.3a) are the eigenvectors of p; viz., define
|u® > via

(®)

Ujp =t
so that

ol w®y= x| u®), (3.13)
Next define the matrix W =U()\)Y?; i.e.,

Wiy=Us ()2, (3.14)

and the vectors |W) as the rows of W:

w=w,,. (3.15)

iy

Now construct a set of orthonormal vectors
| 9y from the |W'") by the Gram-Schmidt
process:

(1)
|249)= ]lg(_j
I =281 2PN z® )| w')
1S VAN VADIDI A N I
The matrix Z with

Zij =Z§~i)

| Z(Dy = l (3.16)

is unitary, Al =1, and so

p=wwt=wz'zw?".
But by construction

(zPwih=0, j>i. (3.17)
Consequently,

v=wz" (3.18)

has the form

Vao O o -+ 0
21 Voo 0 -0 0
V=|Vs Vs Vg =0+ 0 . (3.19)

L_,V”l V'IZ Vn3 Tt V’l"—‘

Notice that the diagonal elements V,;; =(Z|w'?)
are positive real numbers. As a result there are
exactly #n® real parameters needed to describe V
and hence p.

The same procedure works for ‘& for bosons
except now U is replaced by a (real) orthogonal
matrix O. As a consequence the final decomposi-
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tion involves a real matrix V of the form (3.19)
which depends on 3n(n+1) real parameters.

IV. RANK CONDITIONS

If the sum over % in (3.1) involves a number of
terms 7 <N, the dimension of p, then the rank of p
equals » and N -7 of its eigenvalues must vanish.
As a result, many of the positivity conditions,
which are inequalities, become equalities. Thus,
all principal mirrors of dimension greater than 7
must vanish. Equivalently,

C,=0, Ek>r

for C, of (3.5). Obviously, these conditions will be
relevant only when the sum in (3.1) does not in-
volve integrals over production angles, missing
masses, etc., though they may be approximately
valid when the integrals are over small enough
regions that the variation of f,,, , can be neglected.
(Even stronger rank conditions may hold if R is
produced by exchange of a single Regge pole.!?)

Our parametrization can be easily adjusted to
impose these conditions automatically. Suppose
the rank of our #X#n p is 7. Order the eigenvalues
so that

My T A= =2,=0. 4.1)
Then by our construction |_W(i)) in (3.14) has only
7 nonzero components, W'V, Wi . wiD,
Hence the vectors

ZW=0, i>7r. (4.2)
Then by (3.18)

Vij :<Z(j)| W(i)>
and so

Vi;=0for j>vr.

Thus we simply set y;, = 0 in (3.7b) for ! corres-
ponding to j>v.
How do the rank conditions apply to the sub-

matrices p? We will analyze here the two most
common cases:

(@) TN -~ wN*,
(b) TN~ MN ,

where N* is any nucleon resonance and M is any
boson resonance. If only the unobserved nucleon
spins are summed on, the full p has =2 in case
(a) and ¥ =4 in case (b). We shall now show that
the nonzero eigenvalues are shared equally be-
tween *p and Tp.

(a) According to (3.1)

aa’ _

Pmm’ = E fam,uf;k’m’,py
L=+1/2

SO
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Eptrznan’n'z Z [fam,u"‘e('—l)l_mnfa—m,u]

H=t1/2
X[ formrp +€=1T 0 frr e I¥
X 0m)o(m') . (4.3)
But
Fammrsa +€=1Y 0y
=+ (=170 e
+e(=1)7 (=T Ef,
=V L€ fom, 1t €1 TNy )n] . (4.4)
Hence
D=2 fum 1o+ €(=1) TN g 12
X farm 12+ 070 a2)¥
X 6(m)6(m’), (4.5)

and *p each have rank 1.
(b) Following the same procedure we write

ep(rlr:lnlx’ = Z [f;zmp ,u+€(—1)J-mnfa-mp ,u]
MU= 12

X[ farmru w+€(=1)" "0 Forry o ¥
X 6(m)6(m’).
Again notice that
Jam =120+ €(=1)7 T Nfg ey
=€ famrjz v ¥ M€= o1y, J(=1)F 2,

and since v is summed over,

ep%,zz Z [fam1/2,u+€(“’1)l-mn,ﬁz-m1/2,u]

V=11/2
X [.ﬁz'm' 1/2,1/+ e(—l)J _m’nfa’—m' 1/2,1/]* .
(4.6)

Hence *p each have rank 2.'¢
The rank conditions on ® are not nearly as strong
because

r r
®R;; = Z VieVh+ Z VY se
k=1 k=1

and so in general has rank 27.

The positivity conditions can often be combined
with the rank conditions to get constraints on the
unmeasured elements of p. The positivity condi-
tions alone cannot give a lower bound to IImp‘jl ,
but they do give an upper bound. However, in
cases where the measured rank of ®, 7v(®), is
greater than the rank of p, 7(p), required by the
kinematics, then the imaginary part 9 of p cannot
vanish. The rank conditions on ® are easily
stated: Given any two matrices A, B with C=A + B,
then

7(C)<7(A)+7(B).
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Letting C=®, A=p we have
7(3)z7r&) -7(p).

This theorem can be applied to the full matrices
or to any of the principal submatrices formed by
removing any number of rows and the correspond-
ing columns. In the simplest case of a matrix

of rank 1 one can calculate 9 up to a sign just
given ®. Notice that (9 ) must be an even number
because the nonzero eigenvalues of an antisym-
metric Hermitian matrix necessarily occur in
pairs: If A is an eigenvalue so is -A.

V. POLARIZED TARGET

A polarized proton target can be described by a
2X2 density matrix 7, ,,. The polarization vector
is given in the usual way:

P=tr(13),
where G represents the Pauli matrices. Explicitly,

Pre=¥yyn,-12F Y =1/2,4 172
b

Py=iry s, 12 =7 -1/2,0172) »

Po=7 112 ="-1p2,-1/2 -

For definiteness, let us use the s-channel helicity
convention. Then, the z axis is along the proton
momentum and the y axis along the production
normal. Now, combining 7, with the scattering
amplitude f, one can write down for the density
matrix of a state (or states) in the final state the
following:
plrl:nlz'ocZfam,ukf:’m’,u’krpu" (5.1a)
kR
Or, in terms of the polarization vector, one can
write

p=pC+p" P A+p"Pep+pB-fixh. (5.1b)

7 denotes the normal to the production plane, ﬁ the
unit vector in the direction of the proton momen-
tum in the c.m. system. p° is the unpolarized den-

]

(b) TN- MN. In addition to Eq. (3.6) for €p° we need

sity matrix discussed before.
It is a simple matter to see that the parity con-
ditions analogous to (2.7) are

O =10 (=1 (=) (0" ety (5.22)

(p “,J_);;na';' - _nnl(_l)J -J’(_l)m-m/(pll,.].)n_a”'l,_m' .
(5.2b)

Because of these parity conditions, the transforma-
tion (2.6) will bring p" to block diagonal form but

p* and p" will be off-diagonal in €. Then, for ex-
ample, in production of a meson resonance from

a 7 or a K by exchange of Regge poles, p* and p"
get nonzero contributions only from interference
between poles of opposite naturality, while p°® and
p" depend only on interference between poles of

like naturality.

Let us restrict our attention now to the common
case where the polarization is normal to the plane.
All of our previous results then go through: p is
positive and can be brought to block-diagonal €p
form by the unitary transformation (2.6); each €p
can be parametrized as before. However, now the
rank conditions can be more restrictive. Consider
the two simple cases discussed in Sec. IV:

(a) TN— mN*, In this case

(PD)‘::nlz’ = (f;lm,llzf:'m’ artfam—1pSEm —12) 5

(pn)f:n,l’ = —i(fam.,l/zf;zk'm’,-l/z - am.-1/2f:'m’,1/z) ’

(% £ p" )i = (Jam, 12 % am =172 Sarmt 1/t Uarmr,-12)*
(5.3)

Hence p°+p” each have rank 1. Furthermore
0+ p" gl =F i (=1)7 T (O p") s, (5.4)

so when p°+ p" is reduced to block-diagonal form
it has only one nonzero block, that for e=+1, and
that block has rank 1. Hence, as pointed out be-
fore, the imaginary part of p°+p" can be calcu-
lated, up to a sign, given the real part of p°+ o,
which can be obtained by varying the degree of
polarization.

(¢p" 'rznu,m’ = =2i[fym 172,172 T (=17 " fy o 1/2 ,1/2][]2»1’ 12,-12F 6("1)J’ _m’n’ﬁz’ -m' 1/2 .-1/2]*

+2i[fam 172, =172 T € (-1 "N faem 1/2,-1/2][fa'm' 1/2,1727F €(- 1)J ’ —m'n'fa’ -m’ 1/2 .1/2]* 6(m)6(m’). (5.5)

Combining (4.6) and (5.5) we obtain

((p°= epn)%;' =260m) 6(m’ [ fm 2.2 TE (=177 faem 1/2 ,1/2Ji i fom 1z2,-1727F €(=1)" "0 fyom 1/2.—1/2]}'

X[ formr 12,0727t e(—l)JI—MIn'fa'—m' 1/2,1/2]ii[fa’m’ 1/2.-1/2 +€(‘1)J,_m,77’fa'-m’ 1/2.—1/2J}* . (5.6)
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This explicitly shows that €p°+€p" are each of
rank 1. Once again the imaginary parts of these
matrices can be calculated (up to a sign) given
only the real parts.

For a further discussion of these points, see
Ref. 15.

VI. EXAMPLES

We give here a few simple but, in practice,
important examples to illustrate the methods out-
lined in the previous sections.

A. Mixture of spin-parity states 0" and 1~

Let us use the notations s and p to denote spin-
pairty states 0 and 1. Since both spin-parity
states belong to natural series, the matrices *'p
and ‘~)p have dimensions 3 and 1, respectively.
They may be written

a d* e*
“o=[a b |, To=(g) (6.1)
e f ¢
where
a="p% =ps,

b=""pf =0,
c=t )pﬁ =oi -0y,
d="pf5=p%,
e="p=V2p0,
f=ph =2,
g=" AET T A
From non-negativeness of the principal minors,
we obtain

a0, b=0, ¢c=0, g=0, (6.2a)
ab=d|?, ac=|el?, bc=|f]|?, (6.2b)
abc+2Re(dfe*)zalf|®+ble|?+c|d|?. (6.2¢)

These inequalities then express fully the positivity
conditions. Suppose the states s and p are pro-
duced in a reaction TN— RN (with R standing for
both s and p). Then, the dimensionality » of the
unobserved spin space is 2, so that the Eberhard-
Good theorem amounts to taking the equality sign
in (6.2c). It should be noted that inequalities (6.2)
contain the positivity constraints on pure spin-
parity states. As for the s state, >0 implies
that pgg > 0. The physical domain for the p state
is contained in the inequalities ¥>0, ¢ =0, g=>0,
and bc>|f|2. They lead to the well-known rela-
tions

> el (6.3)
Poo(Phl = pT-1)>2| plg| 2.

In many decay modes, such as those into two
spinless particles, only the real part of p can be
determined owing to parity conservation in the
decay. The resulting density matrices Re'*’p and
Re'™p are again “positive”; however, the dimen-
sionality 7 of the unobserved spin space increases
to 4 (for the reaction 7N~ RN), so that the Eber-
hard-Good theorem imposes no constraint. The
positivity conditions in this case are obtained by
substituting the real part for all the complex pa-
rameters appearing in (6.2). Equation (6.2a) re-
mains the same, while (6.20) now reads

ab=dp®, ac=eg?, bc=fy? (6.2d)
and (6.2c) reads
abc +2dgfreg = afy® + bep® + cdy? (6.2e)

where the subscripts denote the real part.

In some model calculations, such as those in-
volving the mass-dependent angular analysis,® it
is possible to determine both the real and the
imaginary part of the s-p interference terms (d
and e), while only the real part f for the pure p
state can be measured. In this case, the mea-
surable part of the density matrix (+ )p is not nec-
essarily positive; the only way to obtain the ap-
propriate positivity conditions is to explore the
relations (6.2c) in the space of the unmeasured
quantity f; and find the extremum; from (6.2b)

ab=d|?, ac=|el?, bczfy? (6.2f)
and from (6.2¢c)
abc+2pg(de*)p +(de¥) 22 afg? +ble|?+c|d|?.
(6.2g)

Next, we give a parametrization of (*)p which
guarantees that it remains within the physical do-
main. Let

3
o= VaVE=(V,IV) (,5=1,2,3),

k=1
(6.4)

where | V,)=(V,,, Vi, Vis). Explicitly,

a=(V V), b=(V,|V,), c=(V,|Vy), 5)

A=(V,|Vy, e=(V |V, f=(V,|V,).
Then,

[V)=(5,,0,0),

[ Vo) =(y,6' %2, 3,,0), (6.6)

[ V)= (346" %, yee' %5, 35) .

Note that, if =2, the vectors |V,) are defined in
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2-dimensional space and y,=0 (Eberhard-Good
theorem).

With g=y,, the trace condition
trp+tr{p=1

translates into

7
Z%‘z:l
i=1

To guarantee this constraint, we reexpress the y;’s

in terms of the new variables x;:

V1%,
i=1
yi=]] -2 (=2,6), (6.7)
R=1
6
¥.= ] Q=222
k=1

where 0 sx; <1 for i=1,86.

Thus, we have found a new set of 9 independent
variables, x; (i=1,6), a,, o, and o, which
guarantee that (*)p remains within the physical
domain. If only the real part of (*’p can be de-
termined, the parametrization involves merely
setting o, =a,=a,=0 and requiring that -1 sx;s+1
(¢=2,4,5)and 0 <x; <+1 (i=1,3,6).

B. Mixture of spin-parity states 0"and 1~

We take up this example in order to illustrate
the case of spin-parity states with mixed natural-
ity. We shall again use the notations s and p for
0~ and 1. The reflectivity density matrices have
the form

u>p=<a e*>, (qp:<c f*>, (6.8)
e b f d

where
a="pti=pth
b= (‘\)pﬁ—pu [ A
=0 )ng) P »
a= p=pt+ot,

e_(+) ”“/_Pm’
f_( )pif) ‘/—2—910
The positivity conditions assume the form
az0, 520, c=0,
cd=|f|?.

d=0, (6.92a)

ab>|el?, (6.9b)

If only the real part of p is measurable, we may
simply replace the absolute squares in (6.9b) by
ex® and fg°.

We can parametrize G+ )p and (')p by setting

a=<V1|V1>, b=<V2|V2), e=<V1|V2>’
(6.10)
C:<W1|W1>’ d:<W2|W2>7 f:<W1|W2>,
where
IV1>:(y170)7 |V2>:(yzeia23y3)’

{W1>= (y4,0) 3 |W2> =(yseia5’ ys) .
From the trace condition we have the constraint

6
Zy,;2=1,
=1

so that in terms of the new variables x;

(6.11)

Yi=%y,
i=1
yi=]] (1 -%%)"x;G=2,5), (6.12)
k=1
5
ye - (1 -X )1/2
k=1

where 0 sx, <1 ((=1,5). Therefore, a set of sever
independent parameters x; ((=1,5), a,, and oy

describes fully the space of *’p and ‘~’p and guar-
antees that they remain within the physical domain

C. Mixture of spin-parity states 0" and 2*

We shall use the notations s and d for 0* and 2°.
Then the reflectivity density matrices have the
form

a ex fx p*

. e b g* p* _ I w*
()= , ¢ )p=< ,

f g c¢ v* w m
h p v d

(6.13)

where

()
P36 = Poo s

b= (+)dd poo:

—(+) ad dd
P11 = pll—pl -1

( dd
d= +)p22 P22+p2—-2’

<+)ptri); poo’

(+)
f="0%=V20%,
g_(+) dd \/—pm’

n=p =208,

P_(” \/_pzo:
(+)pgt1 Pat =Py,

l—( )pﬁ pli+pt-s,

m="" )ng pzz pgd—z ’
(=) jda

W=" "Pg = p21+pz -1
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The positivity conditions are obtained by setting
all the principal minors of ®p non-negative,

az0, b=0, ¢=20, d=0, 120, m=0, (6.14a)
* * *

a e >0, a f >0, a h >0,

e b f c h d (6.14b)
* * * *

b g >0, b p >0, c v >0, I w >0,

g c p d v d w m

a ex f* a e* hx b g* p*

e b g*| =0,

f g ¢ h p d p v d
(6.14c)

a e* f* n*

e b & Psy, (6.14d)

f g ¢ v*

h p v d

If » =2, inequalities in (6.14c) and (6.14d) become
equalities. If only Re (*)p are measurable, com-
plex variables in (6.14b), (6.14c), and (6.14d) are
replaced by their real parts; if ¥ =4 in this case,
inequalities in (6.14) remain inequalities (no
Eberhard-Good theorem). Note that (6.14a), the
fourth to seventh inequalities of (6.14b), and the
third inequality of (6.14c) together constitute the
positivity conditions for the pure states s and d.

We give, as an example, the parametrizations
of ‘*)p when 7=2. Let us write

ij:<Vj| Vi> (iyj:1’2,3y4)7
(_)p”:(leWi> (iajzlyz)’

(+ )p
(6.15)

where the vectors |V;) and |W,) are defined in
2-dimensional space. Then,

[V)=(y,,0),

[ Vo) =(3,€' %, y,),
[Va)= (946", 50 %),
[ V)= (vee %, y,e%7),
(W) =(95,0),

[ W)= (35" %, y50) -

(6.16)

In order to satisfy the trace condition,

10
Zin:I:
i=1

we define

yl xl’
i=1

3’;-=H(1~xk 2%, (6=2,9), (6.17)
R=1

Vo= I‘I (1- xk2)1/2 ,
k=1

where 0 <x; <1 ({=1,9). Therefore, the desired
parametrization is accomplished with a set of 15
parameters [x; (=1,9), a,, o, @, a4 @, and
ag]. If Im(“p is not measurable, we set the a;’s
to zero and let x; range from -1 to +1, except
X, %, and x; which are kept within the range 0
to 1.

D. Mixture of spin-parity states ; and ;“ (or pure state ;)'

A mixture of states involving fermions is some-
what simpler to deal with, for the analysis does
not depend on the naturality of spin-parity states
as was the case with bosons. The reflectivity
density matrices are 3 X3 matrices for either a
mixture of spins % and fora pure 2 spin state
regardless of the intrinsic parities involved; we
have merely chosen here the positivity-parity
states as an example.

Let us use the notations s, p, and d to stand for
5%, ¥, and 3*. Our first task is to explore the di-
mensionality # of the unobserved spin space. Con-
sider a reaction TN—- 1R, where R stands for either
sand p or d. Then we see that » =1. Next, con-
sider TN~ VR, where V stands for either a vector
or a pseudovector meson. Then we have » =3,

The reflectivity density matrices (”p have the
form

a d* e* g p* ’U*
“o=la b s |, o=l p n ow |,
e f ¢ v u e
(6.18)
where, for a mixture of s and p,
a="p3t=pi+int,
b="pth=ph—iph_,,

c=pf=phiptl.y,

a="pti=pli+inty,

e="pR=p+ipd,,

f=p8=pt—ipt”,
and the elements of { ”'p are the same as those of
t )p with the sign of the second terms reversed.
(We use the convention whereby the subscripts of
p stand for twice the z component of spin.) In the
case of a pure spin state d we have, in a compact
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form,

(&) dd _

p —p:‘,inii(—)(J—M)/z dd

Pn-m (@,7= 1,2, 3) ’

where n=2i -1 and m =2j - 1.
The positivity conditions are

a=0, b0, ¢=>0, g=0, =0, >0,

(6.19a)
ab=ld|?, ac=|e|?, bc=|f|?
’ ’ (6.19b)
gh=pl?, ge=|v|?, he=|u|?,
a d* * g p* v*
d b f* =0, |p h ux|=0. (6.19¢)
e f ¢ v ou e

[If =1, “equals” signs prevail in (6.19b) and
(6.19¢).] The positivity of a pure state s is con-
tained in @>0 and g =0, which may be written

=] pse_] . (6.20)
The positivity conditions for a pure p state are,
from (6.19a) and (6.19b),

e =lpt.,l,

p5=pl, (6.21)

R xipt )5 Fins =) > pilxipf,|?.

If only Rep?? are measurable, we have, noting
that p? (p?”_) is purely real (imaginary),

phi=0,

p20, (6.22)

P05 = (Reps,)® + (Rep, — )2 .

These relations follow from (6.21) if p?2, is re-
placed by Rep?’ .

Assuming =1, we now turn to the parametriza-
tion of (*)p. Again, we set

(+_)pij =(le Vi), (-)pij =<Wj| W
(¢,j=1,2,3), (6.23)

where |V,) and |W;) are vectors defined in one-
dimensional space,

V=03, [W)=()
I Vy)= (yzeiaz) s | W,) =( yseias) (6.24)
IV3>:(yseia3), |W3>=(yseia6)

and the x;’s which define y,’s are identical to those
given in (6.12). Therefore, the parametrization of
(+)p requires a total of nine variables, x; (i=1,5),
@y, @, @, and a,. Suppose now that only RepZ?,
can be measured. We have to deal with ('R only,
since (7& is related to ‘"®. Note that ‘"R is still
complex but that » =2 in this case. Therefore,

V) =(5,,0),
| Vo) =(9.6"%2,,), (6.25)
[ Vo) =(pe' %, y5e'%),
and the corresponding x;’s are as given in (3.10).
Thus, the parametrization of (*)p in this case in-

volves a set of seven parameters, x; (i =1,4),
a,, a4, and a.

APPENDIX: ANGULAR DISTRIBUTION

In order to illustrate how density matrices come
into the expressions for angular distributions, we
will take a concrete example of a resonance R
(produced via AB - RC) with spin parity a =(J, 1)
and a background with spin parity a’, both of which
decay into two pions plus a particle with spin par-
ity s"s. We choose this example because it en-
compasses not only a wide variety of known reso-
nance decays but also simpler two-body decays
with certain parameters set to zero."?

Let R=(a, B, y) be the Euler angles which de-
scribe the orientation of a 3-particle system
(S +m+m) in the helicity rest frame (z axis along
—C and y axis along the production normal). The
angular distribution in R can be broken up into
terms corresponding to contributions from spin
parity @, a’, and the interference between them,
viz.,

I(R) =) I"(R) (A1)

a,a’

with the normalization
f I(R)dR=1 . (A2)

The distribution I°'(R) is given in terms of the
density-matrix elements as follows'®:

I°'(R) = N;N s ples DIX(R) Diryo(R) FOLFOX,
(A3)

where A is the helicity of s and summation is im-
plied over repeated indices. N, is a normalization
constant,

2J+1 |1/
w=(5) (a4)

and F‘;x is the coupling constant with p signifying
the z component of spin along a body-fixed z axis
(thus u is a rotational invariant). If it is chosen to
be along the normal to the decay plane of (s +7+m),
parity conservation in the decay demands that

Fin=md=)""Fjx . (A5)

If R decays into a two-body system (s +7), the
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corresponding angular distribution is similar to that

that obtained by integrating (A3) over the angle 7.
Thus,

I°(Q) =27N,N,» i Dax(Q) D, \(Q) F4 F&'*,
(A8)

where Q=(a, 8, 0). Parity conservation in the
decay demands that

FS=m(=)""""'F%, . (A7)

The distribution (A6) shows that two-body decays
into (s +7) can be treated by effecting the following
substitutions in (A3): R-Q, N,—~(2m)'/2N,,

por u'—=2, and Fj, or Fyn—~FS. For this reason,
we shall henceforth consider in most instances
only the three-body decays into (s + 7 +m) for the
sake of simplicity.

It is convenient for certain applications to ex-
pand the angular distributon (A3) in terms of the
moments. A moment, which can be measured ex-
perimentally,

H(LMN) ={Dgy(R))
- f dRI(R) DEy(R) , (A8)

is a sum of “partial moments” which specify con-
tributions from each spin-parity state (or the
interference between different spin-parity states),
viz.,

H(LMN) =Y~ H™ (LMN) , (49)
a,a’
where
H'(LMN) = t34/* G2 . (A10)
The first factor is known as the multipole param-
eter, which is given by

4 2J'+1 L/2 ’
t:‘;,“( ) 2 P (T LM )
mm’

2J +1
(Al1a)
with the inverse given by
aal 2L + 1 )1 /2
P =2 ((2J+1) @7 +1)
M
Xt * (J'm’ LM| Jm) | (Al1D)

while the second factor is related to the coupling
constant,

Gy =3 'WLNITw) 3 Fia Pt (A12a)
PN

i

For the two-body decay (s +m),

Gz*' = 3 (J'ALO|JN) F§ FY* . (A12b)

A

The “partial” angular distribution (A3) now has a
simple expansion in terms of the partial moments,

AP (2—;}1) 2 H' (LN D(R) .

(A13)

Let us at this point consider the consequences
of parity conservation. The conservation in the
production process implies, from parity conser-

vation,
tgy=m/(=)F e, (Al4a)

and, from the hermicity of p,

’ 2J +1 1/2 -yt ’
t174=<*——2J+1> (=177 (=1)"¢g'% | (A14b)
while for the decay process, from (A5),
Giy=m'(=)¥ G, (A15a)

so that N is even (odd) if nn’ is even (odd). Under
the interchange of a and a’,

aa’ 2J+1 1/2 -y v
GL;=<m> (=1)77 (—l)N Gz,a_’; . (A15b)

If the decay is into two bodies (s +7), from (A7)
and (A12b),

G =m'(=)E G (A15¢)

under the interchange of @ and a’, G2’ transforms
as shown in (A15b) with N=0.

We have so far treated the problem of construct-
ing an expression for angular distribution (which
includes interference) in terms of the conventional
density-matrix elements. Our task now is to treat
the problem again starting from reflectivity den-
sity-matrix elements. For this purpose, it is
necessary to define a new rotation function, with
K =en,

“Dj,(R) =(eam|R|au) ,

which is related to the conventional D functions
via [see (2.3)]

(A16)

KDriu (R)= [D;,{“ (R) +*(=)T™™ Df,,,u (R)] 6(m) ,
(A17)
and the complex conjugation is given by
“DIX(R) =k(=)"** *"DI_,(R) . (A17)

Although they are not representations of the
rotational group, the new D functions have many
similar properties: They are orthonormal,
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[ ar i (R <02z, ) -

2J +1611J2 m1m25“1“2

By ik, - (A18)

From the fact that reflection eigenstates form a complete orthonormal set, one can easily show that

“1D;t, (R)“2D2, (R)= -

K3 I3m3hg

(ry T gy ko ymey | Kgdgmeg) (T ymydym, | Jam) “sDy3, (R) , (A19)

where the first factor in the right-hand side is a new type of Clebsch-Gordan coefficient (complex in gen-
eral) which is related to the conventional Clebsch-Gordan coefficients via, from (2.3),

(e T KoTym | K3J3m3> =2[(Jm Im, IJ3m3) +KH(=) 1T = m Ty ,Jsms)

+i5(=) 2T (T T, =y [ Tgmg) + k(=) 3T Tm T, | Ty = mg)] 60m ) 6(m ;) 6(m 5)

with a constraint,

Ky = KKy .

(A20)

(A21)

If this is not satisfied, the coefficient (A20) is identically zero. Using symmetry in the conventional
Clebsch-Gordan coefficients, the relation (A19) can be recast into a form more useful for our purposes,

’ ’ 2L +1
K nd * K J -
DI3(R) <' DY), (R) _L%(2 L+l

with k; =kk’*. Combining this with (A18) we obtain

K nd x K L I’ -
de DJ*(R) “LDjy(R) *' D1, (R) = ZJ 5771

For completeness, we give here two different sum
rules for the new D functions. These relations
follow from the completeness of spin states,

D “Dai(R) “Dyy(R) =5, (A24)

Km

and

> "Dy (R) “D(R) =810 1 - (A25)
'

We are now ready to give an expression for the
angular distribution in terms of reflectivity den-
sity-matrix elements. It reads

I"'(R) = NN, o “DJX(R) ¥ D3, (R) FiA FioX
(A26)

where k=e€en and k’=€n’, and summation over € is
implied. From (A23) we obtain the moment appro-
priate for this distribution,

Ky aa’(LMM =<KLD{]N(R)>
= enegs G (a27)

where the second factor is the same as in (A12)
and

aar* 2J'+1>1/2 € aa’ /v s

ke -<2J+1 ?;;n 0% k! T'm’ kLM | kJm)

(A28)

) (k" J'm’ kg LM| kdm) (J' ' LN |J ) “LDE¥(R) (A22)

—— (k' I'm kg LM | kIm) (J' W' LN |J ) . (A23)

r
with k;=kx’*=nn’. It can be shown that the above
quantity is simply proportional to the conventional
multipole parameters, viz.,

kLp3a’=2 0(M) t5y (A29a)
so that
KLE" (LMN) =26 (M) H* (LMN) . (A29D)

In terms of these moments the angular distributions
(A26) assume the form

. 2L +1 w?
I (R)=Z< e )“L “(LMN) “:D(R) ,
LM

(A30)

where «,=7nn’. Note that substitution of (A29b) and
(A17) into (A30) brings back the angular distribu-
tion (A26).

Finally, we discuss briefly the measurability
of p. Let us consider for the sake of simplicity
the decay of R into (s +7). Under certain circum-
stances,'” the phase of F} does not depend on A.
Then, if the overall phase of F3 is absorbed into
p’,’,{‘,,',:, we can set F3 to be real without loss of gen-
erality. In this case, it can be shown from parity
conservation in both the production and the decay
of R that

1°°(Q) +1%'%(Q) = 47N ;N Repins Re[ Dai(Q) D1 ()]
xF$FS | (A31)
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so that only the real part of pf,‘,,“,,’l: can be measured.

Note that F3 can be considered real in general if
s=0or s =3. Therefore, in these cases one can
determine only the real part of p. Since € is real

for bosons, it follows that only the real part of
‘phe.s can be measured; however, this does not
apply to fermions, since € is purely imaginary.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.

M. Ademollo, R. Gatto, and G. Preparata, Phys. Rev.
140, B192 (1965).

2p. Minnaert, Phys. Rev. 151, 1306 (1966).

SR. H. Dalitz, Nucl. Phys. 87, 89 (1966).

‘M. G. Doncel, L. Michel, and P. Minnaert, Nucl. Phys.

B38, 477 (1972).

SP. Eberhard and M. L. Good, Phys. Rev. 120, 1442
(1960).

€J. Daboul, Nucl. Phys. B4, 180 (1968).

"See, for example, S. M. Berman and M. Jacob, Phys.
Rev. 139, B1023 (1965).

83. Ascoli, private communication. See also J. D.
Hansen et al ., Nucl. Phys. B81, 403 (1974).

9K. Gottfried and J. D. Jackson, Nucl. Phys. 33, 309
(1964).

1M, Jacob and G. C. Wick, Ann. Phys. (N.Y.) 7, 404
(1959).

iwe use the D functions as defined by M. E. Rose,
Elementary Theovy of Angular Momentum (Wiley, New
York, 1957). '

12M. G. Doncel, P. Mery, L. Michel, P. Minnaert, and
K. C. Wali, Phys. Rev.D 7, 815 (1973).

13p. R. Halmos, Finite Dimensional Vector Spaces
(Princeton Univ. Press, Princeton, N.J., 1942).

1G. Grayer et al. [Nucl. Phys. B50, 29 (1972)] give this
result for the special case of a 0%, 1~ density matrix.

B, L. Trueman, in proceedings of the Workshop on
Physics with Polarized Targets, Brookhaven National
Lab., 1974 [BNL Report No. 19741 (unpublished)].

16M. Aguilar-Benitez, S. U. Chung, and R. L. Eisner,
Phys. Rev. D 6, 11 (1972); S. U. Chung, R. L. Eisner,
and M. Aguilar-Benitez, Phys, Rev. Lett. 29, 1570
(1972).

IThis section is essentially a generalization of the treat-
ment given by S. U. Chung, CERN Report No. CERN
71-8, 1971 (unpublished).




