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STUDIES IN TAU LEPTON PHENOMENOLOGY

David Howard Miller, Ph. D. -
Stanford University, 1982

ABSTRACT

This thesis consists of several studies in tau lepton
phenomenoloé;.

The first study calculates decay rates of the tau proceeding
through the weak vector current coupling to hadrons using published
data on electron-positron annihilation into hadrons along with
the conserved-vector-current (CVC) principle and assuming the tau
to be an exact analogue of the electron.

The second study considers a number of possible alternative
multiplet assignments for the tau and possible accompanying
neutral particles within the standard electroweak gauge theory.

It is shown that most of the obvious alternatives to the standard-
model multiplet assignments.can be ruled out.

The final study considérs the possibility that the tau and
its accompanying neutrino both have spin 3/2. It is shown that
this unlikely possibility is not cleanly ruled out by existing
experimental data. A peculiar property of Rarita-Schwinger
particles in the limit that their mass goes to zero is also
discussed and placed in the context of the general theorems

relating to massless particles.



CHAPTER I

INTRODUCTION TO T LEPTON PHENOMENOLOGY



Although the quest to identify and understand the elementary
constituents of matter goes back thousands of years, the first solid
success in that endeavor came with the confirmation of the atomic
theory during the first half of the nineteenth century. Towards the
end of that century, the British physicist J. J. Thomson discoveréd
the first subatomic particle, the electron.

The electrgP was not only the first subatomic particle to be
identified but was also the first of the family of particles known
as leptons to be discovered. A lepton is a particle which has spin 1/2
and which is not subject to the strong nuclear force.

In the middle third of the twentieth century, three more leptons
were discovered: the muon, a charged particle which appears to be a
twin to the electron except that it weighs a bit more than 200 times
the electron's weight; the electron neutrino, an uncharged, apparently
massless particle associated with the electron in weak decays; and the
muon neutrino, also uncharged and apparently massless and associated
with the muon exactly as the electron neutrino is associated with the
electron. The charged leptons were found to be associated only with
left-handed neutrinos; right-handed neutrinos, so far as is known,
do not exist.

In 1970, the lepton family of particles thus consisted of two pairs
of particles, one pair seemingly the exact duplicate of the other save
for the differing charged lepton masses. These two pairs fit easily
and in the same way into the then recently developed SU(2) & U(l) gauge
theory of weak-electromagnetic interactions.! (Aside from the massless

quanta of long-range forces— photons and gravitons——— these four leptons
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are the lightest of known elementary particles, hence the designation
“lepton" meaning “light".) All four of these leptons seem to be point
Dirac particles without discernible internal structure.

In the mid-1970s in electron-positron annihilation experiments, a
class of events with low multiplicity and charged leptons among tﬁe final
particles was observed. It was eventually established beyond a reason-—
able doubt that most of these events were due to the pair production and

then decay of a new charged particle weighing about 1.8 GeV which was
named the 1.2

All experimental data were consistent with the 1's being, except for
its heavy mass (nearly 17 times the muon mass)}, an identical twin to the
electron and to the muon; hence, it was oxymoronically referred to as
a "heavy lepton'.

To say that the experimental data were apparently consistent with
the t's being a massive twin of the electron (i.e., a spin-1/2 point
Dirac particle not subject to the strong interaction with its own asso-
ciated neutrino exactly analogous to the electron neutrino) is not to
say that this was necessarily the only possible picture consistent
with the data.

It is of obvious interest to know with what degree of certainty
one may assert, on the basis of the experimental data, that the T must
be a heavy twin of the electron, i.e., a so-called sequential lepton.
Not only is this of interest for understanding the T but it is also of
interest in trying to make sense of leptons as a whole. The following

chapters are phenomenclogical studies of the t which try to answer

this question.
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The next chapter uses experimental data from electron-positron
annihilation experiments combined with the conserved-vector-current
principle to calculate the vector-isovector hadronic decay rates of the
T assuming the T to be a massive twin of the electron.3

Chapter III considers a number of possible multiplet assignménts
within SU(2) ® U(1) for the T and possible accompanying neutral leptons.
It is shown that experimental data rule out most of the obvious alterna-
tives to the st;;dard model., (While better experimental data®’"“ is now
available than that used in Chapter III, the more accurate data does
not change the conclusions or arguments of that chapter.)

Chapter IV considers the possibility that both the T and its
neutrino may have spin 3/2. It is shown that, contrary to the conclu-
sions of a previous study, this possibility is net (and cannot easily
be) ruled out by experiment. In showing this, it is necessary to
briefly consider some peculiarities of massless spin-3/2 particles.

References for each chapter are listed at the end of that chapter.
Chapter II has been previously published (F. J; Gilman and D. H. Miller,
Phys. Rev. D17, 1846 (1978)) in a slightly different form as has been

Chapter III (D. H, Miller, Phys. Rev. D23, 1158 (1981)).
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CHAPTER II

DECAYS OF A HEAVY LEPTON

INVOLVING THE HADRONIC VECTOR CURRENT



1, Introduction

As noted in Chapter I, the experimental discovery1'9 _of the T
lepton in the mid-1970s raised the question of the t's being or not
being a sequential lepton, a twin to the electron. If the T is a twin
to the electron, it must couple to a neutrino, Vos via the charged weak
current. Assuming this to be the same charged weak current as that
responsible for—the leptonic and semileptonic decéys of the “ordiqary"
particles, we must expect the decays 1 - vTe';;, T > vTu_GL and
T +-VT+ (hadrons) . This last decay, if pictured as occurring by
production of a light quark pair which then dress themselves as hadrons,
is naively expected (because of three colors) to occur at three times
the rate of T =~ vTe_;; or T vtﬁ_sﬁ.

These decays, T - v, t (hadrons) , are of considerable interest;
for, not only does one want to know for theoretical reasons if the
naively calculated rate agrees with the observed sum over the physical
hadronic channels, but also experimentally these modes and their
detailed properties serve to clarify the existence and nature of the T
and of its couplings.

A number of individual modes (like 1 =+ an- ) can be calculated
from other known quantities (the pion decay constant). The Cabibbo
allowed decays through the hadronic vector current may be related to
the total cross section for e+e— annihilation into hadrons through the
isovector electromagnetic current. In the past, several calculations

of T =~ V. + (hadrons) have been made combining known couplings to a

few channels with estimates of others.!0,11,12
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In this paper we recalculate the decays through the hadronic vector
current, We do this because previous partial calculations plus esti-
mates can now be replaced by a direct integration of colli&ing beam data
over the entire energy range relevant to T decay. In the next section
we recall the relevant formulas for T{1~ - v +>(hadrons)") throégh the
hadronic vector current and show how the ratio of three-charged-prong
to one—charged-prong decays can be calculated. Then in Section III we
present the detailed input and output of the calculation assuming '
various masses for T and v_. Section IV is a discussion of our results

T

and conclusions.

2. Heavy Lepton Decay Rates via the Hadronic Vector Current

The formula for the decay rate for T - v.ev or VTu_;ﬁ,
assuming the charged current has a V+ A form and is of universal
strength at the -V, vertex, 1is

o
T > =
P( voe v, . (1)

1921r3

[

Here G 1.02x lOuS/Mé is the weak coupling constant, and MT, the mass
of the 1, is experimentally 1.9% 0.17GeV.3’8’9 We have assumed that

all the final leptons may be taken as massless. With a massive neutrino

the decay rate becomes
2.5

T(T rvev, ) = 192n3

F(a) (2a)

with

F(A) = 1 - 8A2 + 8A6 - AS - 12A42nA2 s (2b)



and A = mvr/Mr' Yhe experimental upper bound on the neutrino mass, m,_,

is 0.6 GeV, 35859

The corresponding decay rate for t > v + (hadrons)_; proceeding

through the action of the strangeness nonchanging hadronic vector current,

is straightforward to calculate: !

P(T- > v + (hadrons)_)

2 2 :
G%cos e e N2/ 9 5 U(i)- (@)
= f dQ M—Q) (M+2Q) <= (3)
T 2
96w M 0 Opt(Q )

where cosec is the cosine of the Cabibbo angle, 0(1) (Qz) is the

e+e”
electron-positron cross section to annihilate into hadrons with total
i . 2 2 2 2 2, .
isospin one at EC o =Q", and cpt(Q ) = 41a”/3Q" is the cross section

+ - + = . .
for ee -+ uu . The extension to the case of massive neutrinos is

F(t_ TV (hadrons)_)

2
2 2 M
G cos™d T 1/2
c 2 4 4 4 2.2 2 .2 2.2
— f dQ” | M +m +Q - 2m{ M- 2nj Q° - 2M_Q ]
967" M 0 ‘
K 5 (4)
oL (Q )
X 4 4 2 .2 e e
M +my - 2Q-2\,M+VQ+MQ >
o, (Q7)

which reduces to Eq. (3) when my = O.

The term involving the strangeness changing vector current which we
2 .
have neglected is expected to be of order tan ec =~ 0,05 relative to that

which we are calculating. Furthermore, its main contribution, through
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T v + K*(890)-, may be calculated separately, as we will do in
Section IV, For the range of integration in Egs. (3) or (4) of interest
to us, purely multipion states very much dominate the final state hadron
channels in electron-positren annihilation. The annihilation cross
section into final states with total isospin one involves only thése
channels with even numbers of pions.

The ww cha?Fel must be ﬂ+n_ in electron-positron annihilation and
vT+-nOw_ in T decay, and so it resqlts in a single charged prong for
the final t decay products. The four-pion channel must be either
25728 or w210 in colliding beams!3 and uT4-n+2ﬂ"ﬂ° or
VT4-W_3n0 in 1 decay. The four-pion states in colliding beams and T
decay.are total IZ = 0 and ~1 states, respectively, of the same total

1 4 relation between the

I =1 state., This fact allows us to derive
populations of the two charge states of four pions in colliding beams

and the two charge states of four pioms in 1 decay. For any invariant

mass, Q, of the four—-pion system it is:

- +. -0
dP(T > vTi-v 27T ) U 0(e+e— N Tr+Tr--2“o)
dF(T_ -+ vTi-n_BnO) ole'e” » ontanT)

. (5)

Thus the proportion of four—charged pions out of all four pion fimal
states in colliding beams tells us the proportion of three-charged-prong
decays for T > v+ (4m)" . The relative number of three-charged-prong
to one-charged-prong decays arising from T > v1+-2n and T - vTi-aﬂ,
which is of some interest experimentally, then can be settled completely

from electron-positron annihilation data.
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3. Experimental Input and Results

As input to Eq. (4) we need data on electron-positron annihilation
into F+ﬂh, 2ﬂ+2ﬂ*, ﬂ+ﬂ_2ﬂ0, «++ in the center-of-mass eneréy range from
the threshold to MT. For this purpose we have taken cross sectidprdata
from experiments done at Orsay,IS,lssl9 Novosibirsk,16 and
Frascati.!7»20 Our method has been to use what we considered to be the
best data on a particular process in a given energy range. We have not
made a statistical average of all available data., On occasion weAhave
interpolated experimental data points to get a cross section at a
desired energy. Our specific choice of data is as follows:

A, e+e- - ﬂ+ﬂ-

From Q = 0.28 to 0.90 GeV we use the Orsayl® fit (taking p-w

(0% :

interference into account) to their data on

2 2 FgMzri
FQ7)| = . — (6)
" 2 2V 22/ p\e /ML
M- -Q° | + Mo |2 (2
P P P\Pg Q
where Q is the total center-of-mass energy and p the pion momentum.
For this fit the rho mass Mp = 0,7754 GeV, Fp = 0,1496 GeV,
FO = 5,83 and P> the pion momentum at the rho mass, is 0.3615 GeV,
— + -, 2\12
The cross section for e+e + 11w 1is related to Fn(Q )‘ by
2 3 2
- - 2 2
0(é+e +-ﬂ+n ) = o {2 F {Q )l . 7))
3Q2 Q T

Between Q = 0,90 and 1.34 GeV we use Novosibirsk datal® on

e+e_ > ﬂ+ﬂ_, which are significantly above the p meson tail calculated
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from Eq. (6). Above 1.34 GeV the measurementsl7 of FTr 2 are consis-—

tent, within rather large error bars, with Eq. (6) once again. We use
this formula as input in this region, but in any case this domain makes

s . - - 0
a very small contribution to t = Vo +mTw.

B. e+e“ - 2w+2n—

Between Q = 0.90 and 1.34 GeV we use fhe data from Novosibirsk!®
along with the Orsay datal® at 0,91, 0.99 and 1.076 GeV to guide us at
the lower end. Above 1.34 GeV our input is based on datal? from bCI
at Orsay, as smoothed by a fit involving both interfering resonance

and background contributions.

cC. é+e_ - n+w_2w°

Again we use the Novosibirsk datal® for this channel up to

1.34 GeV, with earlier Orsay results!®

used to pin down the threshold
behavior (0.9 to~1.0 GeV). Above 1.34 GeV, we turn to the DCI datal®

on the sum of ﬂ+ﬂ—2ﬂo. 2w+2n_2w°, and w+w_4v0. These join on well to

+ — .

the w = 2n° Novosibirsk datal® at the lower end.
+ -

D. e e = bm

As just noted, the six pion channels involving 7°'s are taken into
+ -, © .
account along with w m 27 from using the DCI data above 1.34 GeV,
. 20 + - +, - . .
Direct measurements of ee = 31 3% , as well as diffractive

photoproduction,21

show an effective threshcold near 2 GeV.
The input cross sections are summarized in Tables I and II.
We estimate the total error in our calculation due to statistical

and systematic errors in the input data to be about +12%, The largest

part of this comes from the w+w_ channel below 900 MeV, and is
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calculated from the statistical errors stated by the Orsay group on
the parameters in Eq. (6) combined with their estimates of the system-

atic errors.15

That the errors due to the ﬂ+ﬁ_ data dominate the total
error is not because the intrinsic statistical or systematic errofs in
that experiment are particularly large— it is simply that the bulk of
the answer comes from that source. Although we have assigned large
systematic errors to the multipion data at higher energies, they do

not make an important contribution to the overall errors because tﬁe
magnitude of the multipion contributions is not large and we have

added the errors from different channels and energy regions in
quadrature.

It is convenient to state our results for F(T v, + (2n pions))
in terms of its magnitude relative to that for TI'{t =~ Vo + e‘;é)- For
a T mass of 1.9 GeV and massless Vo we find a value for this ratio
of 1.69. We expect a value of 1.5 coszﬁc = 1.43 on the basis of the
naive model where t = Vo + (2n pions)_ is due to T -+ Vo + ud, with
light u and d quarks coming in three colors.?2 Our calculated value is
within 207 of this naive result and is even closer to the result
obtained with the logarithmic correction due to asymptotic freedom, 23
The ceontributions to the total result of 1.69 come from individual
channels as follows: 1.12'from.ﬂ+n_, 0.22 from 27 21", and 0.35 from
w+w—2w° {plus the six pion channels involviﬁg 7°'s).

The variation in I'(t - v+ (2 pions) )/T(t - v, ¥ e_;é) with

MT is shown in Fig, 1 (mvT = 0). There is relatively little variation

with MT as long as it is in the 1.5 to 2 GeV range.
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Similarly, the decay width for nonzero values of my, (with MT
fixed at 1.9 GeV) is shown in Fig. 2. Here r(t » v + é‘G;) is
computed from Eg. (2) with Wy # 0. Only when the neutrino mass exceeds
about 600 MeV does one see a fairly sizeable variation in the ratio
r{t - v, + (2n pions)“)/r(r— > v + é_;é). |

Employing an integrated version of Eq. (5), we can calculate the
ratio I'{1 = vt at2n 1) /(" + v+ m737°). For a nominal T mass
of 1.9 GeV and a massless T neutrino this ratio is 4.18, if we assume
that in our input data the six pion contribution is negligible compared
to that from w+n—2n°. In other words, under the same assumption ~ 81%
of T decays involving four pions haye three charged prongs. Since
r{t~ - v+ n+2w_w°)/F(T_ >V, e_zé) ~ d.57, we conclude that

r{t ~» v+ at2r n®)/T(t” > v+ é‘Gé) N 0.46

4, Discussion

Using data from electron-positron annihilation, we have calculated
the decay rate for T - v, + (2n pions) which proceeds through the
hadronic vector weak current. There is in addition to what we have
caleculated a small contribution to T decays coming from the strangeness
changing vector current. This contribution is proportional to sinzec
and is likely dominated by the K*(890) in the same way that the p
dominates the strangeness nonchanging contribution. Assuming

2

- * - - .
F(T - vT + K ) = tan GCP(T > vT + p ), we estimate

- #_ - -—
r(r - Vo + K Mr(t - v, + e ve) = 0,05,
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So, the sum of the t decay widths to v + e_;é, V.. + ﬁ_;',

- % -
v, + (2n pions) , and v, + K (890) is
(1 +0.98 + 1.69 + 0,05 I{t” »v_+ev,) = 3.72T(«" »v_+&7v).
This is a lower bound on the total width, and hence we have an upper

bound on the branching ratio iato v_ + é‘Gé :

BR(T— +v +ev < = 0.27 .
— T e

While this bound applies for MT = 1.9 GeV and My, = 0, the results
of the last section show that it is not sensitive to variations in these
masses by several hundred MeV.

The experimental measurements® of BR(T— - vT + é_;é) are all smal-
ler than our bound and typically less than about 0.2. Most measurements
lie in the range 0.15 to 0.20. Since the bound would be saturated if
the only t decays were into Vo + én;é, v, + ﬁ_;L and Vo + hadrons through
the hadronic axial~vector weak current, we conclude that there must exist
other decays. Of course, one does expect decays into v, + hadrons through
the hadronic axial-vector weak current. Using our calculation for the
vector current contribution we compute that the width for
T - v, + (hadrons) arising from the axial-vector current is 2.95, 2.16
and 1.28 times I'(1 - Vo + é“Gé) for values of the T = V. + éﬁsé
branching ratio of 0.15, 0.17 and 0.20, respectively.

Part of these decays through the axial-vector current can be
calculated from known quantities: T{t - va—) and T(1 = vTK_) just

involve the additional knowledge of the pion and kaon decay constants.

For MT = 1,9 GeV and M“T = 0 one finds
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r{t” > v 1)
T

]

= 0,54 -

r(v - v.e ve)

and

T{t » v.K )

— - 0.03 .
- r(z” » v_e ve)

Assuming fhat VTﬂ_ and vTK_ decays occur at the predicted rate,
we have seen that the total width for t = v+ (hadrons) proceeding
through the axial-vector current is much larger. Three must be decays
through the axial-vector current other than vrﬂ_ and vTK—.
Specifically, taking our calculation of the vector current decays and
those through the axial-vector current involving only a T or K, we
still have 2.38, 1.59 and 0.7! times T'(t - v+ é_;;) for the decay
widths t =+ v+ (hadroné # 1, K ) through the axial-vector weak
current when BR{1 - V. + é_;é) is 0.15, 0.17 and 0.20, respectively.

There have been reports8:2:2% of the decay v - vTAl

at roughly the level we are deducing here.2® Establishing this and the

> vT(Bn)_

other semihadreonic modes of the T are important; for, if

T +—vT(3n)—, T > uTw—, and the decays through the vector current do
not all occur at the rates discussed above, then the weak current
involved in T decays is not the one responsible for all other weak

decays observed until now.
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from Ref. 24, Our range for BR{1 = V. + (hadrons # n_,K-))

through the axial-vector current is 0.14 to 0.36.
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TABLE I

Input data from 0.91 to 1.33 GeV

Q(GeV) (A) (B) (C)
——
0.91 133 0.0 0.0
0.93 115 0.0 0,0
0.95 90.3 0.0 2.0
0.97 68.9 0.0 4.0
0.99 58.7 1.0 6.0
1.01 62.3 1.5 8.0
1.03 49.3 2.0 10.0
1.05 40.6 3.9 7.6
1.67 40,9 3.0 25.5
1.09 41.9 7.0 25.7
1.11 20.0 5.0 18.7
1.13 32.5 5.2 35.1
1.15 37.5 9.6 20.9
1,17 21.1 10.2 29.8
1.19 19.0 10.4 22.5
1.21 21.9 11.7 35.1
1,23 17.2 12.7 30.1
1.25 14.2 15.8 37.1
1.27 10.1 13.6 41.6
1.29 5.7 17.1 19.4
1.31 7.6 19.0 22.6
1.33 4.8 20.0 36.0

a) = 0(e+e_ > n+w_) (nb), Ref.16.

(@) = o(ete™ » 217217) (ab), Refs. 16, 18.

) = G(e+eF +»w+n_2vo) (nb), Refs. 16, 18.




- 21 -

TABLE II

Input data from 1.35 to 1.95 GeV

Q(Gev) ) (8)
1,35 23.9 33.7
1.40 28.8 38.7

T~ 1.45 36.5 44,2
1.50 45.6 57.3
1.55 54.0 62.3
1.60 40,0 64.8
1.65 34.0 54.7
1.70 30,9 79.2
1,75 26,0 62.3 -
1.80 19,6 44,2
1.85 16.8 35.8
1.90 15.4 33.7
1.95 : 14,2 32.5

(A) c(e+e_-+2ﬂ+2n_)(nb); Ref. 19.
(B) o(e+e-~>w+ﬂ_2n°,2w+2w_2w°, n+n_4ﬂ°)(nb),

Ref. 19.
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Fig. 1. The ratio, Ry, of the width for 1~ » ve + (2n pions)”
proceeding through the hadronic vector weak current,
to that for 1 + v + € Ve as a function of MT; my = 0.
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for My = 1.9 GeV., T(17 » vy + € V,) is computed
from Eq. (2) with the appropriate value of My, e
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1. Introduction

In the previous chapter, we calculated certain decay rates for the

1 on the assumption that the Tt was a sequential lepton which

1T lepton
fit into the standard SU(2) ® U(l) model just like the electron—éii.e.,
with a weak SU(2) assignment to a right-handed singlet and a left-handed
doublet comprised of the T and a massless neutrino vT.

Although this standard multiplet assignment might be preferred on
aesthetic grounds to possible alternatives, one cannot a priori rﬁle out
alternative multiplet assignments: for example, assignments which
involve a heavy neutral partner of the T, assignments which place the T
in a right-handed doublet, et cetera, 1In this chapter we systematically
consider a number of the more obvious alternative multiplet structures
within SU(2) ® U(1l) and show that many of these alternatives are incon-
sistent with currently available experimental data.

Nearly all of these alternatives would be trivially ruled out if
mass eigenstates were necessarily identical to weak eigenstates.
However, this need not be so; there can be Cabibbo-like mixing in the
leptonic sector analogous toithe well-known Cabibbo mixing among quarks.
Experimental data place constraints on these leptonic Cabibbo angles:
for example, an upper limit on the 1 lifetime (equivalent to a lower
limit on the 1 decay width) implies that the T must have some minimum
coupling to a light neutral lepton. Becauée Cabibbo mixing is con-
strained to be unitary, mixing involving the T generally affects mixing
of the y and e multiplets also. Therefore, n and e physics measurements
also place relevant constraints on the leptonic mixing. For example,

in multiplet assignments which do not have the GIM mechanism, the
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experimental limits on u- e neutral currents restrict the allowed
mixing. In order to fully rule out a proposed multiplet structure, it
is necessary to show that it is ruled out for any values of the mixing
angles. One does this generally by showing that the various constraints
on the mixing due to 1 physics and due to u- e physics are inconsistent.

The experimentally established facts about the 1t which we primarily
use for this purpose are:

(1) The t lifetime is less than 1.4x 1072 seconds.®  This fact,
combined with the T mass® of 1782 tZ MeV and branching ratios for
T + vev and/or T + vr, implies a lower bound on the strength of the 7
toe v coupling.

(2) The Michel p parameter for the e energy spectrum in t -+ vey
equals® 0.72#0.15. This value was deduced taking into account radia-
tive corrections, so as to make it directly comparable to the (nonradia-
tively corrected) theoretical value which, e.g., is 0.75 in the standard
model with a purely V-A current connecting the T and the v,

(3) Muon neutrinos, vu, couple to the T with a strength (coupling

squared) which is at most’

2.5% of the v, to y~ coupling.
(4) An upper 1imit® on the sum of branching ratios B(T—->e_e+e_)
+ B(T—-+e_u+u_) + B(T_—+u_e+e“) + B(T_-*u—u+u_) is 0.017.
(5) An upper limit® on the mass of the v in t » vev is 250 MeV,
As for u and e physics, our arguments rely particularly on:

(1) The strength of the uu—-e_ coupling is at most’ 0.3% of that

for v to u .
I 1
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{2) u-e universality is known to hold to a few percent., Based on
the measured w > ﬁ; and ®™ -+ é; rates, the e to v exceeds the u to v
coupling strength? by 3.2+1.9%. .

(3) Based on the lack of u to e conversion on nuclei,10 U- e neu-
tral currents are at most 1.2* 10_8‘of full strength neutral currents.l!

(4) The Michel p parameter in p decayl? is 0.7518 +0.0026. There-
fore both e and u_ couple with better than 99% left-handed chirality.

In the foligwing section, we discuss eight models which possess a
nonstandard multiplet structure and in which all neutral leptons are
either massless or more massive than the t. We show that only one of
these alternative models, a slight variation on the standard model, is
consistent with experiment. Then, in the last section we discuss

briefly other kinds of models which can be ruled out with present or

soon to be available data and state our conclusions.

2. Alternative Models

By allowing complete freedom in the choice of the weak-
electromagnetic gauge group, representations of that group, and yet
undiscovered charged and neutral leptons, one can produce an infinity
of different leptonic models. To avéid this unmanageable situation,
one restricts one's attention to a limited number of structures selected
on the basis of aesthetic criteria such as simplicity.

In this section we consider models within the standard SU(2) ® U(l)
gauge group (with gauge bosons W, Z, y) and with all leptons in SU(2)
doublets or singlets. For the e, u, Vo and vu we assume the standard

multiplet structure
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of left-handed weak doublets and right-handed singlets., The left-
handed assignments have long been established exberimentally. Plécing
the ¢ in a right-handed singlet rather than a doublet is alsc required,
particularly by“Ehe polarized electron-nucleon assymetry measurements, 13
Although the assignment of u; to a singlet is not yet conclusively
established by experiment, with the right—handed u— in a right-handed
doublet experiments would place sharp limits on some of the resulting
mixing angles., The right-handed singlet assignment is chosen on the
grounds of simplicity.

All leptons are treated as spin-l/2 point Dirac particles. The e,
u and 1 (and their antiparticles) are assumed to be the only charged
leptons. We take the T to be a lepton and the T+ to be an antilepton
rather than the other way around.

The different models we consider then differ in their neutral
lepton content. We do not add neutral leptons in SU(2) singlets beyond
necessity. More precisely, we only include singlet neutral leptons
when necessary to allow for a mass for a neutral present in a doublet.
There are then nine cases with the T and new neutral leptons, the mass
of whiéh is either zero or greater than the T mass.

We now proceed to discuss all these models and to briefly give the
arguments which show the status of the various models vis-a-vis
experiment. In the following we use primes (e’, 1', et cetera) to

indicate weak eigenstates; wunprimed symbols (e, T, et cetera) to denote



- 29 -

mass eigenstates. The symbol v refers to massless neutral leptons,

while N refers to leptons with.mN b4 m .

A. The standard model

The multiplet structure is:

Ue . UU . vT .
. ’ ) s . » (e)R M (N)R H (T)R .
L L L

The neutral leptons are taken as massless and need not have right-
handed components. Since the neutrals have the same mass, without loss
of generality, one can set all mixing angles to zero; i.e., the weak
eigenstates can be defined to be equal to the mass eigenstates. The
standard model is consistent with all well-established experimental

facts of T and p- e physics.

B. Superfluous heavy neutral model

The multiplet structure is:

\)é \)1'1 \)"r NT
( ) ; ( ) ; ( s (M) s Mg (Mg s W
e u T/ T

L L

With all mixing angles negligible or zero, this model differes from the
standard model only in the presence of the right-handed (NT,T) doublet.
Neutral currents involving the T will be purely vector as a consequence,
and with no mixing this is the handle by which this model eventually
might be ruled out.

In general there will be mixing. If one sets intergenerational

Higgs couplings (e.g.,'gfé) to zero, only v, and NT will mix: e" = e,
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't = =T, v T vy v& = V. If we further restrict ourselves to
singlet and doublet Higgs bosons, the mixing among left-chirality

neutrals is

2 1/2
m m_ .
' = — - ——
Vel Ty NTL + 1 Z2 - Vo, - ()
T "y
T
For my close to mT, the T-VT coupling strength is reduced and the
J.T —

lifetime gets longer, with the experimental limit becoming relevant.
But with my e (or triplet Higgs), the mixing becomes negligible.
T

This situation cannot be ruled out by current experiment.
C. Economy model

The multiplet structure is:

v \
( e) ; ( “) s (s (g (g (Mg -
e! \ul L

The name, "economy model," is due to Cabibbol* and refers to the lack
of new neutral leptons. If all mixing angles equal zero, the model is
trivially ruled out as then the 1 does not decay.

In general, however, the T can 7mix into the y and e doublets on

the left:

(2)

=
K

—
[
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and thereby is allowed to decay by coupling to Ve and Vu. Here and
in later models, we have expanded the exact expressions to lowest
significant order in €5 EU; we also ignore possible complex phases
which do not affect the phenomenclogy we are considering. We have
found that more careful analysis which aveids these approximationé
yields the same results.

With mixing there are t1-u and 1 - e neutral currents, and their
consequences in terms of T'(t - vev) # (1 » vuv) and T + three charged
leptons were used by Altarelli et al.,11 and Horn and Ross,15 respec-

tively, to rule out the model. Here we simply note that the width for

the purely charged current process T + vr would bel®

2
2
2 2 (fﬂcosecGF)z 3 mﬂ
T'(t » vn) = (F84"EU ) Tom m_ |1 -';E
' (3
52 + 52
12

2.64% 10 sec

and the measuredl? B(t + vr) = 11.7 +2.2% and lifetime limit“ yield
€2 + 62 > 0.18 . (4)
e u

10

But the limit on u-~- e conversion requires that:

8

e2e? < 1.2x10” (5)
ey
while u-e universality9’17 implies:
e - 2 = 0.032+0.019 . (6)
M e
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Therefore

2 1/2
2 2 |2 2 2 2
€, + €, = [}FU - Ee) + 4€eeu] < 0.070 , 7)

contradicting Eq. (4). The model is inconsistent with experiment

for any values of the mixing angles.
D. Left-handed heavy neutral model

The multiplet structure is:

ve \)u NT
( ) ;( ) ;( ) 3 (edg 3 (g 5 (Mg s (NT)R .
e’/ A\ v/

L

As in the economy model, the T can decay only if there is mixing.
We define €a> Eu as in Eq. (2)}. Equations (4) and (6) still hold
but we no longer have a constraint on eiei as this model possesses a
3

GIM mechanism”® which prevents lepton-family-changing neutral currents.

Still, the experimental limit? on vu production of T requires:

2
< 0.
€y 025

> (8)

which when combined with Eq. (6) implie518

ef 4 2 = _(52 - €2 )+ 2¢% < 0.056 (%
e U H e |

again contradicting Eq. (4) and ruling out the model. 9
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E. Right handed t doublet model

The multiplet assignment is:

Ve Yy [ v
( ') ; ( ‘> ; (T‘)L H (e")R ; (u")R : \ ) ..
e'/, w'/y : NT

R

In the absence of mixing this model is consistent with all experimental
facts except that the right-handed charged current coupling of T to Vo
makes the Michel parameter p = 0 in coﬁtrast to the experimental6‘
value 0.72+ 0.15. .The question is whether the mixing on the left can
be made large enough within the other experimental constraints to get
an acceptable value of p.

We parametrize e', u' and 7' as in Eq. (2) with parameters €L

. . . 1 T 1 4
and oL and similarly on the right for e, u" and 1" with EuR and EeR'

10

The limit from u- e conversion now implies

2 2 -8
(FeLEuL) + (FeREuR) < 1.2x10 . (10)

Furthermore, the p parameter measurements from U decay indicate that

2 2
. . 1
EeR 4 SUR < 70 01 (11)

The restriction from u- e universality is instead of Eq. (6)

giL-siL = 0.032+0.019+0.01 , (12)

with the extra z 0,01 due to possible u- v, or e- v, right-handed

couplings. Combining*® Egs. (10) and (12)
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2 1/2
2 2 2 2 2 2
e + e = [(ELIL EeL) + ZGEULEEI] < 0.08 . (13)

The p parameter in T + vev, including neutral current contributions, is

el

< 0.066 . (14)

Equation (l4) is still inconsistent with experiment,6 and the model

is ruled out in general.

. Ambidextrous T model

The multiplet structure is:

\)e v \JT \)T
s Y s ( ) ;Mg Mg ( ) :
e H L T L T R

Withoug mixing, the T- Vv, current is pure vector, resulting in a p
parameter of 0.375. Even with mixing, the t" must be more than 997 =t
because of the constraints on right-handed currents “in muon decay.
Neutral current contributions on the right are negligible compared

to charged current contributions and therefore in 1 > vev,

< 0.38 , (15)

which is more than two standard deviations from the measured?®

p = 0,72+0.15 and the model is ruled out in general.
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Note that if we limit ourselves to singlet and doublet Higgs

we have a mass relationship

2 2 2 2 2 2 2 ) 2
= -+ - — N
Myq EerMe Euan + (l €eR 8uR o . (16)

This follows from the Higgs coupling to ELTR being equal to that for

szvTR for £ = e, H or T, If m, << m, then the chirality constraint

VT

But then Eq. (16) makes

in u - vev demands small (ee )2 and (EuR)z'

2

m
vV

R

2 . . .
Roms contradicting our agsumption of small my, . Therefore, with

singlet and doublet Higgs the requirement that m << m_ cannot be met.
VT !

G. Heavy ambidextrous model

The multiplet structure is:
e u\ T Th
N ; 3 (eMp s Mg s |
et U'/ T Tn)
L L L R

The argument used to rule out the heavy neutral model ('D" above)

also rules out this model.

H. Backward heavy neutral model

The multiplet structure is:

We define the mixing of the charged leptons as before and parametrize

the neutrals on the left by
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[h-%)
' - =
VeL ¥ L 2 / Vel + SeNTL GeépvuL 5

62 . (17)
'V a __H
vuL 5 vuL + GuNTL .

The mixing among left-handed neutrals prevents us from ruling out
this model as we did the economy model, For, u- e universality can be

enforced even with very unequal mixing of the e and y on the left by

2
introducing compensating mixing (Ge—-GE = eiL-siL) of the neutral
2 2
leptons, and then we lack a restriction on eeL - EuL' In general the

massless components of véL and V;L are not even orthogonal, but the

experimental limit of 0.3% on vu production of electrons’ requires

(a 5 )2 < 0.003 , (18)
e i

so that the nonorthogonality is very small.
We still have that the 1 - vm charged current decay only occurs

through charged lepton mixing on the left and as in Eq. (4)

2 2
Eal, + EUL > 0.18 .

2
The limit7(n1vu production of the T implies EuL< 0.025, so €2L> 0.155.

-8
Then the very small limit on u- e conversion, siLeﬁL< 1.2x10 _, forces

e <107
uL
so that the T mixes on the left almost entirely with the electron.
Now the process 1 =+ vev in this model can be either t - evusﬁ
(through neutral currents alone because the 1 and u don't mix to the

10_7 level on the left) or 1t - V&V, (through charged or neutral

currents). Relative to the standard model the rate for the first
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process, T +* evuvu, is

52 52
el aR 2
(2, ) (- 2)

while for the second process, T - veéﬁé, the rate is

€2 52

el eR 2

~IE 4 22 - .
(4 4>(l 66)

The rate for the neutral current process T =+ eﬁ; for the left-handed

muons alone is, in the same units,

2 2
el EeR) 2 )2
-zr—-+ W (1 ~ 2sin Gw .
Therefore

s \2
_ o e)
Tt + epp) R} (l 2s5in W
T(T » ew) 2 - &% - &%
e ¥

= 0.25 (20)

2
using?® sin Gw < 0.25. Experimentally this last ratio® is
< (3.3x 10‘4)/ (16.5+1.5x 10‘2) = 0.03, and the model is ruled out

in general.

I. Heavy left-light right model

The multiplet structure is:

v, v N ' v: E
( ') ; ( L'l) ; ( ') ; (e")R ; (u")R ; I g N:‘; R :
e u T T
L L L R

Without mixing, the model involves a purely right-handed T - Vo

coupling and therefore a predicted p parameter in T - vev which
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disagrees with experiment. There can be little (< 1%) coupling of the
e and/or i on the right to Vo through mixing because of the p parameter
in p decay. On the left, u- e universality and the limits on v

production of 1 then imply21

2 2 _ 2 2
+ e = Zg (EUL—

2
for T FuL oL EeL) < 0.05 - (0.032# 0.019 £ 0.01)

(21)
< 0.066 .

But the lifetime limit and branching ratic for 1 =+ v7 requiré that
the total coupling strength of the t to a neutrino be > 187 of full
strength., The coupling strength on the right must then be > 11.4%
of full strength.

The fact that the charged-current coupling of the T to a neutrino
is predominantly right-handed cannot yet be directly translated into
a limit on the p parameter in T+ vev; for both neutral and charged
currents are involved in this process. Fortunately, the contribution
to T - vev from neutral currents (which all involve a right-handed 1)
and from the charged current contribution te g evT;% can be related

to T + eup: 22

F(TR - eRve;é ) P(TR - eRQ;vu) F(TR > eRv£3¥
| (22)
3

2
— 7 e
(l 2sin W)

These contributions to T -+ vev then can be neglected. We are left with

<

- — -3
5 P(TR > eR“L“L) < 12I'(t >~ eup ) < &x 10 "I'(t » all) .

> v, e v for

and Ty > Ve vy,

the charged current induced processes 1, *> v,€

R RELVL

which the bounds on charged current couplings derived above imply that
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0,066
6

3
=7 ¥ 0.114

0.06 0.275 (23)

in contradiction with the measured p = 0.72% 0.15.

3. Discussion of More General Cases

The nine models above are the only models which meet the criteria
stated at the beginning of Section 2‘. We now relax some of these
criteria, producing more general classes of models. We will not )
present detailed arguments for each of these models, but will simply
discuss results and the key facts that lead to them.

The multiplet structure for the electron and muon sectors remains
as before. For the sake of brevity from here on we only list the T

sector multiplet structure.
A. Intermediate mass neutrals

If we relax the constraint that the neutral leptons associated
with the T be either zero-mass neutrinos or have a mass greater than
that of the 1T, we have seven additional models with the following
multiplet structures (Lo denotes an intermediate mass neutral lepton,

O<m1,0<m'[‘):
L° 0
1. (' s (g s @0y
Ty



R
' v; o (LO
_ 5. ;3 (L )L N Y
1 I R
Lo') N‘T' o
6'. ; N! : ; 1, n)
\ T L ( T)L (TH>R ( R

7. S C A T " ;o (WY .
T L t R ( T)R

Strictly speaking we cannot use the chirality constraints or mass
limits derived from T + vev as they exist in published form tc rule
out these models. The chirality constraint was derived on the basis of

the assumption that the 7 couples only to a massless neutral lepton in

T > vev an assumption violated in these models. Similatly, the
mass limit, mLO < 250 MeV, was derived under the assumption that the 7
couples to only one neutral lepton lighter than the T; in these
models, on the contrary, the t can, via mixing, couple both to 1.° and
to v, v, or V.

However, we believe on the basis of qualitative heuristic arguments
that an appropriate reanalysis of the raw unpublished data would pro-

duce constraints sufficient to rule out most of these models for most

values of e For example, we expect the chirality constraint to be
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stronger for higher neutral lepton masses. The published value of the
p parameter corresponds to a "hard" electron energy spectrum. Both
adding in a right-handed (V+A) chirality component to the ;— L° current
and raising the mass of L° tend to "soften" this spectrum. Thus;_the
higher m oo is, the less (V+A) component one canbinclude and still
produce the "hard" spectrum observed experimentally.

If m o is sufficiently cleose to m. the phase space for any decay
involving L°® will be negligible and the model will be functionally equiv-
alent to a model in which L° is replaced by a heavy NT. For example, in
model 1', as in the left-handed heavy neutral model, the coupling to Vo
and vy is constrained to be < 0.056. 1If mo > 1.0 GeV, the phase space
for v » Loé—;; is less than 107 of the phase space for the zero-mass
case, The total rate for 1 —» ve-;; plus T > Loé-;; would then be
inconsistent with the experimental limit on the lifetime.® A similar
argument for model 3' shows that mo > 1100 MeV in that model.

In the limit that m; g is very close to m 1', 2', 3" and 4' are

T)

ruled out. Models 6' and 7' are allowed in this limit if one is

willing to accept an apparent G substantially less than the

F lepton
standard-model GF (one could avoid this discrepancy by intro-
quark

ducing an appropriate nonstandard multiplet structure in the quark
sector also). In this limit, model 5' is functionally equivalent to
the superfluous heavy neutral model and is therefore allowed.

If m o is very close to zero, the models are functionally equiva-
lent to models obtained by replacing L’ by a massless neutrino. Cases

1' and 6' will then be allowed; all others are inconsistent with

experiment.
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One should also note that, unless mixing is appropriately

. 0 . + - ; ,
restricted, L can decay (into, e.g., e e ve) if mo > 2me in these
models. This provides further constraints on these models. Other
authors have used astrophysical considerations to constrain the number

of neutrinos and their masses. 23

B. Models with extra neutrals

To all thé above models one can add extra neutral leptomns, which
must be in singlets if one does not add extra charged leptoms. If one
adds massless neutrinos to the economy model, right-handed t doublet
model, or ambidextrous 1 model, they are still ruled out. In these
models the mixing with the extra neutrinos may be defined away by a
redefinition of the neutrino mass eigenstates. The backward heavy
neutral model with extra neutrinos can also be ruled out. The other
five models with extra neutrinos reduce to the standard model or to
the superfluous heavy neutral model for appropriate values of the
nixing angles and are therefore allowed.

If instead one adds more heavy neutral leptons (m = m.), the
economy model, backward heavy neutral model and right-handed T doublet
model are still ruled out. The.left-handed heavy neutral model,
heavy ambidextrous model and heavy left-light right model with extra
heavy neutrals can be made consistent with experimental lepton‘data
by appropriate mixing with the heavy neutrals to preserve p- e univer-

sality; however, the apparent G will differ substantially

F lepton

from GF quark’ The other three models with extra heavy neutrals are

allowed for appropriate values of the mixing angles.
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If one adds both neutrincs and neutrals with mass =2 m_, the
economy model, right-handed T model and backward heavy neutral model
will be ruled out; the other six models will be allowed. -

If one adds neutrals with intermediate mass, one has the

difficulties discussed above.

C. Anomalous 1t lepton number

If there is no mixing among lepton generations, it is a matter of
convention whether the T+ or T be considered lepton or antilepton.
With intergenerational mixing, however, the distinction is real:
is it the neutral partner of the T or the T+ which mixes with Ve vu?

For example, in the left-handed heavy neutral model, the multiplet

structure would be

T+ could not mix with e or u—, and mixing among the neutral leptons
would violate GIM (since 13 differs for N and v, or Vu)' (Note that
we require T+ ina right-hand doublet so that T will be in a left=~
hand doublet.)

If one similarly reverses the T lepton number in our canonical
nine models, the conclusions will not change—all but the standard

model and the superfluous heavy neutral model will be ruled out.
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D. Other possibilities

Placing the i in a right~handed doublet with a heavy neutral

partner alters some of the above results: for appropriate mixing

angles, the ambidextrous T model would be allowed. The left-handed

heavy neutral model, heavy ambidextrous model aﬁa heavy left-light right

1 . .
model would also be allowed if one will accept GF lepton # GF quark
{The chirality structure of the u-u neutral current, and hence

the right-handed assignment of the u will be probed by currently
planned experiments.,)

One need not restrict oneself to SU(2) ®U{l) doublets and

ginglets, e,g., one could assign the 1 to:

Or one could abandon the conventional SU(2) ® U(l) gauge-~theoretic
framework altogether.

Although these may be real possibilities, we will not consider
them here. We have also not discussed the interesting phenomena

encompassed in '"neutrino oscillations."

4, Conclusion

We have discussed the standard model and eight plausible varia-
tions involving the T SU(2) ® U(1) multiplet structure and have shown

that all but two of these models are inconsistent with experiment.
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Until 7~ 1 neutral currents are measured, it will apparently not be
possible to discriminate between these two possibilities.

We have briefly discussed wider classes of models beyond the nine
canonical models. ¥For the most part, these models appear to be ruled
out except when they are essentially equivalent to our two allowed

canonical models,

While existing information from experiment does not uniquely
require the standard model, it does rule out the bulk of the simple

alternatives and justifies a strong prejudice in favor of the

standard model.
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CHAPTER IV

T DECAYS WITH SPIN-3/2 T AND \)_L_ AND

PECULTARITIES OF MASSLESS RARITA-SCHWINGER PARTICLES



- 50 -

1. Introduction

The discussions of the t lepton1 in the previous two chapters
stayed within the general framework of the standard SU(Z)éIJ(l) electro-
weak gauge theory2 with the t being a spin-~1/2 point Dirac particle.
We have seen that the experimental evidence is éonsistent with this
picture with the 7 in a right-handed SU(2) singlet and the T and a
massless v, in a left-handed doublet.

A priori, there are a number of possible alternatives to this
conventional picture: para- or ortho-leptons, nonstandard multiplet
assignments of T and Voo et cetera.® In this paper, we consiaer the
possibility that Tt and v, both have spin 3/2.

The possibility that Tt and/or v have spin 3/2 has been raised
in the past.“ For example, the initial difficulty in observing the
decay mode T + wv_ produced the suggestion that v_ has spin 3/2 and T
has spin 1/2: with a massless V. restricted to helicities of +3/2,

T > ™. would then be strictly forbidden by helicity comnservation.
(Subsequent observation of t -+ ™ therefore rules out this possibility.)

Tsai® has argued that if the T has spin 3/2, the behavior of the
cross section c(e+e_ - T+T_) would be inconsistent with experiment.
However, Kane and Raby7 have suggested possible subterfuges by which
nature might evade Tsai's argument; they therefore hold that the
possibility that T and v_ both have spin 3/2 remains open.

Alles® claims to dispose of this possibility by showing that
spin-3/2 T and V. imply branching ratios and an electron energy spec-

trum in T > v.e ve that are inconsistent with experiment; however, as
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Kane and Raby have pointed out, Alles fails to consider the most
general V,A current that can be constructed from spin-3/2 1 and VT'
In this paper, we assume, as does Alles, that the T decay ampli-

tude is of the current-current form J% where .

t—-vT). Ju(other)’

Ju(other) is the standard V,A current whicﬁ has been observed in bther

weak-interaction processes involving e, u, hadrons, et cetera. Unlike

Alles, we consider the most general form for J%r——v ) which is consis-
- T

tent with proper Lorentz invariance for 1 and Vo spins of 3/2.

The nonexistence of a renormalizable field theory for fundamental
point-like spin-3/2 particles might be thought to rule out considera-
tion of spin-3/2 leptons. However, as Kane and Raby suggest, T and v,
might be composite particles with spins of 3/2; then, the fundamental
constituent particles which make up the spin-3/2 t and v, could have
spins less than 3/2. The fundamental interaction involving these
constituent particles would not then involve spin-3/2 particles and
could therefore be renormalizable. Of course, even though the funda-
mental theory would be renormalizable, the effective low-energy form
of the interaction involving the composite spin-3/2 particles would
not necessarily be renormalizable. However, one would still expect
that the low—energy phenomenological amplitudes involving the spin-3/2
composite particles could be expressed in a current—current form with
one current involving only the spin-3/2 composite 1 and Vo and the
other current involving the other particles participating in the
reaction. An analogous situation presumably occurs in the weak decay

-

A+ A e Vg - Although the fundamental (renormalizable) interaction

presumably involves spin-1/2 quarks, one expects the phenomenological
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. u . M .
amplitude to be of the form J(A++—A+) Ju(e— ve) where J(A++—A+) is

9

constructed of Rarita-Schwinger spinors”® representing the two spin-3/2

particles, -
Since spin-3/2 1t and Vo might well be composite, one must allow

nonconstant form factors, analogues of a Pauli anomalous magnetic

u L
(T-v.)

not the simple V-A current of point particles, so one should not expect

moment term, et cetera, in J Just as the p-n weak current is

JET__v ) for composite particles to have the simplest conceivable. form.
T
(In fact, for spin-3/2 particles, it is difficult to decide which

current is the "simplest conceivable.")

u
(t-vy)

we find that Alles' conclusions ruling out spin-3/2 T and v, cannot be

Allowing the most general J with arbitrary form-factors,
sustained: T decays involving spin-3/2 T and v, can be made indistin-—
guishable from the spin-1/2 case so long as one does not measure the T
or v_ spin or helicity.

Before discussing the general V,A currents for spin-3/2 T and Vo
and their applications to T decay in Section 4, we first discuss in the
next section an apparent discontinuity in the M“T + 0 limit of certain
currents (and total rates) involving a spin-3/2 VT. This discontinuity
is related to the problem of the helicity states allowed to a massless
particle. In Section 3, this problem is reviewed with emphasis on twe
theorems due to Wigner and Weinberg. It is concluded that one may
eliminate the discontinuity discussed in Section 2 by allowing states
corresponding to nonmaximal helicities of a massless V.- In light of

this possibility, in Section 4 we discuss t-decays both in the case
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that vT is restricted to maximal helicities and in the case that all
four helicities are involved.
2. An Apparent Discontinuity as MVT + 0

In calculating weak decay amplitudes for the 1, Alles assumes the

=V current to be

u 2ia —uB
Sy = = u (l-yvyg) u, (1)
(T vT) M, ( 5) B

where uUB is the curl of the standard Rarita—-Schwinger spinor

corresponding to a particle of four-momentum k:

Wt kuuB - ksuu

. (2)

The quantities a and y are (arbitrary) constants. Wtih My, = 0 and
restricting the v, to have maximal helicity (IvaI = 3/2), the rate
for T+ v_e v_is:

T e

G2 a2 M5

F(T— >V e*;e) = F——'_,E’- (1 + y2) . (3)
216(2w)
One might also attempt to calculate this rate by first calculat-

ing the rate for a massive v_ and then taking the limit as M, = 0.

Proceeding this way, one finds a rate

GZ aZ 5
T T—-*v_ce_ve) = i_% —E———% (1+Y2) . (4)
216(2m)

The limit as MvT + 0 appears to be discontinuous,
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The cccurence of a discontinuity in the zero mass limit has a
precedent elsewhere. It has been known for a decade that a theory with
massive gravitons does not approach the standard zero mass“theory in
the limit that the graviton mass goes to zero,}?

For spin-3/2 particles, the M » 0 discontinﬁity has a straightfor-
ward origin. A Rarita-Schwinger spinor possesses both a Lorentz vector
index and a Dirac spinor index. It can be conceived of as being a
spin-1 field combined with a spin-1/2 field. The combination, of course,
produces both total spin 1/2 and 3/2. Imposition of the standard
condition

y,u =0 (3)
constrains u so that only the total-spin-3/2 portion remains. Writing
out the helicity states of the resulting spin-3/2 field in terms of
those of the spin-1 and spin-1/2 components, one finds that this condi-

tion insures that

[3/2, 3/2> = |1, 1> |1/2, 1/2>

[3/2, 1/2> = V273 |1,0>|1/2, 1/2> + V173 |1, 1> |1/2, -1/2>
[3/2, -1/2> = Y173 |1,-1>|1/2, 1/2> + ¥2/3 |1,05 |1/2, -1/2>
|3/2, -3/2> = |1 - 1> |1/2 - 1/2> , (6)

which are nothing but the standard Clebsch-~Gordan relations for combin-
ing spin 1/2 and spin 1 to form total spin 3/2.
As M -~ 0, the longitudinal (helicity zero) vector contribution,

|1, 0>, to the |3/2, +1/2> states has components which blow up; in a
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coordinate system where ku is {note that the following are four-

balelel

vectors not Dirac spinors),

|1, 0> =

R

-
+
= OO
=
™o

=
n
<
8 008

where |1, 0> is normalized to unity.
This of course also cccurs for the electromagnetic field., There,

the longitudinal contribution can be eliminated for the zero-mass

photon by going from the field A" to the field strength tensor

uv v, U

F = BuAv - 3 A", In the case of the photon, by eliminating the long-

itudinal contribution (A = 0), one leaves only maximal helicity states
(] = 1.

A similar use of the curl in the massless spin-3/2 case also
removes the (infinite) longitudinal contribution associated with the
vector index.* 11 However, unlike fhe electromagnetic case, the non-
maximal helicity states(‘lkvtl = 11/2) for spin 3/2 involve not only a
longitudinal vector piece which is eliminated by the curl, but also
[as shown in eq. (6)] a portion which is transverse in thé vector index
and which is not eliminated by the curl.

Tﬁerefore, use of the curl formalism for massless spin-3/2 Rarita-

Schwinger particles, while it will eliminate the infinite longitudinal

* In electromagnetism, AM couples only to conserved currents and the
longitudinal piece will therefore not contribute to matrix elements
even if one uses AW rather than FHV, Since u! need not couple to
a conserved current, in the Rarita-Schwinger case, one must employ
the curl formalism to ensure finite matrix elemets.
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vector contribution, will not—unlike electromagnetism—— completely
eliminate the states with nonmaximal helicities.

As M » 0, the contributions to T - vTe—A_e from these transverse—
vector parts of the nonmaximal helicity (|3/2,i 1/2>) states of v
survive. As is verified by explicit calculation, it is these con£ribu—
tions which make the rate in Eq. (4) greater than the rate which is due
solely to maxi?al helicities ([AVT‘ = 3/2) and which is given by eq.(3)T

According to the conventional wisdom of particle physics, oniy
maximal helicities can exist for a particle the mass of which is
strictly zero, Since, as M + 0, nonmaximal helicities continue to con-
tribute in the case under discussion, a discontinuity as M + 0 appears
unavoidable.

One cannot rule out a priori the possibility of such a discon-
tinuity, but it is rather unsettling. For example, it implies that one
could experimentally distinguish between the case of Mvr finite but

unbelievably small (e.g., M, = 10_IOOO eV) and the case that MVT is

VT
strictly zero.

However, if it were possible for a massless particle to have a
full set of helicity states rather than being restricted to maximal
helicities, then it would be pbssible to avoid this discontinuity as
M- 0.

In the next section we review the general problem of the helicity
states of a massless particle and conclude that one need not throw out
the A = t 1/2 states of Vo in the specific problem with which we are

concerned when M\)T = 0 and that therefore the discontinuity can be

avoided.
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Although our interest in the subject of the next section is
motivated by the apparent discontinuity discussed in this section, our
arguments in the next section rest solely on general considerations
concerning massless particles. We do not claim that the goal of

eliminating a discontinuity validates any of the following arguments.,

3., Helicity States of a Massless Particle

In this section, we will review classical analyses concerning the
helicity states of a massless particle and discuss their relevance to
a massless spin-3/2 v,

The assumption that strictly massless particles must have only
maximal helicity states rests on two theorems due to Wigner and
Weinberg. Contrary to what one might expect, there are certain circum-
stances, including that of a massless spin-3/2 Rarita-Schwinger par-
ticle, in which these two theorems do not suffice to rule out the

possibility of there being a full set of states corresponding to the

full range of helicities for a massless particle.
A. Wigner's theorenm

Wigner's theorem is the familiar statement that the helicity of
a massless particle is invariant under the restricted Lorentz group—
helicities do not mix. A single helicity forms an irreducibie

representation of the little group.*’12

* We will take '"Wigner's theorem" to refer only to this strict state-
ment that different helicities of a massless particle may not mix
— i.e., "Wigner's theorem" will not be used to refer to the restric-
tion on the allowed helicities of a massless particle which is gen-
grally believed to be a corollary of this theorem.
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It might be thought that the requirement that a massless particle
have only maximal helicities is an immediate consequence of this
theorem. For, Wigner and others have chosen to define '"particle" as
"an irreducible representation of the Lorentz group." With this
definition, it of course follows that a massless "particle'" has dnly a
single helicity state. A massless particle with a full set of helicity
states would form a reducible representation and would therefore, by
definition, noé—constitute a "particle" but rather a set of several
distinct "particles."

However, this conclusion clearly conveys no information about the
nature of the physical world beyond the information contained in the
statement that if a massless particle does have several helicity states
they will not mix under Lorentz transformations. In particular, this
conclusion does not tell us whether or not there exists in nature a
full set of states corresponding to all helicities of a massless
particle. It merely informs us that if such a full set of helicity
states exists, and if we choose to define the word "particle" in a
certain manner, then we must talk about this set of helicitv states in
a certain way—1i.e., as several "particles" rather than as a single
"particle."

To believe that this line of argument reveals information about
the allowed particle states which can exist in the real world is there-
fore to confuse physics with semantics. Obviously, the existence or

nonexistence of certain states in nature does not depend on how one

chooses tc define the word "particle."
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Wigner's definition of '"particle" is of course convenient for some
purposes, but it may prove rather inconvenient for other purposes.

For example, when one is taking the massless limit of a finite-mass
theory as in the previous section, it is natural to define '"particle"
in the strictly massless case to be the set of massless states, if it
exists, which corresponds to the limit of the finite-mass states. With
this definition of "particle'" for the massless case, the question of
whether or not a particle can possess a full set of massless helicity
states can be settled not by definition but only by investigation:

do nonmaximal helicity states decouple when M = 0?7, will a full set of
massless helicity states mix and violate Wigner's theorem?, et cetera.

We shall employ this definition, which differs from Wigner's, and
which is more convenient for our purpeses, throughout this paper.

It should now be clear that the conclusion that one must throw
out nonmaximal helicities of a massless spin-3/2 v, because massless
partiéles mist have maximal helicities and that, therefore, the M -+ 0O
discontinuity discussed in Section 2 is unavoidéble ig, in fact, an
invalid conclusion resulting from a misunderstanding involving Wigner's
definition of '"particle."

Unfortunately, Wigner's definition seems somewhat prene to this
sort of misunderstanding. TFor example, suppose an experimenter dis-
covers a very light partiecle, so light that he is unable to determine
whether its mass is strictly zero or is an extremely small but finite
number. The experimenter might decide, wrongly of course, that if he
can observe a full set of helicity states for the new particle, he will

have proven that its mass must not be zero. Similarly, if an
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experimenter is confident that a particle is strictly massless, he may
falsely conclude that it would be fruitless to investigate whether
states corresponding to nonmaximal helicities exist. _

Thus, even where it is useful, Wigner's definition can be rather
misleading and should be handled with care.*

Wigner's theorem does not then trivially rule out the possibility
that states co;zesponding to nonmaximal helicities of a2 massless
particle may exist. However, if such states exist, Wigner's theorem
does require that they not mix under Lorentz transformationms.

If the curl formalism for spin-3/2 massless particles were not
used, different helicities would mix under restricted Lorentz trans-
formations, violating Wigner's theorem. However, with employment of
the curl formalism, mixing of helicities does not occur and the
situation is in fact in accord with Wigner's theorem,.

The same situation arises for a massless vector particle, If one
does not use the curl formalism, different helicities mix in viclation
of Wigner's theorem. As in the Rarita-Schwinger case, the curl
formalism ensures that different helicities do not mix.

However, in the massless vector case, the curl also eliminates the

nonmaximal helicity state. This does not occur, as we have emphasized,

in the massless Rarita-Schwinger case.

* We apologize to the reader who is quite immune to misuse of Wigner's
definition and who views the preceding discussion as overemphasizing
a trivial and obvious point. However, a majority of the established
particle theorists with whom we discussed the result of Section Z
did misapply Wigner's definition to this specific problem with which
we are concerned; hence, we thought it necessary to discuss this
matter in some detail.
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In the Rarita-Schwinger case, the curl formalism allows nonmaximal
helicities to exist without violating Wigner's theorem. We conclude
that for spin-3/2, Wigner's theorem is consistent with there being a

full range of helicities for a massless spin-3/2 particle.

B. Weinberg's theorem

Weinberg's theorem!3

explicitly specifies which helicity states
can exist for i massless particle in a given representation of the
Lorentz group. First define

s >

Y J+ iK

-)-
= 5 and B = 5 s (7)

where 3 and K are the usual generators of rotations and boosts,
respectively., Since K and E commute, and since each generates an SU(2)
algebra, any representation of the Lorentz group can be specified in
terms of its representation content with respect to K and B and can be
labelled accordingly: (A,B). A Dirac spinor corresponds to {(1/2, 0) +
(0, 1/2). A four-vector behaves as (1/2, 1/2). A Rarita-Schwinger
spinor, which combines a vector and a Dirac index, corresponds to
(172, 1/2) ®[(1/2, 0) + (0,1/2)1= (1, 1/2) +(0, 1/2) + (1/2, 1) + (1/2, 0).
Parts of these last representations are eliminated by the standard
constraint [eq. (5)1.

Weinberg's theorem is the statement that a massless particle in the

representation (A,B) can only have a single helicity:

A =B-A . (8)
At first glance, it therefore appears to vindicate the common

belief that a massless particle cannot have a full range of helicities.
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However, if one applies Weinberg's criterion to some specific examples,
one finds that, in fact, it is not at all in agreement with the usual
belief that massless particles have only maximal helicities.

For example, for a spin-l1 particle field described by a four-vector
(e.g., electromagnetism with the photon field Aﬁ)’ (A,B) = (1/2, 1/2),
so that Weinberg's criterion implies A = 1/2 - 1/2 = 0, Thus, Weinberg's
theorem requires that a massless vector field can only have a longitud-
inal component;’that it can only have nonmaximal helicity!

Similarly, Weinberg's theorem demands that in the massless Rarita-
Schwinger case IAle = 1/2. Again, maximal helicities are forbidden.
Thus, while Weinberg's theorem does seem to prevent a massless particle
from having a full set of helicities, the helicity states allowed by
Weinberg's theorem are not, in general, the maximal helicities. On the
contrary, the theorem forbids maximal helicities for both vector and
Rarita-Schwinger fields.

There is, of course, a loophole in these results.* The helicity
states allowed by Egq. (8) (in both the vector and Rarita-Schwinger
cases) are precisely those states which have infinite components when
M= 0, with the standard normalizatin. If one normalizes the Rarita-
Schwinger spinors (or the spin-1 vector representation) so that these
components are finite, the other helicity states will indeed vanish as

required by Weinberg's theorem.

* Yeinberg was, of course, aware that a loophole existed, although he
was concerned with a somewhat different facet of the problem than
we are.
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If, however, one chooses the standard normalization in which these
components are infinite and then employs‘the curl formalism to eliminate
the infinite contributions, one escapes Weinberg's theorem. Equation (8)
was derived as a necessary condition to ensure that different helicities
do not mix, but the curl formalism guarantees this even if A # B - A.
Thus, Weinberg's theorem does not restrict the allowed helicities of a

massless Rarita-Schwinger particle if the curl formalism is employed.

C. Is "total spin" meaningful for massless particles?

We have concluded that neither Wigner's theorem nor Weinberg's
theorem requires one to throw out the A =+1/2 states which appear in
the Rarita-Schwinger formalism for a massless spin-3/2 particle. We
have pointed out that whether one views these helicity-1/2 states as
comprising a separate particle from the helicity-3/2 states or merely
as different states of the particle which also has helicity-3/2 states
is a matter of convenience. Since all four helicity states of a mass-
less spin-3/2 Vo correspond to the M -+ 0 limit of a single finite-mass
particle, it is convenient to refer to the four helicity states as
comprising the same particle.

However, it is standard practice to identify the spin of a mass-
less particle as |A|. Standard practice would thus assign the A =+1/2
states a spin of 1/2 and the A =*3/2 states a spin of 3/2, which con~
forms nicely with Wigner's definition which defines these states as

being separate particles.

* The discussion in this subsection is in response to queries
raised by L. Wolfenstein.
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If we view all four helicities as comprising one particle, however,
we would assign them all a spin of 3/2,

For a massive particle, spin is a physically measurable quantity.
If the same were true for a massless particle, one could (in principle)
measure the total spin of the A =% 1/2 states and prove either Wigner's
definition or our own to be wrong: either the X =z 1/2 states would
have the same spin as the A =% 3/2 states, or they would not.

In fact, total spin is apparently not a meaningful quantity for a

massless particle. Obviously, one cannot go to the rest frame to meas~

2, .2, .2

ure 5"+ 5 +8S5°. The Pauli-Lubanski vector, Fu = Euvpop M , has magni-
Xy oz v po

tude M2]S|(1S|-+l) which uniquely determines the spin |S|—unless M= 0.

For a massive particle the transformation properties under boosts
and rotations of a state of helicity X depend not only on X but also on

fS', and this allows one in principle to physically measure [S . How-

ever, Wigner's theorem proves that for a massless particle the trans-
formation properties depend only on A and cannot therefore determine ISL

The standard approach to coupling angular momenta of several
particles requires knowledge of each particle's spin. Which Clebsch-
Gordan table one uses depends on the’magnitude of the spins of the par-
ticles one is considering. One expects this to carry over to the mass-
less case; i.e., depending on whether one assigns a spin of 3/2 or 1/2
to our A =+1/2 states one expects to use a different set of Clebsch-
Gordan coefficients to combine these states with other particles to
form some composite angular momentum state.

This is indeed so. If Clebsch-Gordan coefficients are— in prin-

ciple— physically measurable, the assignment of total spin to a
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massless particle would not be arbitrary. However, Clebsch-Gordan
coefficients specify a particle’s componént of spin along a definite
fixed direction, generally not the direction of the particle's métion.
For a massive particle, the component of apin along a fixed direction
can be physically measured by bringing the particle to rest. For a
massless particle this cannot be done and the Clebsch~Gordan coeffi-
cients therefore cannot be measured physically.

For masslé;s particles, the only physical approach to specifying
the spin state is to give the helicity. If one couples the angular
momenta of several particles in the helicity basis (a generalized
Jacob-Wick approach), it can be proven that the helicity coefficients
analogous to Clebsch-Gordan coefficients do not depend on the spin of
any of the particles— whether the particles are massive or massless.
(This result therefore does not depend on Wigner's theorem.)

Since only the helicity basis is physically meaningful for mass-
less particles, the combining of angular momenta and the dependence of
Clebsch-Gordan coefficients on the magnitude of the spin dces not there-
fore allow one to give a physical meaning to the spin of a massless
particle.

None of the obvious approaches to physically measuring the spin of
a massless particle works. Indeed, Wigner's theorem probably rules out
any such approach.

We conclude that neither Wigner's theorem nor Weinberg's theorem,
nor considerations of the total spin of a massless particle, constrains
the helicity states allowed for a massless Rarita-Schwinger field. It

appears that when constructing a theory one can, if one chooses, assume
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that a massless Rarita-Schwinger field has all four helicity states:
both A“T =+ 3/2 and AVT =+ 1/2, (0Of coﬁrse, whether nature in fact
chooses to conform to such a theory is a gquestion to be settled by
experiment.) If oﬁe does choose to allow all four helicities when M= 0,

* .
the M+ 0 discontinuity in Section 2 disappears.

4. V,A T,vT Currents and T Decay

In Section 2 we showed that if we start with a theory with a mass-—
ive neutrino and let MvT -+ 0, all four helicities of the vT continue to
contribute; none totally decouples. Furthermore, we argued in
Section 3 that, contrary to what one might expect, even when M“t is
strictly zeroc one can, if one wishes, allow all four helicity states
to exist.

Given these considerations, we will present results in this section
based on the assumption that all four helicity states for v, are present
for M\)T = 0. Of course, it is not necessary for all four helicity
states to exist in the strictly massless case—- it is possible to have
only maximal helicity states present. We will therefore also discuss

the results in this case.

* Weinberg and Witten have recently shown that a massless spin-3/2

particle cannot have a conserved Lorentz-covariant vector current or
a conserved Lorentz-covariant stress—energy tensor.!® As they point
out, there are known theories which lack a Lorentz-—covariant conserved
vector current or conserved stress—energy tensor but which are none-
theless acceptable theories.

Of course, one can avoid Weinberg's and Witten's theorem entirely
by simply giving v, an arbitrarily tiny yet nonzero mass. Obviously,
all four Vo helicities would then automatically exist.
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More bizarre possibilities exist in the strictly massless case;
e.g., one could have X = 3/2, 1/2, -1/2 states existing but Ayp = -3/2
not existing. We will not discuss such possibilities.

For spin-3/2 1 and Vo with arbitrary masses, there are in general
seven independent pairs of V,A currents which can be formed from fhe T

and V. Rarita-Schwinger spinors:

5T
il

4o

EAB(VT) (1+-a75) ué(T)

(*+1Y)

By + bB) = —P—D;z— H(0,) Pa(1+ 1) ug(™)
T
A LAY
Cy + cCh = 1;2“) ) Py (Lt ers) ugto
T
Ds + dDi = GGB(vT) ;ﬁ (li-dys) YA UB(T) (9)
T
ﬁx+>\_M"MT—3 (o ")
B, * eEy = ek U (vT) (1+-eY5) UB(T) p +k
A M"TMT -8 AL A
F, + fF, = s (vT) (l+—f75) uB(t) (p ~k )
Gé -+ ng = MVT Gs(vr) (14;g75) YA uB(T) .

Ao, .
Here k ,p is the four momentum of VT respectively. Other currents
can be written in terms of these seven; e.g., by the Gordon
decomposition, (9 = k - p)

- A
o uaﬁ q o v A

A
M v o B TV TV ‘
T

(10}
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The currents EA, F* and G" involve the parts of the Ay =%1/2
helicity states which satisfy Weinberg's criterion and the components
of which become infinite as M\)T + 0, However, EA, FA, Gk‘are con=
structed so as to approach a finite limit as M\,,T + 0 even though the

A .
components of the spinors comprising E , FA, G>L blow up as MVT + 0.

When Vo is strictly massless, EA, FA, Gk are of the indeterminate
form 0 x = (assuming the standard normalization for us) and are hence
undefined. For this reason, we will refrain from using these currents
in our analysis.

If M\)T = 0 and if one is restricted to maximal helicities (but not

if all four V.o helicities are allowed), then

Therefore, in the maximal-helicity case there are only three pairs of

. . X A A . .

independent currents: AV,A’ BV,A and CV,A' If all four helicity

states of a massless v_ are allowed Dé A must be included as a fourth
’

pair of independent currents.

Alles assumes that
_ A by
y < )

Y-y,

with K an arbitrary constant and shows that the ratio (assuming only

maximal helicities for vT)

F(T +,ﬂvt)

T(T > v e Ve
T
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is 2.25 times the standard-model value. He concludes that the

disagreement of this prediction with experiment definitely excludes the

hypothesis that T and v. both have spin 3/2. -

In fact, if one allows a more general form for J(T v.)’ Alles'
T
conclusion is false; for, let
A Py -gR A -afB e Av
Iy = K v~ | u" vy u (1) +xiu = g u
(r vT) M_ 8 H_ B
T (11)

|

- A A
1\1:(1+v<) DV-KBV] .

A

Since the current (WIJA|0> is proportional to q”, the Pauli term,

qvckv, does not contribute to I'(r -+ wvi) at all and I'(t » ﬂvT) is
independent of k. In particular, T(t » va) is finite as k » o,
Since the Pauli term gives a nonzero contribution to T (T - vTe;e),
I'(t » vTeGe) will go to » as k - », Therefore, I'(T » an)/P(T -+ vTé“Ge)
goes to 0 as k » =,

Since I'(t » WVT)/T(T -+ vee_ﬂge) is 2.25 when « = 0 and 0 when
gk = o, and since it is a continuous function of k, it follows that there
exists a k corresponding to any value of this ratio between 0 and 2.25.
Since both the experimental wvalue aﬁa the standard-model theoretical

value for this ratio lie between 0 and 2.25, there does exist, contrary

to Alles, a J?T-V ) involving spin-3/2 1 and v, which produces the
T

desired value of T{(t - an)/F(T - vTeG )y with v, restricted to maximal
e

helicities.
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This reasoning applies also when all four Vo helicities are
#
allowed.

The fact that T'(t + va)/F(r +—vTese) can be adjusted so as to
agree with experiment leaves open the possibility that other branching
ratios, the e energy spectrum, et cetera, might not be similarly
adjustable.

In fact, if one is willing to allow arbitrary form factors, there

exists 7t such that the "lepton trace"

(T_ \)T)

A A *
L = E £
J(r - vT) (J(T - vT))
spins

, , A .

is identical to that for the spin-1/2 case. Such a J(T-v ) with the

T
same Lkp as in the standard model will clearly reproduce the standard-

model branching ratios and, in the T rest frame, the standard-model
energy spectra for unpolarized 1 and undetected Vo helicity.

In the maximal helicity case, an appropriate Jk

is
(r—vT)
3
M M
A B T()\ }\) 1 1 T (A AL LA ;\)
J = +AM Y- [= - B.-Cl+B.-C . (12)
(T—\)T) eop \vtay (2 2@) epy2 NV VITAT A
YVhen all four v helicities are allowed
3
M M
by _ 'r()\ A) 1 1 T (A A)
J = —— (DO4+D7 Y- [ = + B.-C . (13)
(t—vT) kep \V TA (2 2@) (k-p)z v v

* When all four helicities are involved and x=0, I'(1 + wv.)/
T(t + ve Ve) is 75/34 (= 2,21) rather than 2.25 of the standard-
model value., Otherwise, the reasoning is unchanged.
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For unpolarized 1 and undetected Vo helicity, these currents will
reproduce the branching ratios, energy spectra, angular distributions,
et cetera, of the unpolarized standard-model spin-1/2 case.

The price one pays for achieving this mimicry of the standard
model is the need to use some rather unaesthetic form factors.
(Contrary to appearances, J?T—-vt) deoes not, of course, blow up as
kA > 0.) However, as we argued in Section 1, the fact that spin-3/2 7
and Vo if they exist are probably composite combined with the uncer-
tainty as to what is the "simplest" current for spin-3/2 1 and v
compels one to accept the probability of nonconstant form factors.
Unless one has a specific theory concerning these form factors, one
cannot rule out the possibility that Jtr- “t) is of thé form given by
egs. (12) or (13).

It is of course impossible in general for a polarized spin-3/2 T
to reproduce the angular distributions produced by a spin-1/2 T.
Therefore, if one can produce fully polarized 1's, one could determine
the 1T spin, the results of this secticn notwithstanding.

The restriction of this section that the T be totally unpolarized
is somewhat more severe than one might suppose. For example, spin-3/2
T+T— produced in e+e_ annihilation would not, in general, be unpolarized
-—e.g., the helicities A =%3/2 and A =% 1/2 might not be equally
populated. This situation might produce not only angular correlations
differing from the standard model but also energy spectra in the lab
frame which differ from the standard-model spectra; for, if there is

any correlation between the direction of the 1 spin and the direction

of the boost from the rest frame to the lab frame, then the energy
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spectra in the laboratory frame depend not only on the rest-frame
spectra but also on the rest-frame angular distributions. The existence
of such a correlation is equivalent to there being a differential popu-
lation of the various T helicity states (i.e., to there not being equal

numbers of T's of various helicities). Therefore, even if one takes
A

J
(t—-

, , s + - - .
differentially populated in e e annihilation the lab-frame energy spec-

v ) to be given by egs. (12) or (13), if the T helicities are
T

tra (integrated over angles) will not necessarily agree with the stan-
dard model predictions even though the rest~frame spectra (integrated
over angles) will agree with the standard-model predictions.

Of course, it is a priori possible that the four helicities of
spin-3/2 1's produced in e+e_ annihilation could be equally populated
in which case lab~frame spectra would agree with the standard-model
predictions. However, even if the different helicity states are
equally populated, there must at least be a correlation between the T+
and t helicities for spin-3/2 . This would probably produce correla-
tions between T+ and T energy spectra and angular distributions which
differ from the standard model.

Therefore, detailed consideration!® of the T -1 electromagnetic
current for spin-3/2 T would probably reveal either energy spectra or
correlations between T-+ and T angular distributions or energy
spectra which differ from the standard-model predictions and which
might thus enable one to distinguish experimentally between T spin of

1/2 and 3/2.
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5. Conclusion

We have considered the possibility that v and Vo both have spin3/2.
We have found that, contrary to the usual assumptiocn, it ié apparently
not necessary for a massless spin-3/2 v, to be restricted to maximal
helicity. For unmeasured v helicity and unpolérized T, it is possible
for spin-3/2 1 and V. to precisely mimic the standard-model decay rates
and energy distributions of a spin-1/2 Tt and Vo Only in situations
where one has some information about the T polarization, as in the
correlations that must exist for the T+,T‘ helicities in e+e_ - T+T—
might it be possible to rule out the possibility that Tt and Vo both
have spin 3/2. Although we share the general prejudice against spin-3/2
T and v as unaesthetic and lacking in the simplicity of the standard
model, we must conclude that existing theoretical and experimental

analysis is not sufficient to strictly rule out the hypothesis that

both T and v_ have spin 3/2.
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CONCLUSIONS



- 77 -

In the preceding three phenomenclogical studies of the T lepton
we have seen that, while many alternatives to the standard model of the
T as a sequential lepton have been ruled ocut and while exéérimental data
is consistent with the tT's being a sequential lepton, other possibiliﬂ
ties do still remain. Most of these possibilities are rather bizarre.
For example, we think it quite implausible that T and VT have spin 3/2
as discussed in-Chapter IV; nonetheless, it will be difficult to rigor-
ously rule cut this possibility (not least because of the absencerof a
good theory for spin-3/2 leptons).

Probably the least bizarre viable alternative to the standard
model that we bave discussed is the superfluous heavy neutral model
of Chapter Il. Observation of the structure of t- T neutral currents
could rule out this model.

A development to be hoped for in 7T physics is the observation of
the v, (and a good determination of its mass). We know of no model
consistent with experimental data and lacking a new light neutral
lepton. It would therefore be extremely interesting if it turned out
that V. did not exist.

We believe that in all probability the T is a massive identical
twin of the electron, a sequential lepton. Nonetheless, it is worth

keeping in mind, perhaps, that the case is not yet completely closed.



