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The problem of interference effects in “cascade’” decays of multimeson resonances is discussed ; that is, de-
cays of the form X » ¥+ (# mesons) followed by ¥ — (. mesons). Interference effects occur whenever there
is more than one way to form the state ¥'4-» mesons out of the final (#-+#)-meson state. For example, there

will be interference between the two modes

ot
40— {
o+t

} — a0,

This case is discussed in detail, and results are presented for the B-meson decay. The effect of experimental

resolution is evaluated.

I. INTRODUCTION

N recent publications, evidence has been reported for
the existence of two new resonances tentatively
called 4 and B.}? Their principal decay modes are

At — 40— wt ot
Bt — rt+w— rwttat+at4a.

The determination of the quantum numbers of
multipion resonances has been considered by many
authors.?® Practically all these tests are based on angular
correlations among the outgoing pions. However, the
observation that in both the decays in (1.1) there are
two identical particles raises the possibility of observing
interference effects which could be helpful in estab-
lishing the quantum numbers.*

More generally, we shall discuss in this paper the
problem of interference effects in “cascade” decays of
multipion resonances; that is, decays of the form

X—>Y+nur

1.1)

(1.2)
followed by
Y — mr.

Interference effects exist whenever there is more than
one way to form the state Y+4#ur out of the final
(m~+mn)w state; they are not confined to cases in which
there are identical particles. For example, if the 4 has
I'=2, there will be interference between the three modes

pt+7—
AV — p—+1r+} — ot +x0.
R

(If the 4 has I=0, the last mode is forbidden.)
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For the sake of clarity, we proceed directly in Sec. II
to the discussion of the specific example A+ — 7o
In Sec. III the influence of the experimental resolution
on the observation of interference effects is considered.
We show that it is impossible to observe these effects
unless the resolution width is less than or comparable to
the decay width of the particle Y. The width of particle
X can be large, but in this case one must be careful to
plot the data as a function of suitable variables. In Sec.
IV we consider the decay Bt — #t+w. In the Appendix
we discuss the general tensor methods used to write
down correct amplitudes for the processes (1.2).

II. INTERFERENCE EFFECTS IN THE
DECAY A+ — wt4-o°

In the decay A*+— nt-+p° interference effects occur
between the two possibilities A+ — T4 p° — wot
+7and 4 — wet40% p° — 7t 47— We shall evaluate
these effects for all spin and parity values through J =2,
and for the two possible values of the isotopic spin
I=1, 2. We follow the usual procedure of writing down
the simplest decay amplitude consistent with the
quantum numbers assumed, paying particular attention
to the requirements of statistics. The results can con-
veniently be expressed in terms of the density distribu-
tion on the Dalitz plot of the 4 decay. The plot shows
two p bands, with the interference effects occurring in
the region where the bands cross.

A. The Isospin Matrix Element

A properly symmetrized decay matrix element can be
formed from the sum of three terms represented dia-
grammatically in Fig. 1. The indices 7, j, & are the
isotopic spin indices of the pions in the Cartesian
representation, and are related to states of given charge
in the usual way:

—V2[+)=[1)+i]2),
10)=13).

(1962), by R. H. Dalitz and D. H. Miller, Phys. Rev. Letters 6,
562 (1961); and by C. Zemach, Phys. Rev. 133, B1201 (1964).
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Fic. 1. The three possible modes of the decay 4 — w+p — 3m.

Consider first the case /4=1. Then the isospin part of
the matrix element for the diagram in Fig. 1(a) is
formed by first combining pions 2 and 3 into a p meson
with isospin index 7, giving a factor 7ez;» (we place bars
over indices of incoming particles) ; then combining the
p with pion 3 to form the 4 (isospin index @), giving the
additional factor 7ez,:. The result for this diagramis then

P(s1)M1,23(8a;0ix—8axb:j) , (2.2)

where M 1,23 is a function of the momenta appropriate
to whichever J¥ is considered, and where P(s) is the p
propagator. Bose statistics require that My = —M1,s.
We use the notation

s1= (patp3)*,
s2= (p1t+p3)%,
s3= (p11p2)*.
The complete matrix element of Fig. 1 is then
M= P(s1)M1,23(8a;0:r—8ardij)
+P(52)M2,13(5Ei5jk_6&k6ij)
+P(s5) M3, (0a8:x—0a:djr) . (2.4)

Evaluating this for the charge configuration A+ — 7+
+mt+7~, we obtain the result

M=M1,23P(Sl)+M2.13P<s2) b)

which is shown diagrammatically in Fig. 2.
Proceeding in the same manner for the case I 4=2, we
find for Fig. 1(a) the result

I:%(ieajkaiz_{"iel_zjkaiﬁ) “‘%6EBieijk]P(S1)M1,23 y (26)

where a, b are the isospin indices of the 4. The fact that
this matrix element contains only 7,=2 follows from
its being traceless and symmetric in ¢ and b. The com-
plete matrix element M is again the sum of the contri-
butions of the three diagrams of Fig. 1, and the result

(2.3)

(2.5)

T~ Ty Ty T- Ty Wy
\P3 /P2 / Py \P3 /P /P2
\, // A4 //
/ / Fic. 2. The two possible
Po + modes of the decay 4+ — #+
Ay Ay

+p0 = wt 4wt

FRAZER, FULCO,

AND HALPERN

for the charge configuration A+ — wt+mst+7 is the
same as the previous result, Eq. (2.5). This result could
indeed have been written down without going through
the preceding isospin formalism, since we know that
regardless of the isospin of the 4, the matrix element
must be symmetric under the interchange of the two =+
mesons.

More complicated cases can occur, however. Consider,
for example, the decay A° — wt+r+° Let the indices
1, 2, 3 refer to the =+, 7, and #°, respectively. If I4=1,
then Eq. (2.4) gives the result

M =My,23P(s1)+M2,13P(s2) . 2.7

The absence of a term M3, 2, reflects the fact that the
decay 4°— p’+70 is forbidden if 74=1. This should
provide a good test for 7 4. If 74=2, the result is

M=M1,23P(31)—M2'13P(S2)+2M3,21P(83) . (28)

Note that the sign of the interference between the first
two terms is opposite to the sign for the case I,=1.

B. The Spin Matrix Elements

For each possible J* value of the 4 we shall use for
M, 03 the simplest expression consistent with the as-
sumed quantum numbers. Pions 2 and 3 are combined
to form a p, giving a factor e, (p2—ps). Then the ap-
propriate expression is written down for the 4 — p-+n
vertex. Finally, the sum over polarization states of the
p is done. The results are shown in Table I, where we
have introduced the notation A=gp;+po+ps. The
quantities P,... are tensors formed from the production
variables, and satisfying the conditions of transversality
(4#P,...=0), tracelessness, and symmetry, in all their
indices.

For the p-meson propagator P(s) we choose the
following convenient normalization of the Breit-Wigner

form:
(Tp/m)M2

—_— (2.9)
s—m, 241l

P(s)=

C. The Dalitz Plot

The most convenient variables to use for displaying
the interference between the two terms in Eq. (2.5) are
s1 and s2, which are the standard Lorentz-invariant
Dalitz plot variables. The physical region in the sis2
plane is given by the inequality

s18e83> M2 (W 42— m.2)?, (2.10)
where s3, defined in Eq. (2.3), is related to s; and s2 by
S1+32+53=W‘42+3m12. (211)

The quantity W, is the invariant mass of the three
pions. We reserve the notation m 4 for the center of the
A-meson peak. The density of events in this region is
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TaBLE I. The simplest matrix element for various values of JP
for the decay 4 — m1+p followed by p — ms+ms. The quantities
P,... are tensors formed from the production variables.

JP 1 A — p+, vertex M, 23

0~ 1 € 1 (p2—p3) - pr=3(s3—52)
1+ 0 e, P (pa—ps3)-P

1+ 2 (€5 1) (P+$1) (p2—p3) - p1(P- 1)

1- 1 euncPre, pirA e eunoPPpr"patps”

2- 1 Pprre,"Puy P1#(p2—p3)"Puy

2+ 2 PraPeune,"prrA e PraP e napr’pat ps”

proportional to Z, where

= / A p1d4ped (P12 —m2)8 (p2 — m?)
X[ (4 —p1)*—s1J6[ (A—pa)*—s2]
X[ (A—pi—po)2—m2] | M|2. (2.12)

Evaluating this expression in the rest frame of the 4,
one obtains

Z=(n*/4s4)F (s1,52) , (2.13)
where .
S _ 2
F(S1,Sz)—87r2 /dﬂld.ﬂz(?(lf costiz) | M |2, 2.14)
T=2p1p YV =51+ 50— W 42 —m,*+2E 1 E,,
and _
Ei=W 2+m2—5.)/2W 4. (2.15)

The quantity E;is just the energy of pion ¢ in the 4 rest
frame. For M =1, one finds F=1, the familiar fact that
phase space is uniform over the Dalitz plot.
Substituting Egs. (2.5) and (2.9) in the definition of
F, Eq. (2.14), we arrive at the following expression:

F(S1,Sz) =D(S1,52)5(51—m92, Pp)+D(S2,51)5(52“mp2; I‘,,)
+ 24T ,I (51,528 (s1—m 2 T',)

X(s2—m2 T)A(s1,52), (2.16)

where

1
D(S],Sz) = E—;; /dﬂldgza (Y— COSglz) (M1,23)2 ) (217)

1
I(S],Sz) =é— /d91d925(Y—c03012) (M1,23M2,13) . (218)

2

We have also defined the resonance function

(X, I)=({/m)/(X*+T?, (2.19)
8(X,0)=5(X). (2.20)

The correction factor A(sy,s2) is given by
A(sy,s2) =14 (s1—m,2) (sa—m 2 /T 2. (2.21)

The second term is negligible unless D(sy,52) or I(s1,52)
changes by a large percent of its value over an interval
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TasLE II. The direct and interference terms in 4-meson decay, to
be used in evaluating Eq. (2.22).

JP !
0~ 1 D(s1,52) = (s3—52)?
I (51,52) = (s5—52) (53— 351)
1+ 0 D(s1,52) =4p2+pi2+-27
1(51,52) = 2p22+2p12 %T
1+ 2 D(s1,52) =2p:2(s3—52)2
I (s1,82) =7(s3—52) (53—51)
1~ 1 D(s1,52) =4p:2p2—72
I(s1,52) = —4p2p2+2
2- 1 D(s1,52) =2p1*+47p:2+6ps2p2+ 472
I (51,52) =5pips*+ (5/4) > +27 (pi>+-p2?)
2+ 2 D(s1,52) =2ps* (4pi2p2 —77)

I(s1,52) = —7(4p?p2— %)

of width T',. Since D and [ are in general slowly varying,
we set A=1 hereafter, and evaluate variables multiplied
by a & factor at m,?, obtaining

F (31752) =D (m92)82)5 (S1 - mp2; Pp) +D(mp2,sl)
X8(se—m,?, T )+ 2aT 1 (m,2m,?)

XO(s1—m 2 Tp)d(se—m2 T,). (2.22)

This expression has a simple physical meaning : The first
two terms give two p bands on the Dalitz plot, corre-
sponding to the two decay modes A+ — pt+m+ and
A+ — pt+mst; the last term, resulting from the inter-
ference between these modes, contributes significantly
only in the region where the two bands cross. Outside
this region the two =+ are distinguishable, since it is
possible to say which one came from the p decay. If the
unstable particle is long-lived, the interference effect is
important only over a small region of the Dalitz plot,
and very good experimental resolution is required to
observe it. We shall discuss this point in more detail in
the next section.

In Table IT the functions D(sy,s2) and I(sy,s2) are
given for the various J* considered. The quantity p2 is
the square of the three-momentum of pion ¢ in the 4
rest frame, p#=E 2—m.?. The normalization of D and I
in Table IT is arbitrary ; i.e., constant factors common to
D and I for a given J¥ have been removed.

Before these results can be compared with the experi-
mental data for a broad resonance such as the 4, it is
necessary to perform an integration over the mass
spectrum of the 4; i.e., to calculate the quantity

mAt+Lag
/ F(sl,sz,WA)a(WA—mA, PA)dWA y (223)

mA—LA

where L4 is the half-width of the region about m 4 from
which events are taken.
Note that the interference effects are maximal for the



B 1210 FRAZER,

Arbitrary Units

| | | | | | | |
10 20 30 60 70 80

0 %50,
s,in units of my

Fic. 3. Distribution of density of events expected along a
p-meson band, se=m,2 in the Dalitz plot of the decay of the R
meson (see Ref. 6), for the 1~ quantum number assignment. The
solid line neglects the effect of experimental resolution, while the
dashed %ine is the result for a resolution full width of 25 MeV (see
Sec. III).

0~ and 1~ cases; constructive for the former, and de-
structive for the latter. The interference effects, as well
as the significant variation of the matrix element, can be
displayed by plotting the variation in density along a p
band; i.e., F(s1,m,2). This plot, for the 1~ case, is shown
by the solid line in Fig. 3. Graphs of all the J¥ we have
considered can be found in a recent paper by Lander
et al.b

III. EXPERIMENTAL RESOLUTION

We have thus far idealized the problem by assuming
that the experimental resolution width is small com-
pared to the decay widths of the particles X and V. We
shall now investigate the effect of relaxing this restric-
tion. Assume, for simplicity of subsequent calculations,
that the resolution function is 6(x—xo, R), defined by
Eq. (2.19). That is, if the true value of some variable x
is xo, the observed variable x will be distributed ac-
cording to the probability distribution §(x—x,, R), with
a resolution width R. Then a given theoretical prediction
f(x) will be “smeared” by the experimental resolution
into its “resolution transform” f(x), where

f(x)E./m dx'8(x' —x, R) f(x). 3.1)

By contour integration we find that the resolution
transform of a Breit-Wigner function representing a
resonance of width T is itself a Breit-Wigner function,

but with width '+ R; that is,
8(x,I')=68(x,T+R). (3.2)

5 R. L. Lander, M. Abolins, D. D. Carmony, T. Hendricks, N.
H. Xuong, and P. Yager (to be published).
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The density of events F(si,s2) in the p bands of the
Dalitz plot for 4 decay, given by Eq. (2.22), will be
changed by the resolution into the function (sy,s2),
where

F(S1,52)=/ dS1/dS2,5 (sl’—sl, R)

X8(ss'—s9, R)F(s¢,s9").  (3.3)

If one then assumes that D(s,s2) varies slowly enough
that it can be taken to be constant over a region of the
size of the resolution width one obtains

F<51;32) =D(m,,2,32)6(s1——m,,2, FP+R)+D(mP2’s1)
X8(sa—m,?, T p+R)+27T I (m,’;m,?)
X8(si—m,2, T ,+R)o(ss—m,2 T,+R).
In order to see the effect of the resolution on the ob-

servation of the interference term consider the density
along a contour following one of the p bands,

I

1
F(si,m 2)=——<[D(m 251+ —
R T (si—m 2

r,
><[D(mp%mf)+2;I(mp2,mp2)]}, (3.4)

where I'=T,4+R. Note the factor T',/T” which multi-
plies the interference term. If R>T',, no interference
effects can be observed, as one would expect. Figure 3
shows the effect of typical experimental resolution in the
favorable case of R — w4 p. Figure 4 shows the effect on
the unfavorable case B — 74w to be discussed in the
next section.

Even in a favorable case such as 4 — m+p where

Arbitrary Units

| | |
50 60 0

10 20 30 40
syin units of my?

F1c. 4. Distribution of density of events expected along an w
band, s;=m.2, in the decay of the B meson, for the 0~ quantum
number assignment. The solid line neglects the effect of experi-
mental resolution, while the dashed line is the result for a resolu-
tifoilsfull width of 20 MeV, and a band half-width L (see Sec. III)
o MeV.



INTERFERENCE EFFECTS IN
I')<R, the interference effects can be obscured if
statistics force one to look at a broad band about
se=m,2 If we integrate Eq. (3.3) over a band of width
2L about sy=m,?, we find

1 mp2+ L
— F (s1,52)dss
2L mp*—L
=U(L,I")D(m,?s1)+8(s1—m,2 I)
X[D(m2m2)+2al,U (LT (m2m,2)], (3.5)
where
U(LY')= (1/xL) tan*(L/T"). (3.6)

One can see from these equations that the interference
term becomes small when Z>T,.

IV. CHOICE OF VARIABLES

We have seen how interference effects are smeared
out when the resolution becomes comparable to the
width of particle V. The width of particle X has, on the
other hand, no significant relation to the observability
of the interference effects, as long as the Lorentz-
invariant mass variables s; and s, are used. Often, how-
ever, one displays the data by means of the Dalitz plot
in terms of the energies E;, E,. The purpose of this
section is to point out that such a choice of variables
obscures the interference effects unless X is a very
narrow resonance. The reason is evident from Eq.
(2.15) which gives the kinematical relation between s;
and E;. The quantity W4 enters into this relation.
Therefore, the width of the 4 will make the p peak in the
variable E; appear broadened. To evaluate the effect
quantitatively we must express §(s;—m,% T',) in terms
of E;and W4, then integrate over the 4 mass spectrum.
Evaluating slowly-varying terms at the peak of the &
function we find

1 T,
3(s1—m,2, I‘,,)z—*a(WA—Wl, —~) , (41)
2E 2E

p n

where E, is the energy of the p in the three-pion c.m.
system,

E,=(sat+mz2—m%)/2W 4, 4.2)
and where

Wi=Ei+ (m24+E2—m2)V2, 4.3)

Integrating over the mass spectrum of the 4 we obtain

0 ]_ T
/ AW (W s—ma, FA)—a(WA—Wl, —1)
. 2E 2

3 I3

1 T,
=~'5(MA— Wl, PA+2—-)

2E, »

1
=—0 (EI_EO) 7p+'YA) )
ZmA

(4.4)

MULTIMESON RESONANCES B 1211
To W T4 Mo W- T4
\\94 |P3/P2 T+ \Pa P3P T+
\ |/, /’p] \\ | // /92
/ /
F16. 5. The two possible W/ /
modes of the decay Bt — =t +
4w — 7rt a4
Bt Bt
(a) (b)
where
Ey= (mA2+m,,2—m,,2)/2mA s (45)
and where
'y,,=I‘,,/2mA, 'yA=(1-—E,,/mA)I‘A. (4.6)

The width of the p in the variable £, is thus v,+v4. For
the case of an 4 meson of width =350 MeV, the term
v4 is about twice the “natural width” v,. The band
structure of the Dalitz plot in E; and E, will be almost
completely obscured.® One would expect that inter-
ference effects will also be obscured, and a detailed
evaluation shows that this is indeed the case. We shall
not reproduce this evaluation here, since the difficulty
we are describing in this section need never occur as long
as the Lorentz-invariant mass variables are used.

V. THE DECAY Bt - xwt+w

The existence of two possible decay modes of the B+,
namely, Bt — rt4w; w — mst4+7"+7° and Bt — 7ot
+w; w— w7 +a0; gives rise to the possibility of
interference effects in a manner similar, in principle, to
the one described in Sec. IT for the decay of the A+
meson.

The fact that one has to consider now four pions in
the final state, however, makes the calculation of the
interference effects a somewhat more difficult task.
Also, the choice of the best set of variables in which to
plot the data to show those effectsis not straightforward.

In order to clarify the steps we followed in our calcula-
tion, we shall present first, in some detail, the case
corresponding to the decay of the B+ if it had quantum
numbers JF=1+. The generalization for the other
possible J¥ assignments is straightforward and the
results, only, will be shown on Table 4.

Since the B* meson is an isotopic vector, the relevant
isotopic spin vertex operators are simply 83;, for the
diagram of Fig. 5(a) and 83, for the case of Fig. 5(b).
Therefore, the total matrix element for B+ decay is

M=P(s)My 036+ P(s2) M2 134, (5.1)
where

$1= (patpstp4s)?,

(5.2)
s2= (prt+pstp4)2.
6Tt appears that the 4 is not this broad, but is really two
peaks: S. U. Chung, O. I. Dahl, L. M. Hardy, R. I. Hess, G. R.
Kalbfleisch, J. Kirz, D. H. Miller, and G. A. Smith, University of
California Lawrence Radiation Laboratory Report UCRL-11371,
April 1964 (unpublished)
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P(s;) are the @ meson propagators corresponding to
each diagram and M ,,p.q is a function of the momenta
appropriate to the J? considered. Then |M|? can be
shown to have the same form as Eq. (2.16) exchanging
T, for T, everywhere. This fact makes it clear that a
convenient set of variables to plot the data is the plane
(s1; 2), in complete similarity with the case of the A+
decay. In this plane the interference effects will show in
the region where the two w bands cross.

The B* decay rate is proportional to

I1 dpd(p2—m.)

=1
X8 (prtpatpstpa—B) | M|2. (5.3)

Following the procedure described in Sec. IT we shall
use for My, 234 the simplest expression consistent with the
assumed quantum numbers. Pions 2, 3, and 4 are com-
bined to form the w giving a factor

Sa= €aprsp2lps?pd’.
Then for JP=1+(}=0) we have:
Mi934=P-f,

where P is a vector associated with the production
variables of the B+ and having the property P-B=0.
Then

M=58(s1—m.?, T'a) €aprsP*pPpsTps’
+8(s2—ma? To)eapraPprPps™ps’.
Now the part of | M |2 contributing to the direct term
D(s1,50) is
| M p|2= €apysPopolpspsdeunoPipa’ps’pa®.  (5.7)

Defining Q= ps+ps and K=3(p3— p4) one can integrate
over d*Q and d*K obtaining

(5.4)

(5.5)

(5.6)

™ (534— 4m,,2)3/2
21): '—‘2_4 /d534d51d52~—_6(51,32,534) y (58)

334)1/2

where

G (51,52,534) = / A p1dipad (P2 —m )8 (Pt —m4?)

X[ (B—p1)*—s116[ (B— p2)*—s:]
XL (B—p1—p2)*—s34]X®,
D= €apys€uye PP PP po? (B— p1)?
X (B—p1)°.

(5.9

(5.10)

Evaluating ® in the rest frame of the B* one obtains

O=— P51+ 2(P- p1) (P p2) (B—p1) - p2
+m(P—p1)*+s1(P- p2)°

+PL(B—p1)-po . (5.11)

FULCO, AND HALPERN

TasLE III. The simplest matrix elements for various values of
J? for decay B — m1+w followed by w — me+m3+ms. The quanti-
ties P,... are tensors formed from the production variables. The
vector "B is the four-vector associated with the B and f, is defined
in Eq. (5.4).

JP l Matrix element
0~ 1 Pl“fn

1- 1 euna fPP"p1* B
1 0 Prfy

1* 2 (Pupr¥) (1715)

2- 1 ?l“f”Puv

The integral can now easily be reduced to

71
G(S1,Sz,534) = /dﬂldﬂza (ﬁl'ﬁz— Y)q), (512)
SB 8T
where
z=2171P2Y=81+52—W32—534+2E1E2: (5 13)
E;=(WgHm2—s,)/2Wp. '
Finally one obtains:
96 Zp 1 3
D(sy$9)=——————=—173 D.X,, (5.14)
P2 dSBdSﬂiS‘z Sp n=l1
where’
(x—-4m #2)302
X, / ———g (5.15)
x172
D= —m1,231+E22(WB_E1)2+%(mr2pl2+311’22)
—l—éEz(WB—El)O'—I— (5/12)0’2,
(5.16)
= —‘—Ez(WB—El)—gtT
D3= 5/12 y
and
0’=31+82'—SB+2E1E2. (517)

In a completely similar way one can calculate the
interference term I(sy,52). Then the final expression is
obtained simply using Eq. (2.22).

The physical interpretation of this formula is similar
to the case of the A+ meson as described in Sec. II. Of
course, here also, due to the fact that the width of the

7 The integral of Eq. (5.15) can be done analytically, obtaining

Ly

Xn= Eo(As"m#(""”x‘)E —44 ¢"m,2" 1oy,
8

L
n= [L+”2— (L+—4m,2)”2]/[L_1’2——
E=[x(x—dm,H ]2,

An"=1/("+1)7

Apyr=~—22n+3)/n(n+1),

Apom=12/n(n+1) (n—1),

IX4 ™ s+ (s+8) - - (n—

m+1)nnm—1)---(s+1)

(L__4m72) 1/2]’

3
4= L2 for n>s42.
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TasLE IV. The functions D;(s1,s2) and I;(s1,52) for the different values of J¥ considered.

JP ! D(s1,52) I (s1,52)
0= 1 Dy =pi?p2— }o? Ii=—D
Dz = %0' 12 = —'Dz
Dy=—% =—D3
1- 1 D1=%p12{s ( 2m 2 L= —03/24+U2/12(E1Ez—SB)+0'[SB(’WL7,2—E1E2)+p12p22]/6
FAL2Es (W pm Fr) 4o ) —s10%/12 — a3
De=30s1— 50?2 2L:(W p—E1)+0] I2=0%/24+(sp—ma?)o/6+[sp(Er1lla—ms2) —pi2p2]/6
D3=%p12—1231 13=[0—2E1Ez+4mz—25‘5]/24
Ti=—1/24
1+ 0 D= —mats1+ER(W p— E1)2 4% (ma2p2+s1p:2) I1=—%(sa—s1—52) (sB—2m+2) + (W E1—m,?) (W pEs— m.?)
+5E:(W p— Er)o+(5/12)0® apl2(WBE2—m7r2) +3p2(WE1—m4?)
Do=—4E,(Wp—Fy) — o F30[W p(E1+E2) —2m42]
D3;=5/12 =—5(25B—2mo2—s1—52)+ [0 — W B(E:+ Ep) +2m,2]
13 =-—5/12
1+ 2 Di=p2(p’p2— 10 /3 I1=0(o2—4p:?ps?) /24
Dy=0p:i?/6 Iy=pi’p?/6—0/8
D;=—p?/12 I3=0/8
I,=—1/24
2~ 1 D =A 102+Bla+C1 o3 ( ) F1Fz:| p12p22E1E2
_ B I1=———+g? sg—2m.%)+—— [+——-—
Dy=—2410—B; 240 15 120 10
D;=4,
_ p1%p? pi?ps? EiE,
Ay=(18p*+s1)/120 (sB—Zm,,ﬂ)—!—cr{ - —(sp—2m.2)
B1=(7/15)p2Ey(W p— E1) 0 20 12

Cr=p2[4m2p:2+3s1p22 — 10m .25,
+10E22(W p— E1)*]/30

+§(WEr—ma2) (W sEs—m+?) +1/15[p2 (W pEo—m.?)

+p22(WBE1—m,,2)]}

19 2(sp—mz2) Eil;
Li=——a'—o| ————— |+
15 10

E\Ey
——(sp—2m,?)

pi’p2?

60

1
—El:m2 (W BBy —m?)+p (W sl —m.?) 1+

— (W gEs—m %) (W pE1—m.?)
7  sp—2m.2 11
I3=——0+-———+—FEF,
48 15 120

1,=17/240

Bt is about 100 MeV one has to perform an integration
similar to Eq. (2.23) in order to compare this result
with the experimental data.

In Table ITI we give the form of the vertex operators
corresponding to the different J? values of the B*
considered in this work. Finally, in Table IV we show
the results D(s1,s2) and I(s1,ss) obtained for those
quantum numbers.

As mentioned at the end of Sec. II, one can in this
case, plot the variation of density along an w band; i.e.,
F(s1,m.%), to compare with the experimental data. The
results are shown in Fig. 4.

APPENDIX

In this appendix general methods are given for con-
structing the decay matrix elements for the cascade
process

X—->Y4Z,
Y —mr,
Z—nw.
The particles X, ¥V, Z, and = have integral, buto ther-

wise arbitrary spin and isotopic spin. Tensor methods
will be used in the construction of the required invari-
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ants in space-time and in isospin space. The particles
X, 7, and Z are assumed to have spins .S,, S,, and .S,
parities 6, 6,, and 6,, and isotopic spins 7, I,, and I,
respectively. First the decay of X is discussed and then
the decays of ¥ and Z including symmetry effects.

The isotopic spin I of a particle will be described by
an Ith rank tensor in isotopic spin space, symmetric and
traceless in all indices. Such a tensor has 37 components.
However, if two components can be transformed into
each other by a permutation of the indices, they must
be equal by the symmetry requirement. Each index
takes on only the values 1, 2, and 3 and so the com-
ponents may be classified by the number of 1’s, 2’s, and
3’s. Those with the same distribution of 1’s, 2’s, and 3’s
can be permuted into each other and are equal. Of the I
indices ¢ may be 1, where ¢ is any integer from 0 to I;
of the remaining 7 —a, b may be equal to 2, where b is an
integer from O to I — @, and the remaining 7 —a—b must
be equal to 3. Thus there are

~
|

a

1

0

M~

c=

I
)
o
I

=({+1)(+2)/1X2,

independent components in a symmetric tensor of rank
1. The trace of such a tensor with respect to any pair of
indices is the same and is a symmetric tensor of rank
I—2. The trace has (/—1)I/1X2 components and
must vanish thus imposing (I—1)I/1X2 conditions on
the original tensor. The total number of independent
components is then

(I+1)(I+2)/1X2— (I—1)I/1X2=2I+1

as was to be expected.

In a similar way the spin .S of a particle will be
described by an Sth rank symmetric, traceless, trans-
verse tensor. This tensor has 4% components of which
only (S+1)(S42)(S+3)/1X2X3 are independent by
symmetry. The requirement of tracelessness imposes
(s—1)s(s+1)/1X2X3additional conditions. Thisleaves
(s+1)? independent components. Transversality is the
requirement that the scalar product of the momentum
vector of the particle with any index of the spin tensor
vanish. This condition is obvious in the rest frame. This
gives an additional S? conditions on the symmetric
traceless tensor since the contraction leads to a sym-
metric traceless tensor of rank .S—1. The total number
of independent components is (S41)2—5%=25+1.

The spin tensors for X, ¥ and Z are denoted by £, 7,
and ¢ and the isospin tensors by «, ¥, 2. The indices will
be suppressed as much as possible. The momenta of the
particles X, V, and Z are p+g¢, p, and ¢. The decay of X
into ¥ and Z is described by constructing a scalar in
isospin space from =, y, and 2z, the Levi-Civita anti-
symmetric three-index symbol e;;x and the Kronecker
8:;. Since there is only one way to add three angular
momenta to get 0, provided they satisfy the triangle
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inequality, the result is unique. The spatial part of the
matrix elements is made by constructing a scalar or
pseudoscalar from the tensors £, 5, and {, the vectors p
and ¢, antisymmetric four-index symbol e and the
metric tensor 6. There are now more materials to work
with and the answer is no longer unique. Only the
simplest scalars (fewest powers of p, ¢) will be exhibited.

The following standard terminology of tensor algebra
is used: the tensor product ¢ of two tensors a;;...;, and
bgyeeaqq 18

Cijeenipfponcjs™— ail...irbh‘.‘j, .

Contraction of a pair of indices means equating them
and summing from one to three or one to four with the
appropriate minus sign.

The isotopic spins /,, [,, and I, must satisfy the
triangle inequality

Ily_IzlSI:vSIy_,_lz;
so that
2v+1 case (i)
]y+lz'_'lx= 5
2v case (ii)

where »>0. In case (i) make the tensor product of y, z,
and e and contract an index of y and one of z with two
from e. In case (ii) make the tensor product of yand z. In
both cases » indices of y and » indices of z are contracted.
The remaining indices of y and z and, the ¢in case (i), are
contracted with the indices of x. If I,>1,, z must have
enough indices to do all the contractions with since

2+1 (i)
Izzly_lxélz—l_{ )
2v (i1)
IZZ{V-I-% @) '
v (i)

Several examples are given below.
(a) Iley: Iz= 1 L€YY i3k,
(b) I,=2,1,=1,1,=1: x;y:z;,
() I.=1,1,=21,=1: x:y.3;,
(d) Iz= 1, [1,=Iz= 2: Xi€ikY;1%k1,
(e) I,= 5, Iyzs, I1,=3: xabcdeyijklmqureipaabjackalqamr .
The spatial part is constructed similarly, except that
Sz, Sy, and S, do not necessarily satisfy the triangle
inequality. If they fail to satisfy the triangle inequality
the deficit may be made up by using the momentum
vectors p and ¢. This is equivalent to derivative cou-
plings in field theory. There are three cases to consider

depending on the relative magnitudes of .S, S, and S..
These are

0<8,—S.<S5,<S,+S,
S.<Sy—S,
$.>S8,+S,

case (i) (Triangle region)
case (ii)

case (iii).
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In the triangle region the same procedure as was used
with isotopic spin may be used. If an e is required
(Sy+S:—S5 odd) then the fourth index is contracted
with (¢4-p) which is just the X mass in its rest system.
This result corresponds to no orbital angular mo-
mentum, and is only suitable if the intrinsic parity of X
is the product of the intrinsic parities of ¥ and Z. If this
is not the case a p-wave V, Z matrix element may be
constructed by introducing one factor of ¢—p. Since
there is one unit of orbital angular momentum S, the
total angular momentum of ¥ and Z may be found by
combining the spins 5 and { to S,—1, S, or S,+1, and
then adding the unit of orbital angular momentum to
give the required total .S,. Some of these three possi-
bilities may fail if S,=0 in which case only S,41 is
possible, or if S,—1<|.S,—S.|, etc. The values S,—1,
Sz, and S,+41 are constructed by the previous prescrip-
tion. The resulting tensor in each case is symmetrized.
In the case S,—1 the tensor product with (p—¢q) gives
the required answer and the symmetrization is un-
necessary since all indices are eventually contracted
with ¢ which is symmetric. For .S, the tensor product
with € and (p+4¢) is formed and one index of the
symmetrized tensor, the indices of p4-¢g, and p—gq are
contracted with three indices of e. In the case S,
+1,(p—¢) is contracted with an index of the sym-
metrized tensor. In each of the last two cases it is
unnecessary to explicitly carry out the symmetrization.
If n has a free indices and { has b free indices, any index
in the symmetrized tensor appears a/(a-b) times in 5
and b/ (e+b) times in {. For example, the symmetrized
version of ;% is 3[4 kit j4n;x ). A contraction
of an index of the symmetrized tensor 7' with the
vector V is

1
Ve—Taln- ba(c- V)1,
T @ b)[a(n V)¢+bn(s- V)]

where the dot product means contraction of the index of
V with any index of the tensor. To illustrate the problem
consider combining §,=3, S,=2 to an S, of 4 with one
unit of orbital angular momentum. The case when 7
and { are combined to give S is simple

5051577)\#14{;1 I (P - q) 40” IghagBugY G0,

In the next case 5 and { are first combined to give S,=4

nknvg‘puevaﬂp(p_l—q)‘r-

The free indices are A up and ¢ and the tensor should be
symmetrized in them. This would give rise to 24 terms.
Next the tensor product with €, (p-4-¢) and (p—¢q) is
formed

(1/24) ("’Ikuvg‘pvfww(ﬁ'*‘Q)f'i' o ')fkﬂwx(P_*_Q)ﬂ(P_q)w-

Now the free indices are upe and «. The 4-- - - signifies
the other 23 permutations. The X will occur on the { and
e as well as on the % in these other permutations.
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Finally, the result is contracted with £,

(1/24) Eaﬂ'y& (ﬂkavg‘poévary(P+q)1+ e )
Xenows P+ (p—9)w

= gaﬂ*/&[inaﬁvg‘yvfwrr)\+%ﬂaﬁvg‘)\vaa‘r'y_l"%"la)\vg‘ﬂdevyr'y]
Xf)\ﬂwﬁ(p"}'q)ﬂ(P—q)w(P_i—q)r-

The last line follows since the indices ¢8y are equivalent
as they are the indices of the symmetric tensor £, The
index X occurs in the different terms in the ratio 2:1:1
as given by the lemma above. Finally, n and { are
combined to give .S,+1 by simply forming the tensor
product

ﬂknvfﬂa .

This must be contracted with (p—¢q) symmetrically
thus the final result is

Eaprs BnapnEvs (P— Or 21082850 (P~ ) 0)

In case (ii) or (iii) S,—S.—S, or S,—S,—.S, units of
angular momentum are required to ‘“‘close the triangle.”
In case (ii) the tensor product 5 (p—gq)- - - (p—gq) when
there are S,—S.—S: factors (p—¢) and these factors
are contracted with 7 and the usual process carried on
the remaining tensor. Similarly, in case (iii) S,—S,—S.
factors (p—¢) are added to the tensor product and then
the contraction of all indices of #, ¢, and the (p—gq)’s
with the indices of £is done. These matrix elements are
suitable for definite relative parity of X, ¥V, Z

0,=0,0.(—1)L,
Sy—S.—S, case (i)
Sa—S,—S, case (iii)

It this relation is not satisfied another power of
(p—q@)a(p+g) and an ¢, and these together with an
index of 5 or { are contracted against an e. This com-
pletes the discussion of X — V+Z.

The matrix elements for ¥ — mmr is constructed in a
similar way as a product of an isotopic and spatial part.
However, since the = mesons satisfy Bose statistics only
certain combinations of space and isospace are per-
missible. The isospin of each pion is described by an
isovector #;. The tensor product of m of these is taken.
A coefficient ¢(a1- - - @s,b1- - -bm) is constructed to con-
tract with this tensor product. The &’s are the indices of
the pion isospin. ¢ is symmetric and traceless in the
s @’s and they are contracted with the indices of y and ¥
isospin tensor. The behavior of ¢ under a permutation of
the indices b is like a specific representation of the per-
mutation group. For 7,=0 and 1 these coefficients have
been given® for m=1, 2, 3, 4. Here they are listed for
I,=2, 3, 4 and for m=2, 3, 4. The generalization for
larger numbers is simple but tedious. These coefficients

8 Francis R. Halpern, Ann. Phys. (N. V.) 7, 146 (1959).
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are not normalized.
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c2(@1a2,b102) =8 (@11)8(a2b9)+06(21b2)8 (ash1) — 26 (a102)6 (b1ds) .
é (a1a2a3b1b2b3) =0 (a1b 1)5 (d2b2)5 (dab3) +5 (albl) 0 (azba)a ((1352) +0 (d1b2) 0 ((12171)6 (aabg) +5 (dﬂ]z)ﬁ(dzba)& (a3b1)
+6 (a1b3)5 (0261)5 (dgbz) +6 (a1b3)6 (a2b2)6 (asb 1) - %[5 (alag)é (a3b3)5 (b1b2)
-|—5 (0,1(12)5 ((lgbz)(s (blbs) +6 ((11(12)6 (dsbl)a (b2b3) +5 ((1103)6 (d2b1)6 (b2b3)
+8(@1035)6(202)8(b1b3) +6(@103) 8 (2203) (B1b2) +0(@2a3)5(a1b1)8 (b2bs3)

+6(a203)6(a102)6(b1b35) 48 (a2a3)d(a103)8(b1b2) ] .

6121 ((l]_az,blbzbs) = [5 (albl) € (dzbzbg) +6 (0251)5 ((Iqb2b3) -0 ((llbz) € (azbgbl) —0 (azbz) 6(016361)] .
6221 (d1(lz,blb2b3) = [23 (a1b3) E(dzblbz) + 25 ((1263) € (dlblbz) - 6 (a]_b 1) E(azbgbg)

ct (01(12(13(14,b1b2b3b4) = 224 ) (0151)5 (d2b2)5 (a3b3)6 (d4b4)

—é ((lzbl) € (d1bzbs) —é (dlbz) € (dzbabl) —é ((Zzbz) € (d]bab 1)] .

—_ (2/7)25 3(0/1(12)212 6(b162)6(dab3)5(d4b4)+ (8/7)[23 6(@102)5(030«4)][:23 6(b1b2)5(b3b4)] .

The sums are to be taken over all distinct permutations of the indices, the total number of permutations is indi-

cated by the numerical subscript on the summation sign.

c1*1(@10203,b1020304) =D 6{0(1b1)0 (a2bs) €(@sbabs) 6 (a1b1)d(asbs) € (aabzb4) —08(a1b2)0(a2b4) e(ashibs)
—d (dlb3)5 (dzb4) € ((13611)2) :I - %5 (d](lz) [5 (blbz) € (a3b3b4) +5 (blbs) 6(d3l72b4)

—0 (62b4) € ((lsb1bs) - 5 (b3b4) é(dgblbz)]} .

25 (dlazas,blbzbab4) = Ze{ 6 (a1b1)5 (azbg) € (d3b2b4) -+ ((l1b1)5 (02[74) € (a3b2bs) —0 (01173)5 (d2b4) € (agblbz)
— éﬁ (dldz) [5 (blbs) 6((1362()4) +26 ((13173) € (b 1bzb4) -|—5 (blb4) € (agbzbs) —0 (b3b4) € (aablb2)]} .
¢ (310203,b10203b4) =D 6{8(21b2) 6 (a2bs) €(@3b1b4) 6 (@1D2)8 (a2D4) €(a3h1bs) +6(a103) 6 (a2bs) e (ash1bs)
- %5 (alaz) [5 (bzba) é(aab 1b4) +0 (dabg) € (b261b4) +0 (b2b4) e(d:;blbg)

-|—5 (6364) e(a1b1b2)+6 (dabl) 6(b4b3bz)]} .

c4(@102,01b903b1) =2 12{08(2101)6 (a2D2)8 (b3sbs) — 56 (@102)6 (D1D2)8 (b3b4) } .

6122 (aldz,blb2b3b4) = Zz{ ] (alb 1)5 (0262)3 (b3b4) —d ((1161)5 (a2b4) 0 (b2b3) —d (dlb2)6 (d2b3)5 (bb)

+6 (a1b2)6 (dzb4)5 (b1b3) - %5 ((11(12) [5 (b 1b2)5 (bgb4) —28 (b1b4)5 (bzbs) +0 (b2b4)5 (blbs):l} .
6222(aldz,b1bzb3b4) = Zg{ ) (a1b1)5 (dzb 3) ) (62b4) —0 (dlb1)5 (a2b4)6 (bzbg) —0 (a1b2)5 (dzb3)5 (5164)

+0 (a163)6 (a2b4)6 (blbz) - %3 ((quz) [5 (6163)6 (bzb4) —26 (b1b4)(5 (bzbs) + 6 (6162)6 (bgb4)]} .
6131 (dldz,bll)zb3b4) = [5 (a1b1)6 ((lzbz) + 0 (a1b2)6 (azbl) ]5 (b3b4) + [3 (dlbz)a (0253)

+6 (a163)6 (dzbz) :]5 (b1b4) - %5 ((11(12) [5 (b1b2)5 (b3b4) +5 (1)11)4)6 (bzbg)] .

6231 (0102,blbgbab4) = [5 (a1b1)6 (azbs) +é (a1b3)6 (dzbl) ]6 (bzb4) + [6 (0162)5 (dzb4)

—|—5 (a1b4)6 (dzbz) ]6 (61[)3) - %‘5 (0102)5 (blb3)6 (bgb4) .

¢ (@102,D1b2b3b4) = [8(a151)8(a2bs) +-06(184)6(a2D1) 16 (D2bs) + [0 (a1b3)5(asby)
—|-5 (a1b4)6 (dzb;;) ]5 (blbz) - %5 (dlaz) [5 (blb4)6 (1)263) +5 (b1bz)5 (b3b4):l .

In a similar way it is necessary to make a spin tensor
from the momenta of the ma’s, ky, ks « - km. The following
combinations effect the transition to the X center of
mass.

K= Ak;,
0 i>j im
L)/ =TT =] ism
T [ (n—i+ 1) T2 i<j iFEm
w2 i1=m.

In these formulas k; and K, are four-vectors. The
indices 7 and j identify the vectors and do not refer to
components. The over-all center of mass is given by
K,,=0. Appropriate spin tensors are made from Kj,
K- - -K,_1is the rest system and then transformed into

a general coordinate system by the rule
€k~ €kluy (Km) Ve

The types of combinations to be formed are similar to
those listed for isotopic spin although the symmetry
properties are more difficult to treat, since the
Ki=1---m—1, have fairly intricate transformation
properties under permutation. Each K; may be used an
arbitrary number of times. The exact combination to
choose is to be fixed by the symmetry requirement that
can be treated adequately for any realistic case but is
rather difficult to prescribe in general. Some examples
are given by Henley and Jacobsohn.?

®E. M. Henley and B. A. Jacobsohn, Phys. Rev. 128, 1394
(1962).



