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Assuming that leptons heavier than muons exist in nature, we consider their decay modes
and the correlations between the decay products of I* and I~ in the colliding-beam experi-
ment: et +e~—I*+!~, Far above the threshold, the helicities of I* and I~ tend to be oppo-
site to each other. Near the threshold the directions of spins of I* and I~ prefer to be
parallel to each other, and the sum of the two spins prefers to be either parallel or anti-
parallel to the direction of the incident electron. Because the parity conservation is violated
maximally in the decays of I* and 1™, the angular distributions of decay products depend
strongly on the spin orientation of the heavy leptons. Since the spins of I* and I~ are strong-
ly correlated in the production, we found a strong correlation between the energy-angle dis-
tributions of the decay products of I* and I~. The decay widths of I~ into channels v;7,e",
VD, v, KT, v pT, VK *, 1Ay, v;Q, and v, + hadron continuum as functions of the

mass of I~ are estimated.

I. INTRODUCTION

Since muons exist in nature for no apparent rea-
son, it is possible that other heavy leptons may
also exist in nature. If one discovers heavy lep-
tons, one may be able to understand why muons
exist and obtain some clue as to why the ratio of
the muon mass to the electron mass is roughly
m, /m,~210. Searches for these leptons have been
attempted in the past,’*? and no doubt people will
be looking for these particles in the ¢ + e~ collid-
ing-beam experiments? (¢” +e~~[" +[7), pair
photoproduction experiments® (y +z—1" +1"+2z%),
and neutrino experiments from the electron
machine* (v, +z—1"+2z*). We have made extensive
calculations for these cross sections. This paper
deals mainly with the decay correlations in the
reaction, e* +e~—~1"+1".

We assume that if heavy leptons exist the lep-
tonic current in the usual current-current effec-

tive Lagrangian® of the weak interaction is given
by

Tlept =Ty 1 =ys) + T 1 =yg)e + Ty (1 = 7)1,

and the electromagnetic interaction of the heavy
lepton is exactly like that of an electron or a muon.
The major difference between the heavy lepton and
the muon is that, whereas the muon is lighter than
any strongly interacting particle, the heavy lepton,
if it exists, is expected to be heavier than the K
meson; and hence the heavy lepton decays® into
hadrons in addition to electron and muon.

In the electromagnetic scattering of an electron,
it is well known that at high energies [(m/E)~0]
the helicity of the electron remains the same dur-
ing the scattering, whereas at low energies
[(m/E)~1] the direction of the spin with respect
to a fixed coordinate system in space is pre-
served during the scattering.” In Sec. IV we show
that analogous things happen in the reaction e +e~
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~ 1" +[". Far above the threshold [(M,/E)~0], the
helicities of /" and I~ prefer to be opposite to
each other, whereas near the threshold [(M,/E)
~1] the directions of spins of /" and [~ prefer to
be parallel to each other, and their total spin pre-
fers to be either parallel or antiparallel to the
direction of the incident electron. To the lowest
order in a, I' and [~ are not polarized if only one
of them is analyzed and if neither the incident
electron nor positron is polarized. This is due to
the fact that, in general, this polarization® is
proportional to ImF, F%, where F, and F, are
Dirac and Pauli form factors, respectively, and
in our case F,=1and F,=0. Since /" and [~ de-
cay via weak interactions where parity conserva-
tion is violated maximally, the angular distribution
of decay products depends strongly on the spin
orientation of the heavy lepton. Since the spins of
I" and I~ are strongly correlated in the production,
we expect the angular distributions of decay pro-
ducts of I* to be strongly correlated to those of I~.
In Sec. II, we discuss the decay widths and energy-
angle distribution of the charged decay products
from an arbitrarily polarized [~ into v, +7,+e",
Vi+Vy+u”, vy+77, v;+K", and v;+p~. The in-
variance under CP is then used to relate the
energy-angle distribution of the decay products of
" to that of I”. In Sec. III, the hadronic decay
width of /* is written in terms of an integration

over the spectral functions of weak hadronic cur-
rents. Weinberg’s sum rule is used to evaluate
the decay width of [~v,+A4,(1070). Das, Mathur,
and Okubo sum rules are used to evaluate the de-
cay widths of I ~v, + K *(892) and /- v, + @(~1300).
Conserved vector current (CVC) and the result of
the e’ + e~ colliding-beam experiment from
Frascati are used to evaluate the width of / when
its mass is large. If weak vector bosons exist
and their mass is less than M,, [ will first decay
into W +v, semiweakly rather than decay directly
into hadrons and leptons. Subsequently, W decays
into ev, uv, and hadrons semiweakly. The total
hadronic decay width of W is expected® to be about
the same as its leptonic decay width. In Sec. IV we
first obtain the spin correlation function for the
reaction e* +e~—~1" + 17, then we fold the results of
Sec. II to obtain the correlation of the decay pro-
ducts of {* and I~. In Sec. V we summarize the
general aspects of searching for the existence of
1.

II. DECAY OF POLARIZED /*

In this section we give the energy and angular
distribution of the decay products of heavy leptons.
We assume the heavy leptons to have an arbitrary
polarization denoted by W in the rest frame of the
heavy lepton. The three components of w=
(w,, w,, w,) have the usual meaning, for example,

_ No. of ! with spin along + x direction —No. of / with spin along -x direction

x

We assume the existence of a neutrino v, (and 7,)
which has a helicity —(+ for 7,) and the same lep-
tonic quantum number as I~ (I for 7,) in exact
analogy with the properties of u*, v,, and 7,.

A. Leptonic Decay Modes

Similarly to the decay u~—~e~+V,+v,, heavy
leptons decay leptonically via

Im=pu~+v+7, and ["=e " +v,+7,.
For antileptons we have
I'=Dp+vy+p’ and "=V +y,+e’.

As is well known from the muon decay, the
energy and angular distribution of the electron
from an arbitrarily polarized heavy lepton can be
written in the rest frame of / as'®

I_,(l'-—u,+ﬁe+e'>
"=V, +v,+e"
G2M 8 1 L
:3><27;r4fd99[0 dxx*3 -2x % (w-p,)2x -1)],
(2.1)

" No. of / with spin along + x direction + No. of I with spin along —x direction

r

where G=1.02x107%/M,?, x is E/Ep,, of the elec-
tron with E,,, =3M,, W is the polarization vector
of the heavy lepton, and p, is the unit vector along
the direction of the electron. We have ignored the
mass of the electron in Eq. (2.1). The polarization-
dependent term w * I)__, is due to the parity noncon-
servation. The relative magnitude of the parity-
violating term is maximum when the electron is at
the maximum possible energy (x=1). Near x=1,
an electron prefers to be emitted opposite to the
direction of the spin of /=, whereas the positron
prefers to be emitted parallel to the direction of
the spin of /*. Near the lower end of the energy
spectrum (x—0) exactly the opposite holds. The
easiest way to understand these qualitative features
is to draw some diagrams. Figure 1 shows why
the decay of [* can be obtained from that of I~ by
changing the sign of the polarization vector in Eq.
(2.1). Since we have ignored the mass of the elec-
tron, e=, v,, and v, have negative helicities, and
e’, ¥,, and D, have positive helicities. Let us
first consider a charge-conjugate state, shown in
Fig. 1(b), of an arbitrary angular distribution of
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e+
Ve
0-0-
7
(a) (b) Mirror (c)
FIG. 1. (a) An arbitrary energy-angle distribution of

decay products of a polarized I~. (b) A charge conjugate
of (a) that is physically unrealizable because e*,v,, and
7; have wrong helicities. (c) A mirror image of (b) that
is physically realizable. Since the decay is invariant
under CP, the probability of (c) is equal to the prob-
ability of (a). These figures show that the decay energy-
angle distribution of a polarized I* can be obtained from
that of a polarized !~ by changing the sign of the polar-
ization vector.

the [~ decay shown in Fig. 1(a). Figure 1(b) is
unrealizable physically because e*, v,, and 7,
have wrong helicities. The mirror image of Fig.
1(b) shown in Fig. 1(c), is physically realizable
because the spins of all particles in Fig. 1(b) are
flipped by taking the mirror image.

Since Fig. 1(c) is obtainable from 1(a) by the
combined operation of CP, the probability of 1(a)
must be equal to the probability of 1(c) if the de-
cay is invariant under CP. This explains why the
decay of /" can be obtained from that of I~ by
changing the sign of the polarization vector in Eq.
(2.1). In order to understand which sign belongs
to which decay, we consider the case x=1 as
shown in Fig. 2. At x=1 kinematics require that
v and 7 are both emitted in the opposite direction
to the direction of the electron. Since the com-
ponent of the orbital angular momentum is zero
along the direction the electron (z axis) and the z
components of two neutrino spins add up to zero,
the z component of the spin of the electron must
be parallel to the spin of the heavy lepton. Since
the electron has a negative helicity and the positron
has a positive helicity, the positron prefers to be
emitted along the spin of I*, whereas the electron

(l'-—u,+ﬁu+u>
T I*~%
~Ti+v,+p

Gth 8 Pmax
IX2 M, ME

where p is the momentum of the muon, E =

B>+ M217?, and pogay = (M2 - M2)/2M,). After
carrying out the integration with respect to p and
Q, we obtain

r(l:-—z,+ﬁp+u ) G*M,5
U'=D+y,+pu

T3g5,5 L1 =8y +8y° —y* =127 1ny]
(2.2")

def s [3M, 4F - 22K

2823
et et e~ e~
ot ¢t I o
Z Ve Z Ve Y Ve U D-e
x=| x=| x=| x=|
favored forbidden favored forbidden

FIG. 2. Both neutrinos must come out in the opposite
direction to the direction of the electron when the electron
has the maximum allowed energy. Neutrino and anti~
neutrino have opposite helicities, therefore, the z com-
ponent of their total angular momentum must be zero.

e* has a positive helicity and e~ has a negative helicity
when their mass can be ignored. Thus, e* prefers to be
emitted in the direction of the spin of I*, whereas e~
prefer to be emitted opposite to the direction of the spin of
of I~ when x is near 1.

prefers to be emitted opposite to the spin of I~
when x~1. When x~0, the kinematics require
that v and 7 come out in the opposite direction to
each other; hence their net spin is equal to unity
and is pointing toward the direction of 7. In order
to conserve angular momentum, e~ has to move in
the direction of ¥ and the spin of /~ has to point in
the direction of . Hence, near x=0, ¢~ prefers to
come out along the direction of the spin of I~ which
is exactly the opposite to the case for x=1.

Integrating Eq. (2.1) with respect to the solid
angle and x, we obtain

T~ =v;+V,+e”)=T(" =D, +v,+e")

G2M,®

= 3%9673 (2.2)

It is convenient to write
T(I"=v,+7U;+e”)/R=2.66x10"° sec™'M,%/M,?%,
2.3)

where M, and M, are in units of GeV.
When the mass of the muon is not ignored, the

energy-angle distribution of the muon can be writ-
ten as

2M2 3M,? P 3M,
+—"—¢(w -pE (4E M; - _LMx )],

2.1

where y = M,?/M,?. As pointed out by Thacker and
Sakurai,® the correction due to the finite muon
mass can amount to 25% if M;=0.6 GeV.

B. ">y +n7and ">, +7*

This decay mode can be calculated from the
knowledge of 7~~7,+u~and 7* -y, +p*. The
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vy
[ gfy cos 6
g W~ T
U
tesa. <
= W™ g T

FIG. 3. These two diagrams show why the decay 1~
—m~v; can be calculated from the knowledge of the decay
w‘——u"'ﬁp.

easiest way to see the connection between the two
reactions is to assume the existence of weak vec-
tor bosons and write two Feynman diagrams, as
shown in Fig. 3. epl universality implies that W
couplings to w,, ev,, and Iy, have the same
strength g given by g2/M,?=G/V2 . The coupling
constant between W and 7 is given by gf, cosé,,
where 6,~15° is the Cabibbo angle. From the
Feynman diagram, the decay width for 7—pu+v is
given by

G?f .2 cos?6, M 2\?
1'7(17~;L+u)=—"&r—M,,M“2<1—A—/1’:? .

Hence from the experimental lifetime of 7=
/T =2.6x10"% sec, we obtain

fr=0.131M,. (2.4)

The angular distribution of 7* from the decay of a
polarized I* can be computed from the Feynman
diagram. We have

"=y, +m~
r(z*-v,m*)

2f 2 2
- L1

2
) Jasw-ng
(2.5)
where p, is the unit vector in the direction of mo-
tion of the pion. Again the invariance under CP
says that the angular distribution of {* -7, + 7" can
be obtained from that of [~ - v, + 7~ by changing the
sign of W. (Proof similar to Fig. 1.) Comparing
Eq. (2.5) with Eq. (2.1), we notice that the x inte-
gration is missing from the latter because in the
two-body decay the energy of each particle is
fixed in the rest frame of I: E,=(M,%2+ M, %)/2M,
and E, = (M2 - M,?)/2M,. We also notice that the
sign in front of W - §, is opposite to that of W - p,
when x~1. The + sign in Eq. (2.5) can be under-
stood easily if we draw pictures similar to Fig. 2.
Consider !~ —-v,+7~. Since v, and 7~ come out
back to back, the component of the orbital angular
momentum along the direction of v, is zero. Now
v, has helicity —; hence, it prefers to be emitted
opposite to the direction of the spin of I~. There-

M,®

fore, 7~ prefers to be emitted in the direction of
the spin of [°.

Integrating Eq. (2.5) with respect to the solid
angle, the spin-dependent part vanishes. From
Egs. (2.2) and (2.5), we obtain the ratio

2T (1"~ v+ T +e”) _ M;?
r(I~-n-+v) 6% ,2cosf,
M2 1
SMET.04° (2.6)

This equation shows that when the lepton mass is
equal to the proton mass, the width for the pionic
decay mode is roughly equal to the sum of the
widths of the electronic and muonic decay modes
of I. If M;<M,, then the pionic decay mode is
more important than the total leptonic decay mode
(e plus p).

C. ['—-)K'+V,

We can calculate this decay rate from the known
rate of K™ -y~ +7,, or equivalently we may obtain
this by simply replacing cos?6, and M, in Eq. (2.6)
by sin?6, and M,, respectively. f, is equal to f
because this is how Cabibbo!! obtained 6, from
comparison of the decay rates of 7—pu+v and
K - u+v. Hence we obtain

(1= Mx?/ M%)
(1 - MWZ/MIZ)Z b

2.7

T'(l-K +v)=T(l-7+v)tan?0,

where tan®0,=1/13.7.

D. I"=p +y,

This decay mode can be calculated from the
cross section'? of e* +e~ —p using CVC. CVC is
equivalent to the statement that the coupling of W
to p is obtainable from the yp coupling by re-
placing e in the latter by V2 gcosb,, where

g2/ M2=G/V2 .

The width for this decay can be calculated easily,
and we obtain (neglecting the p width)

2 3 2\2 2
T(~p +v)=£80 M—’(l M—p> <1+-—LZM >,

81 MZ\"~ M} M2
(2.8)
where
V2 g2cosbe
oy = sz —&py Mpz

G

= -‘/’_g COSOCfp (2.9)
and
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2. 2 2\2 IM,2
py"=1/8om=1/87. (2.10) T~ =p-+v,)= Mz cos?6, M,2(1 - Mp2 (1+——Mp2 )
M] Ml
Substituting Egs. (2.9) and (2.10) into Eq. (2.8), we (2.11)
obtain In terms of the leptonic decay width we have

o3 Mol (- M2\, 2M,?

T'(l-p+v)=cos?f,T l-—e+u+v)3n-—p< - ") ( _F’_) (2.12)
(I=p+v) e T'( 7 \1 17 1+ 0

We next consider the energy-angle distributions of 7* from the decays of polarized I* via

I"=v +p” and l+»17,+p+\

\0

T™+T

aF o

The two decays are related to each other by CP invariance, hence we give the derivation for the I~ decay.
The width can be calculated from

I"=v,+p" 1 1 a*p, dsq;f a’q, 4 _ 2
r N\, -, o) 204 @y ) 25, ) 2w, ) 20,0 i m = )M (2.13)

where p,, p, 4,, and g, are the four-momenta of I~, v;, 77, and 7° respectively; E,, w,, and w, are the
energies of v,, 7, and 7° respectively; and |M|? is the matrix element squared.

1 2

- 2.14
(9, +q,)" = M, + iT M, ( )

IM[? =81, 2 8o tr[2(1 +v58 )W, + M) (1 +7,5) @9, (1 = v5)]

where g, is given by Eq. (2.9), g,,, is given by Eq. (2.10), @=¢, —¢,, w- is the four-vector which reduces
to the three-dimensional polarization vector W in the rest frame of /=, and

~ gmmz 4M,,2 3/2
r,= £ Mp(1-—Mp2 . (2.15)

For simplicity, let us make a narrow-width approximation, i.e., we replace the Breit-Wigner factor by
a 6 function:

1
o - o s 0 = ). (2.16)
After taking the trace we have
|p |2 = 4780w gor” ol 801 19 b2 Q) =Py 12)Q° = My[2(w-* Q)(p, - Q) = (w- - p,) @2} 6((q, + 4, — M,?).

MLy
(2.17)

In the rest frame of /=, we have
Dy @=p, Q@=M(w, - w,),
QF=4M* - M,?,
Py Pr=M(M; —w, = w,),
W_Pp=W Gy +W Ty
and
o' Q==(W q, -%-3,).
Since we are interested in the energy and angle distribution of ¢,, we have to integrate Eq. (2.13) with re-
spect to p, and ¢,. We first integrate with respect to d°, with the help of the 6*(p, —p, — ¢, - ¢,) and obtain
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d3
J. ZE: 64(1’1 —Pz - ql - qz) = 5((P1 - ql - 112)2)= 6(M12+ Mp2 - 2M,(w1 +w2))- (2-18)

This 6 function says that w, is fixed if w, is fixed, and the 6 function in Eq. (2.16) says that the angle be-
tween @, and §, is fixed. Therefore, choosing the direction of §, as the z axis and letting W lie on the zx
plane, the three-dimensional integration dg, reduces to the integration with respect to the azimuthal
angle ¢. The only term in the integrand which depends upon ¢ is W - §, and

ad3q, - o T _(%-3)E & 2.19)
f_qu:w c,0((gy + 4o = M,2)O(M 2 + M2 = 2M,(w, +w,)) = TR (W +q,)@, @) (

After some manipulation, we obtain the energy-angle distribution of 7* from a polarized I* via I* -v,+p*:

r Im=vy+p =y +m-+7° _ 3gon?
I"=Vy+p =T +0" +1°) 1672 M,2(1-4M,2/ M2 ) />

W1 max M2+M22 4M1r2
X f.., dw, f ml{IGMf(“’l‘l‘;T,p) + M2 (1- .2 >(M,2—Mp2)
1 min

- 2 2\2 2
B, - LMY (1 M Y Mﬁ}},
A P

(2.20)
where

Wi max = [Mlz + Mp2 + (Mlz = Mpz)(l - 4M1r2/Mp2)1/2J/(4M1),
Wy min = [ M2+ M2 = (M2 = M,2)(1 = 40 .2/M,2)Y?] /(4M)

Comparing Eq. (2.20) with Eq. (2.5), we see that the spin-dependent term in two cases have the same
sign, namely, 7~ prefers to be emitted along the direction of polarization of I~, whereas 7" prefers to be
emitted opposite to the direction of polarization of I*. Since the terms inside the square bracket are
positive definite, this is true independent of the energy w,. Equation (2.20) reduces to Eq. (2.8) after inte-
grations with respect to energy and angle as it should.

I11. WIDTH OF / AND SPECTRAL FUNCTIONS OF CURRENTS

In Sec. II we considered in detail the energy-angle distributions of simple decay products from a pola-
rized I*. If the mass of [* is less than 1 GeV, the consideration given so far is sufficient [except I~ v
+K *(890) to be considered in this section]. When the mass of I* is greater than 1 GeV, I* decays into
v+A,(1070), v+@(1300), and v +hadron continuum in addition to simple discrete states considered in Sec.
I. If weak vector bosons (W *) exist and if M;>M,,, then I* will first decay into v+ W* semiweakly rather
than decay directly (weakly) into leptons and hadrons. In this section we consider the width of * from a
more systematic point of view which enables us to deal with these new problems and put the special cases
discussed in Sec. III in better perspective.

The width of /—~hadrons + v, can be written as

1 G rd¥p, 1 1

F(l - hadrons + Vl)= 2—1{47-—2— EWEtr(ﬂl+Ml)(l +'y5)'yuﬂ2‘y,,(1 ol y5)

x 330[ T 40)| ST 3T(0)|0)(2m)*6*(p, = b2 = Py)s (3.1)
f

where J } is the Cabibbo current!*:5;
Jh=[(F} +iF}) = (F}"+iF$")] cosb +[(Fi+iFL) = (F5 + iF5*)sin6,. (3.2)

The four types of currents, Fi+iF}, F{* +iF3*, Fi+iFk, and F*+iF3, do not interfere with each other
because the final states associated with each current have different quantum numbers, as shown in Table I.
Since F} +iF} is conserved (CVC), the final state |f) cannot be a J =0 state with nonzero mass for this

current.

Let us define the spectral functions:
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TABLE I. Quantum numbers of final states.

S Q G JP I, Examples
FY+iFl 0 -1 + 1- -1 p-,2m, 4, K~ + KO
F¥+F3 0 -1 - 0-,1% -1 T=,8m,A7
Fi+iF¥ -1 -1 0,17 -3 K*(892)
Fib ik -1 -1 0-,1* -3 K~,Q7(1300)
F0)+iF5(0) FY(0) -:F%(0) v,(4?) 0
F0)+iF3H(0) F(0) -iF3"(0) a,(¢%) a(q®)
0 ) 0 (27)*0%(q- b)) = (¢"¢~ ¢*g ™ hgv
Zj}(l FH0)+iF10) [/ F¥(0) = iF%(0) |0} 27)*6%(¢~ py) = (¢"q"~ 4’ ™) 8@ |77 @)
F340) +iF3(0) F(0) - iF2(0) as(¢?) afle®) | G-3)

The spectral functions v,, @, v{, and a; come from the final states with J=1, whereas a, v, and af
come from the final states with J=0. u,=0 is due to CVC. All these spectral functions are positive semi-
definite (=0) as can be verified by going to the rest frame of the final state, ¢"=(q°% 0, 0, 0), and by letting
p=v=0and p=v=1. This form of decomposition shows explicitly that the final states with J=1 are always
conserved, and if the current is not conserved it must decay into J =0 states at some ¢? in addition to J=1
states. Let us show that J =1 final states contribute only to v,, a, v7, and a and J =0 final states contri-
bute only to 4, v5, and a5. Since we sum over everything in |f), we may simulate |f) by a particle
specified by its momentum and spin. Let us consider a matrix element of a current J,, which may or may
not be conserved, between a vacuum and a spin-1 particle with a polarization vector € and a momentum gq.

This matrix element must transform like a vector and must be linear in e. The only vectors in the prob-
lem are ¢, and ¢,,; hence,

O|J,0) =1, g =f,€, + By, .

Now B must be a Lorentz scalar and linear in €. The only Lorentz scalar linear in € is €*¢=0; hence,
B=0. Thus,

<O[Ju(0)lJ = 1, q> =f1€u . (34)
After summing over the polarization, we obtain
2X0[7,(0)|T =1, g J =1, q|J}(0)I0) = (£,2/4*)(9,49, - 4°8,, )- (3.5)

spin

This shows that the spectral function associated with J =1 final states must have tensor coefficients (¢"¢”
-7g").

Similarly let us consider a matrix element of J,(0) between a vacuum state and a particle with spin 0.
Now the only vector available in the problem is ¢; hence,

0|7,0)|@ =f 4, (3.6)

and the spectral function associated with J =0 states must have a coefficient ¢*¢” as shown in Eq. (3.3).
From Eq. (3.6), if the current is conserved, the J=0 states can exist only if its mass is equal to zero. We
also note that if the W boson exists, its hadronic decay width can be written as

I'(W~—~hadrons)=T(W = (S=0, P==))+T(W = (S=0,P=+))+ (W ~ (S==1, P==)) + (W ~ (S= =1, P = +))

3
= G [ (02) + @ (M,7)] cos?6; + [u3,2) + aot, )] sin?6 3.7)

This decay is semiweak, because it is proportional to G instead of G®. Only the spectral functions associ-
ated with the J =1 states contribute to this width. From Egs. (3.1), (3.2), and (3.3) we obtain
_ G? 2
I'(I” - hadrons +v) = W-/; (M2 = qz)dqu dﬂz[?mﬁzu*’f’wl’zu ~8uw (pl 'pz)J

X ;(OIJﬁ(O)Iﬁ( F1TE(0)0)2m)*6% (g - 1), (3.8)
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Gz
T'(I~ - hadrons +p) =

M2
= GrP@MY j; U (M2 - @rd(M2 + 267 0,(¢) + 4y (@) + M2a,(q?)} cos?6,

+{(M2 +2¢*) [ v(q®) + a¥(¢®)] + M, v¥(g?) + aS(q?)] } sin36,).

(3.9)

Let us first obtain various partial decay widths considered in Sec. III. For I"—-v,+7~, we let f, in Eq.

(3.6) equal to f,, then from Eq. (3.3) we obtain

ay(¢°) = 2nf ,*6(q* — M,?).

(3.10)

Substituting Eq. (3.10) into Eq. (3.9), we obtain immediately Eq. (2.5).
For I"-v,+K~, we let f, in Eq. (3.6) equal to f,, then from Eq. (3.3) we obtain

ag(q®) =21f x*8(q* - M®).

(3.11)

Substituting Eq. (3.11) into Eq. (3.9) and remembering f , =f, by definition of the Cabibbo angle, we obtain

Eq. (2.7).

For I~ -v,+p~, we let f, in Eq. (3.5) be equal to \/EgpyMp"’; then from Eq. (3.3) we obtain

v,(¢%) = 4ng,, > M,?5(q* = M,?).

(3.12)

Substituting Eq. (3.12) into Eq. (3.9), we obtain immediately Eq. (2.11). The fact that the constant f, in
Eq. (3.5) is equal to V2 &oy M,? comes from CVC. In general, CVC relates v,(¢%) to the isovector part of

the total cross section for e” +e~—hadrons. From

2 (0| F50)| £ )</ | F5(0)|0) (2m)*6*(q - py/) = ;XOIF?(O) +iF5(0)| £)(f|F}(0) =i F3(0)|0)(2m)*5%(q - py),
fl

we obtain
o5 1 ()

e (3.14)

Ul(qz) =

The total cross section for e" +e~—=p° =7 +7~ is
given by

(3.15)
where
T,= i"é’;’: A‘Zz <1 - 41:14;2>3/2 (3.16)
and
8om" =1/8,,° ~ 8. (3.17)

Replacing the Breit-Wigner factor by a 6 function
[see Eq. (2.16)], we obtain

gle" +e~=p°)~ 16a2772gw26(q2—M‘,2). (3.18)

Substituting Eq. (3.18) into Eq. (3.14), we obtain
Eq. (3.12).

A. Weinberg Sum Rules and [~ A4, +v,

If SU(3)xSU(3) were an exact symmetry, then
v (92) = a,(a°) = vi{g?) = a§(¢*) and v,(¢?) = a,(¢?)
=vg?)=a§(¢*)=0. In this case p and 4, would
have the same mass and the width of I-v; +p
would be identical to that of /-~ v,+A,. In order

(3.13)

r

to do better we have to know how the symmetry is
broken. Weinberg’s sum rules!?® can be used to
relate these two widths. Weinberg’s p,, p,, and
F, are related to our v, a,, and f, by

2mp,(9%)/q* = v,(q?),

2mp,(2%)/ 4% = ay(q?),
and

Fr=fq.

In our notation Weinberg’s two sum rules can be
written as

©

f [v,(¢?) - a,(¢?)]dq? = 27f 2

0

(3.19)
and

j;qu[vl(qz)—al(qz)]dq2=0. (3.20)

If v, and a, are dominated by p and A,, respec-
tively, we have
v (a®)=21(f 2/ M)6(q* - M%)
and

al(qz) = 277(fA12/MA12)5(q2 - MAlz)’

(3.21)

(3.22)

where f, and f 4, are the coupling constants which
appear in Eq. (3.4) for respective cases. Substitu-
ting Egs. (3.21) and (3.22) into Eq. (3.20), we obtain
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fa2=S 0" =28, 2 M, ~ M, /4. (3.23)

The width of I~ A +v, can be written like Eq.
(2.8) with g,;, and M, replaced by &ayi and M,
respectively. Equations (3.23) and (2.9) say that
&piv=8€ay1y- Using the fact that M,>~ éMAlz, we
obtain

2 3
("= AY +v))= % cos?6,

M, 2\2 2M, 2
><MA12<1- M,; ) (1+ M,zl ) .

(3.24)

The result of the colliding-beam experiment
indicates that v,(¢?) should behave like a constant
instead of behaving like a tail of the Breit-Wigner
factor of p. Hence the p- and A,-dominance as-
sumptions are very unlikely to be justifiable.
Weinberg obtained the relation M, *=2M,® from
Eqgs. (3.19) to (3.22). This can be either accidental
or due to the fact that neither a, nor v, is dominated
by p and 4,, but v,-q, is. If the latter is true, v,
must be equal to a, above the mass of A4,.

B. Das-Mathur-Okubo (DMO) Sum Rules
and 1—>K*+v,, Q0+,

In our notations, the DMO sum rules!? can be
written as

f “[v3(¢D) - aS(gD))dg? =1 2, (3.25)

[ leata = v3(a®)da? =0, 3.26)
and

f ¢*[v$(¢?) = aS(¢?)]dg?=0. (3.27)

Let us assume that v}-a$ is dominated by K *(890)
in v{ and Q(1313) in a$, and that v,-v$ is dominated
by p(760) in v, and K *(890) in v$. These assump-
tions mean that when using the sum rules we may
let

v3(q®) =27 (f %2/ My#?)6(q? = My»?), (3.28)

a3(q?) =27(f 2/ M?)6(q? = M), (3.29)

v (q?)=2m(f,%/M,?)5(q? = M,?). (3.30)
From Eqs. (3.26) and (3.27) we obtain

S/ M2 =f ¥/ Myx® = f 2/ My #2. (3.31)

From (3.31) and the known value of o, we can
calculate the widths for the decays - v+ K *(890)
and /- v+ @(1313):

G*M:® sin?6,
F(l-v,+K*)=W o2

MK*ZZ 2MK*2
(-5 (5,

(3.32)
G2M;® sin%0c Mp? My +?
Tl-v,+Q)= 2167‘.2 pMQzK
) (+5)
x(l— r) 1+ 575).  @39)
C. I>W+y,

If weak vector bosons exist and if M, < M;, then
! will first decay into W +v, rather than decay
directly into hadrons and leptons. The width of
"= W™ +v,; can be obtained from the width of
I”=p~ +v, given in Eq. (2.8) by making the sub-
stitutions M,— M, and g, ~&.

2\2 2
F(l'—W'+v,)=§nG7_2—M,3(1 M—W) (1 3M—">

“mE) i
(3.34)

This decay is proportional to G instead of G%
hence numerically it is much larger than the de-
cay mechanisms we have considered so far, un-
less M, and M, are almost degenerated to each
other. W decays also semiweakly into leptons and
hadrons. The hadronic decay modes of W can be
written as Eq. (3.7) and the leptonic decay mades
(W==7,+17, W™ =T,+u~, or W™=V, +1" if
M, < M,) can be written as

3 2\2 2
(3.35)

D. /=v,+Hadron Continuum

Let us assume that either W* do not exist or
M,<M, . The decay width of I* — v, + hadron con-
tinuum can be estimated from the results of e + ¢~
—~hadrons using Eq. (3.14). In order to do this let
us make the following reasonable assumptions:

(1) When ¢* is large, say ¢2>1 GeV? the mag-
nitudes of v,(¢%), a,(¢®), v$(¢?), and a$(¢?) cor-
responding to the decay /- v, + hadron continuum
are roughly equal to each other. This can be re-
garded as the basic assumption about the symme-
try of currents.

(2) The spectral functions for J =0 states ay(q?),
v3(9%), and a3(¢?) in Eq. (3.9) are negligible com-
pared with the spectral functions for J =1 states
when ¢? is large. This is true if we accept the
notion that the symmetry of currents becomes
exact in the limit g% - «.

(3) The isoscalar part of the cross sections for
e’ + e~ ~hadrons is small compared with the iso-
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vector part. For production of p, ¢, and w, the
ratios of these cross sections are given experi-
mentally by

2. 2, 2_ 1.1, 1
47rg7p .47’g~,¢ -4”gyu =2 e15°11.5 *

Hence the isovector cross section is three times
as large as the isoscalar cross section. Whether
this is true for large ¢? is an interesting open
question. SU(3) gives the ratio of 3 to 1 for the

G2
T'(l” - v, +hadron continuum)=

The e* + ¢~ colliding-beam experiment of
Frascati'® shows that in the energy range 1.6 GeV
<Vg? <2.0 GeV, the cross section for e* +e~
—~hadrons is (3+0.3)x107%2 ¢cm? compared with the
cross section for e* +e~ =" + 7 of 2.5%107%2 cm?
at 1.8 GeV. However, it is not clear whether the
observed cross section really represents the pro-
cess ¢ + e~ —hadrons. For example, some of the
events may be due to the production of heavy lep-
tons as considered in Sec. IV of this paper, or
some may be due to the two-photon process.'® It is
interesting to note that in the quark-parton model,
the cross section for ¢* + e~ —hadron is less than
that of e* +e~ =" +u” by a factor of 2. Let us
denote the cross section for e¢* + ¢~ —hadron given
by the quark-parton model as

Oquark(e” +e~ ~hadron)=3%0(e" +e~ =" +p7)
-, (3.38)
and the quoted cross section from Frascati'® as
Ofrascari(€’ +e~ —hadron)~Zo(e* +e~~p* +u7).
(3.39)
Substituting Eq. (3.38) into Eq. (3.36), we obtain

T'(I~ —hadron continuum)
T(I"—e+v,+7,)

1
=2

A2/ g2

_ 2
) R(W)

_(1_2A% 2A°  A°
\TME M T MR

(3.40)

This result corresponds to using the quark mod-
el. If we use Eq. (3.39), the right-hand side of
Eq. (3.40) would be multiplied by 2. A should be
taken to be ~1 GeV. We notice that as A%2/M;?2~0,
the ratio R becomes unity if the quark model were
used, and the ratio becomes two if the experimen-

(1= x)%(1 +2x)dx

M12d2M2 22M2 223q
(—27?)2—(2—&1_33—.[\2 q(z“l)(1+q)2

isovector to the isoscalar cross sections. If we
accept this, then Eq. (3.14) becomes

. 3 qzo.e++e-(q2)
2y 249 \94)
qllfl u(e®) 4 4n20?

(3.36)

These assumptions say that for estimating the

partial width of !~ - v, + hadron continuum we may
let 6,=0, a,=0, and v, =q, in Eq. (3.9); hence

2O.e++e'(q2)

rEp (3.37)

tal result of Frascati is taken at its face value.

IV. e"+e 1" +I” AND DECAY CORRELATIONS

The cross section for this reaction is well known.
Ignoring the mass of the electron, we have in the
center-of-mass system,”

.41 - a_zﬁ
dQ ~ 16E?

sin26>’ @.1)

(1 +cos?0+ —;
Y
where E is the energy of I or -, B8=(E2 - M;?)/2/E,
and y =E/M,. Integrating Eq. (4.1) with respect to
the solid angle, we obtain the total cross section
2
o(e*+e'-l++l')=§lfg/3<l+#>. (4.2)
Since heavy leptons are unstable particles and
their decay angular distributions depend upon their
spin orientations, we have to know the probabilities
of the heavy leptons coming out at different spin
orientations. In order to do this let us calculate
the probability of the reaction e* +e~—1" + [~ with
the spin of I~ in the direction $§ and the spin of I*
in the direction §’. § and §’ are unit vectors de-
fined in the rest frames of I~ and [*, respectively.
In order to calculate the spin effect covariantly,
let us define two four-vectors (axial) s- and s,
which reduce to the three-vectors $§ and §’, re-
spectively, in the rest frames of [~ and [*. Let us
choose a coordinate system where the direction of
p_ in the center-of-mass system is the z axis, and
the direction p_xp, is the y axis, as shown in Fig.
4. In this frame the components of s_ and s, can
be written in terms of the components of s and s’
as

s_=(s.% s s 2 s.%)
=(BYSzy Ss» syl?’sz)’ (4.3)
S, = (—B‘)’S;, Sts S;, 732)- (44)

Let us denote the four-momenta of e, e*, I,

and [" by p,, p,, p_, and p,, respectively. We
have then
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[

0+

Py

FIG. 4. Coordinate system and notations used in the
calculation of the cross section of e* +e™—1% +1~,

p.=(E, 0,0, BE),

?.=(E,0,0, -gE),

p=3p,-p,)
=(0, E sinb, 0, E cosb).

(4.5)

The projection operator for I~ with momentum p_
and spin in the direction § is then

1 +')’5ﬁ{— ﬂ. + M; 4
2 2 (4.6)
and for " with momentum p, and spin §’ is .

4

e ap, rd_

1+75#+ =-p++ M

4.7
2 2M, .7

We use the following representation for y ma-
trices:

01 10 [0 o
s=l1ofr Yoo -1f ™ YiZ| g, of

Let us show that Eq. (4.7) indeed is the required
projection operator for !* with spin §’. In the rest
frame of I* we have

1(1+6-8’ 0
M) (T 0] e
and
=#+M [0 ]
2M, “|01])°
hence
1+ys8, —# +M; _|0 0 (4.9)
2 2M,; 03;(1-5-8)"

In our representation, a positron with spin in §’
direction is represented by a negative-energy
state with spin in -8’ direction; hence the pro-
jection operator is 3(1 -5 -3’). (Notice the nega-
tive sign in front of & for positrons and positive
sign for electrons.)

The desired cross section can be calculated in
the standard way:

do - 1 4 _ _
E@’S)_(Zn)"’fl(pl-pz)f o5 ) T35 1+ P b p)

Xgtr(fy, + m)y (#, = m)y,atr(L+y )W + M)y (L +yvE)F . = M),

2 3 29
= -I—%E—ZB[I +c0s26 + 51;]2

We notice that § and §’ occur only bilinearly.
This means that if only one particle is analyzed,
then no effect of polarization can be observed, but
if two particles are analyzed simultaneously, their
spins are correlated. The correlation is such that
if s,=+1, then the cross section is maximum when
s;=+1. In other words, the helicities of {* and I~
prefer to be opposite to each other. We also notice
that the coefficients of s,s; and s,s; do not approach
zero as y ~«. For a massless lepton pair the
terms s,s; and s,s; need not be considered, and
hence we have always s,=+1 and s.=x1. In this
case " and I” always have the opposite helicity.
When the leptons have finite mass, the spin corre-
lation is not complete even in the limit of ¥ ~ .

sin29>
)’2

1 .
+5,S; (1 +%z—)sin29 - 5,8, sin®6 + (5,5, + 3;52)7 sm29:| .

+5,8] (1 +cos?6 -

(4.10)

(4.11)

For example, the probability for s,=1 and s.=(3)*/2
and s.=(4)'/2 is not zero even if we let y — o,
Another interesting feature is the behavior near
threshold. Near the threshold we have 8~ 0 and

v —1. Hence Eq. (4.11) gives

&2 6,8)——22p1+ G- DE D), (4.12)
ag ™’ threshold 8E? ’ ’
where } is the unit vector along the direction of
the incident electron. Equation (4.12) shows that
§ and 5’ prefer to be both parallel or both antipar-
allel to the direction of the incident electron beam.
Let us try to understand Egs. (4.11) and (4.12)
using a more illuminating but clumsier method.
Let us denote the electron-positron current by
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Ju=0(p)y u(b,). (4.13)

Current conservation gives 2Ej,=0, therefore,
Jo=0. If the mass of the electron is ignored, we
have

P;lju:ﬁﬂ]_u(pl)=O=Ejo—p1jz= _pljz;

hence j,=0. Instead of j, and j,, it is more con-
venient to consider

i = 50 £ 85,). (4.14)
Writing
- 1/2 1
w(p,)=(E+M) [&-51/(E+M)]X (4.15)
and
v(p2)=(E+M)”2F'52/(1E+M)]w, (4.16)

where y is the two-component spinor representing
the spin state of the electron in its rest frame and
W is the two-component spinor representing the
spin state of the hole. For example, x=[}] repre-
sents a state with spin up for the electron, but
w=[1] represents a hole state with spin up; hence
it represents a positron with spin down. A positron
with helicity + and momentum p, satisfies o« p, W
==W. From Egs. (4.13)-(4.16) we have

j.=2EW'a,y, (4.17)

where

0{01] dq_[oo]
*“loo] ¢ %-F|10)’

and the axis of quantization is along the direction
of p,. Taking the spin average, we notice that j,
is nonvanishing only when the electron has negative
helicity and the positron has a positive helicity,
whereas j. is nonvanishing only when the electron
has a positive helicity, and the positron has a
negative helicity. The numerical value of each
matrix element is 2E. Equation (4.17) shows also
that the total angular momentum of the electron-
positron system is unity, and the direction of the
angular momentum is parallel to the total spin
§,+8, which is either parallel or antiparallel to
the direction of the incident electron.

Let us denote the current of the final lepton pair

J

29 5,80 = =2
aQ ™" ' 16E%B

+

Xs [(1 —cosf)o, — (1 +cosb)o_ + 5

iné

Xs [—(1 +cosf)o, +(1 —cosh)o_ +

by
g, =a(p_)y, v(by).
Then
Juju= - Jxe = ]ny = _2j+J- =2j.dJ.,

because j,=j,=0. Now, for discussion of the ma-

trix element of J,, it is more convenient to quan-

tize the angular momentum along the direction of

motion of p_ than along the direction of the in-

cident electron. Using the coordinate system shown

in Fig. 4 and denoting it by a prime, we obtain
Jy=5(dxid)

= 3(J, cosb — J;sinb+ iJ))
z

hence
J, 3" =7.[(1 = cos6)J! - (1+cos)J” +sin6J} ]
+j_[=(1+cos8)J’ + (1 = cosb)J’ +sinbJ.|.
(4.18)

In terms of two-component spinors, J°, and J, can
be written as

J,=2Ex'0,W and J.=2M;x*q,W. (4.19)

In our representation the states of I with spin
pointing in x’, »’, and z’ directions are given,
respectively, by

1 [1] 1 [1] 4 vl
Xzt = /—2 1]? Xy = 7'2' il? an Xz = ol
(4.20)

Similarly, the states of {* with spin pointing in
x’, ¥, and 2’ directions are given, respectively,

by
11 -1t |0
W= \/2_[_1], Wy = \/_2_[_1], and 'Wz,-[l].

(4.21)

The cross section is proportional to the square of
Eq. (4.18). Since the helicity states contributing to
J+ are different from those contributing to j_, the
two square-bracket terms do not interfere with
each other. Averaging over the spin of the incident
particles, we obtain

O,]Ws.

oz]ws,

2

2} ) (4.22)

With the aid of Egs. (4.20) and (4.21), we can verify Eq. (4.11) from Eq. (4.22). The latter derivation of
the spin correlation is clumsy, but it brings out many subtle points of the problem.
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Let us discuss qualitatively the experimental consequences of spin correlation. In Sec. II, we calculated
the decay angular distribution of arbitrary polarized I~ and I*. In general, we may write symbolically

I‘(l'-—X)=fthr}—+—?2-i1-é-

- f (A + B -W)dQ (4.23)

and

r( -—X’)=f dn'trl“‘;—s’b* .

=f (A’ + B ~%')as, (4.24)

where ¢ and ¢’ are momenta of the decay products to be detected. Let us write symbolically the spin cor-
relation in the production, Eq. (4.11), as

aQ
E’=C+D”Sis;. (4.25)

The combined angular distribution of the decay products I~ - X and [* - X’ for a fixed production angle,
can be written as

do _ CAA'+D“qiquB’
aQ, dada’ Teol? ’ (4.26)

where T, is the total width of I*, df, is the solid angle for [~ (or [*) in the center-of-mass system, dQ
and dQ’ are solid angles for the decay products of /™ and [, respectively. Equation (4.26) can be derived
in the following way: W represents the polarization vector of I, and by definition each component of

W = (w,, w,, w,) represents

_No. of I” polarized along &; —No. of /™ polarized along —¢
{” No. of I” polarized along &; + No. of [~ polarizedalong —¢; *

Now the number of I~ having spin along the direction & with the polarization of /* in a certain direction 8’
is proportional to C+ D;;s], whereas the corresponding number of {” having spin along the direction -¢ is
C-D;;s!

L3 It s
Hence

w; =Dy;s;/C, (4.27)
and the angular distribution of the decay product of [~ is proportional to
CA +D;;sjq;B. (4.28)

For a fixed angular distribution of the decay product of I~ given by Eq. (4.28), the components of the spin
of I* are given by

w) =D, ,q;B/CA. (4.29)

Substituting Eq. (4.29) into Eq. (4.24), we obtain the combined angular distribution of the decay products
of I and I” at a fixed production angle:

CAA'+D;q9,9;BB’.

In order to obtain the proper normalization factor, we notice that the partial decay width I'(.” — X) is inde-
pendent of the polarization, hence

r(z‘-—x):f AdQ  and faq-Wsz:o. (4.30)
Similarly

I‘(l'-X')=fA’dQ’ and fB'ﬁ’-{v"dQ’=0. (4.31)
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This implies
f Dijq‘-q,'.BB’dQ=fDijq,-q]'.BB'dQ'=0 (4.32)

and, therefore, integrating Eq. (4.26) we obtain
X’
afl. . 7. T(l* - X')T( ~ X) (4.33)
——l\e +e =1 +1 =C 5 X
aQ AW Tiot
X

This shows that Eq. (4.26) is indeed properly normalized because C is equal to d2/dQ,; summed over the
polarizations of I* and I~. Equation (4.32) shows explicitly that if the decay angular distribution of only *
or only I” is observed, then the effects of the spin correlation vanish. This is, as mentioned earlier, due
to the absence of the terms linear in § and §/ in Eq. (4.11). The absence of linear terms in Eq. (4.11) is
due to the approximation of one-photon exchange, and the neglect of the final-state interactions between I*
and [”.

In the absence of spin correlation we have only the CAA’ term in Eq. (4.26). It is very important to notice
that the existence of B and B’ in Eqs. (4.24) and (4.25) is due to parity nonconservation in the decay of
heavy leptons. Since the spin correlation term D;;q;q;BB’ in Eq. (4.26) is proportional to BB’, we conclude
that if we detect in coincidence one particle from the decay products of I” and one particle from those of I*,
the effects of spin correlation exist only if parity consevvation is violated in the decays of both 1" and I,
This is due to the fact that the polarization vector for a spin-} particle is an axial vector. (This would not
be true if /" and I~ were spin-1 particles. In this case the correlation exists even if parity is conserved.)

In order to see the effects of the spin correlation, let us compare the magnitudes of the isotropic term
CA A’ and the spin-correlation term D;;q;4;BB’ in Eq. (4.26) corresponding to various combinations of de-
cay channels.

Example 1. I"—=v,+7, +pu~, 1" =7, +v,+e" and yu~ and ¢* are detected in coincidence. From Egs. (2.1) and
(4.11) we have (ignoring the mass of the muon for simplicity)

sin29 1 1
CAA = F<1 +c08%0+ > > f x2dx(3 - 2%) f X"2dx' (3 - 2x") (4.34)
0 [0

and
1 1
D,;q,9;BB’ = —Ff xzdxf x"2dx'(1 = 2x)(1 = 2x")
V] (o]

Xl (1 29 sin?§ (1 1 o2 122 qin2 r,oo 1
77’ q.9z\1+C0S"0 — 2 +4q,4q,(1+ 72 sin®6 - g,4,8” sin®6 + (9,9, + q;q,)— sin26 ,
Y

where (4.35)

G*MP® ¥ o
F(m) Teg? P ¥~/ dmao

x'=q,/q;nax, and qmax=qunax=%Ml-

We observe the following:
(1) The correlation is maximum when x and x’ are both near 1.
(2) In the limit y -, and both x and x’ are near 1, ¢ and yu- prefer to come out either both along the
directions of motion of parent particles, or both opposite to the directions of motion of parent particles.
(3) Near the threshold (y ~1), we may write

CAA'+Dy;q;q'BB' = (3 =2x)(3 =2x") = (1 = 2x)(1 = 2x")(P - @)(B '), (4.36)

where » is the unit vector along the direction of the incident electron. This shows that the correlation is
maximum when both x and x’ are near 1. The effect of correlation vanishes when either g or g’ is perpen-
dicular to p; and the maximum correlation occurs when both ¢ and ¢’ are in the direction of the incident
beam. e* and y~ prefer to come out in the opposite direction from each other if both x and x’ are near 1
and both q and §’ are in the incident beam direction.

Example 2. ["-v,+7", !*~7;+7" and 7" and 7~ are detected in coincidence. From Egs. (2.5) and (4.11)
we have
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sz") 4.37)

CAA'= F2<1 +cos?6 + v
and

in%6 1)\ . . 1 .
D;;q,9;BB’ = F, %[qzq;(l +c0s26 - 51:2 )+ q,q;(l + y—2>sm20 - q,q,8%sin?60 + (9, + q;q,)-):- smze} y (4.38)

where

Fox I*(l-m+v) o°
27 (4m)? 16E2

B. (4.39)

Near the threshold we have
CAA'+Dy;;q,4)BB' =2F,[1-($-9)(3-3")]. (4.40)

In comparison with the results of example 1, we see that the two cases are very similar except that in the
present case, 7* have a definite momentum in the rest frames of /*. As far as the ratio D, J.q,-q;BB'/ CAA
is concerned, the present case is identical to x=x’=1 of the previous example.

Example 3. " —v;+77, I"~7,+v,+u" and 7~ and u" are detected in coincidence. From Egs. (2.1), (2.5),
and (4.11) we obtain

1 sn2
CAA = st 3 - 2x’)x'2dx'(1 +cos?0 + 51;12 9) (4.41)
o]
and
1
D,,q,4/BB' = -F, f (1-2x")x"2dx’
0
1 sin26
X7 [qzq-;(l +cos? - = > +4.4; (1 +—1§> Sin%6 — g,q.p? sin6 + (4,4 + 414,) = sinze] ,
where (4.42)

_T(U=7m+v) GPM® o 8
- 4m 3 %271t 16E2"

Fy

X' =q"/qhax AN Gk =3M,.

In this case the effect of spin correlation is again maximum at x’=1. However, near x’ =1, the relative
sign between CA A’ and D, ;q;q;BB’ is opposite to the previous two examples. Hence, if 7~ is emitted along
the direction of motion of /-, then u* prefers to be emitted opposite to the direction of motion of I when y
is large and x’ is near 1. Near the threshold 7~ and " prefers to be emitted in the same direction and
along the incident beams (e¢* or e~) when x’ is near 1.

V. SUMMARY AND CONCLUSIONS

In Table II, we give the partial- and total-decay rates of ! for various values of M;. The formulas used
to calculate them are given in Secs. IT and III. We collect them here for easy reference. (All masses are
in units of GeV.)

T(l-v,+v,+u)=3.4Tx10"M,5 sec™.

T(l~v;+v,+p)=3.4Tx10"°M,°(1 - 8y +8y° — y* = 129%1Imy) sec™, (y=M>2/M?).
T(l=v,+7)=5.3x10"°M23(1 - M,2/M;*)%sec™ .

T(l~v, +K)=0.46 X10°M,3(1 = M,?/M?)?sec™ .

T(l=p+v;)=18x10"°M3(1 - M2/ M*F(1+2M,%/M;?) sec™.
T(l~K*+v,)=1.20 X 10°°M23(1 = Mys?/MP)(1 + 2My 42/ M2) sec.

T(1= A, +v,)=T.2X10°M(1 = M, 2/MPP(1+2M, */M?) sec™.
T(l~Q+v,)=0.614xX10"°M*(1 = M?/M?)*(1 +2M 2/ M,®) sec™*.

2 6 8
T'(l-v,;+hadron continuum)=3.47x101°M,5<1 I + 24 . i\—>
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TABLE II. Partial and total decay rates of I for various values of M,;. Decay rate (10'° sec™) = (I'/h)=1/7.

M,; (GeV) 0.6 0.8 0.938 1.2 1.8 3.0 6.0
Decay mode
l—v,+v,+e 0.266 1.12 2.46 8.5 64.6 831 26 600
Vvt 0.2 0.96 2.21 7.97 63 823 26533
T+, 1.02 2.57 4.17 9.0 30 143 1145
K +v, 0.0092 0.09 0.2 0.55 2.3 11.7 98
p+V; 0 0.21 3.8 19 96 486 3900
K* 4y, 0 0 0.03 0.96 6.3 33 280
A+ 0 0 0 0.6 33.7 364 1550
Q+y 0 0 0 0 0.17 15.2 133
v, +hadron continuum 0 0 0 0.5 27 737 25900
I — v +hadrons 1.03 2.87 8.2 29.6 195 1790 33006
Total rate 1.5 4.95 12.9 46.1 323 3444 85539
Decay length in cm at E; =5 GeV 16.5 3.73 1.2 0.26 0.024 ce e
Decay length in cm at E; =50 GeV 167 37.7 12.2 2.7 0.257 0.0145

For construction of Table II, we have used the
following numerical values: G=1.02x1075/M,?,
M,=0.938, M,=0.106, M,=0.14, M, =0.495,
M,=0.765, Myx=0.892, M, = 1.070, My=1.3,
A=1, sin®0;=0.068, cos?6,=0.932, and tan®6,
=0.073. We have also computed the decay lengths
in the vacuum corresponding to E; =5 GeV and
E ;=50 GeV. We make the following comments and
observations:

(1) In the pair photoproduction y +z— 1" +1" +z*,
if the decay length is greater than 1 cm, then I*
and [~ can be identified visually in a streamer
chamber.'® Hence, at SLAC energy (E, <5 GeV)
we see from Table II that the identification of I*
up to M; =1 GeV is possible. Another scheme,
suggested by Davier,!® is to aim a spectrometer in
the decay region and detect that decay products.

If the production region and the decay region are
well separated (>1 cm), [* can be identified. At
National Acceleration Laboratory energies, one
can identify the production of I* if M;<1.3 GeV
using these two methods.

(2) In Table II, the first four decay modes (e, u,
7, and K) depend only on the validity of the current-
current interaction hypothesis of weak interaction.
The decay I—p +v depends on CVC besides the cur-
rent-current hypothesis. Since we have made a
narrow-width approximation for the p decay, the
numerical value near p threshold is not reliable.
This can be improved easily if we use the experi-
mental cross section for e¢* +e--p°~7*+7” in
Eq. (3.14) and Eq. (3.9). The last three modes of

decay depend upon the assumptions of SU(3) sym-
metry and the asymptotic behavior of the spectral
functions. They are probably correct to within a
factor of two except near the threshold where
again the assumption of narrow widths was used.
If the mass M, happens to be near one of these
resonances, one should restore the Breit-Wigner
factor in the spectral function Eq. (3.9) instead of
approximating it by a 6 function [see Eq. (2.16)].

(3) For the partial width I'(l - v +hadron con-
tinuum) we have used the expression obtained from
the quark model, Eq. (3.38), instead of the quoted
experimental value of the Frascati experiment,
Eq. (3.39).

If both heavy leptons and weak vector bosons
exist and M; > M,,, then the decay mode I-W +v,
will completely dominate the widths given in Table
II. For example, if M, =2 GeV and M,;=3 GeV,
then from Eq. (3.34), we obtain T'(I" =W~ +v,)/i
=2.6x10'® sec™ which is much larger than the
total weak decay rate of 3.4 X102 sec™ given in
Table II.

W bosons decay rapidly into v, +e, v,+pu, and
hadrons. The leptonic decay widths can be calcu-
lated by using Eq. (3.35). The hadronic decay width
can be estimated by using Eq. (3.7). Assuming
v, (M?) = a, (M?) = v (M,?) = a3 (M,?) and using Eqgs.
(3.7), (3.36), and (3.38) we obtain

(W ~hadrons)=T(W ~ e +v,)

=M,2G/6V2 7.
This is the result of the quark model. If the ex-
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perimental result from Frascati is taken at its
face value, we obtain

T'(W —hadrons)=2T'(W — e + v,).

In the experiment e* +e~ - 1" +1”, the first thing
to try is to look for um coincidence. The energy
and angle of 7 and u are correlated, as shown in
Eqgs. (4.41) and (4.42). The effects of correlations,
together with the branching ratios into various
channels, can be used to confirm the existence of
I*. The work, as presented in this paper, is not
complete because in the colliding-beam experiment
one probably detects only the decay products;
hence the production angle of [* has to be inte-
grated out. Also, the energy-angle distributions of
the decay products have to be given in the over-all
center-of-mass system instead of the rest frames
of I* and I”. Both of these can be done easily be a
computer using the technique similar to the one
used in the calculation of e* +e~- =W '+ W~ - "
+V,+e” +7, by Hearn and the author?®® many years

ago.

In the experiment v, +z -~ [+2z*, the heavy lepton
is polarized, and we expect the angular distribu-
tion of the decay product to be quite different from
that of an unpolarized /. The calculation of this
process is being performed.

In the experiment y +z —[" + 1™ +z*, the polariza-
tions of /' and I~ have similar correlations to the
process e’ +e-—1" +1”. The details of these cor-
relations have never been investigated.
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