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ABSTRACT

Within the context of SU(2)8U(l), alternative multiplet assign-
ments for the T lepton and possible accompanying neutral leptons are
investigated. Currently available experimental data is sufficient to
rule out many alternatives to the standard assigmment of the left-

handed T to a weak isospin doublet (with massless V. partner) and the

right-handed t to a singlet.

(Submitted to Physical Review D.)

* Work supported by the Department of Energy under contract number
DE-AC03-76SF00515.



-2-

I. Introduction

e

In recent years evidence from electron-positron annihilation
experiments have established the existence of a charged heavy lepton,
called the T, beyond a reasonable doubt.l Since the 1's discovery, a
great deal of experimental evidence on its properties, decay branching
ratios, etc. has accumulated. These data are cgnsistent with the 1
being a sequantial lepton - in particular, with the 1 fitting into the
standard SU(2)8U(1l) model2 with a weak SU(2) assignment to a right-
handed singlet and a left-~handed doublet comprised of the t and a
massless neutrino, Voe

Although this standard multiplet assignment might be preferred on
aesthetic grounds to possible alternatives, one cannot a priori rule
out alternative multiplet assignments: for example, assignments which
involve a heavy neutral partner of the 1, assignments which place the
T in a right-handed doublet, etc. 1In this paper we systematically
consider a number of the more obvious alternative multiplet structures
within SU(2)8U(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 to the well-known Cabibbo mixing among
quarks. Experimental data place constraints on these leptonic Cabibbo
angles: for example, an upper limit on the t lifetime (equivalent to

a lower limit on the T decay width) implies that the T must have some



minimum coupling to a light neutral lepton. Because Cabibbo mixing is
constrained to be unitary, mixing involving the T generally affects
mixing of the 1 and e multiplets also. Therefore, 1 and e physics
measurements also place relevant constraints on the leptonic mixing.
For example, in multiplet assignments which do not have the GIM
mechanismB, the experimental limits on p-e neutral currents restrict the
allowed mixing. In order to fully rule out a proposed multiplet struc-
ture, 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 T physics and due to u-e physics are
inconsistent.

The experimentally established facts about the T which we pri-
marily use for this purpose are:

(1) The 1 lifetime is less than 1.4><10“12 seconds.4 This fact,
combined with the T mass5 of 1782 = Z MeV and branching ratios for
T + vev and/or T VT, implies a lower bound on the strength of the T to
v coupling.

(2) The Michel p parameter for the e energy spectrum in

— 6
T = vev equals

0.72 + 0.15. This value was deduced taking into account
radiative corrections, so as to make it directly comparable to the (non-
radiatively 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 most7 2.5% of the Yy to P— coupling.

(4) The upper 1imit8 on the sum ofvbranching ratios B(t ~ e—e+e_)

- - - - - - - - 4 - .
4+ B(t ~ e p+u ) +B{(t =+ u e+e ) +B{(t - uupuu) is 0.017.



(5) The upper limit6 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 vu—e_ coupling is at most7 0.3% of that
for vp to u . |

(2) u-e universality is known to hold to a few percent. Based
on the measured w -+ g; and ™ > ev rates, the e fo v exceeds the u to v
coupling strength9 by 3.2 = 1.9%.

(3) Based on the lack of U to e conversion on nucleilo, u—e

neutral currents are at most l.2><10—8

of full strength neutral cur-
rents.

(4) The Michel p parameter in u decay12 is 0.7518 * 0.0026.
Therefore, both e and P— couple with better than 99% left-handed
chirality.

In the following section, we discuss eight models which possess a
non-standard multiplet structure and in which all neutral leptons are
either massless or more massive than the 1. 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.
11. Alternative Models

By allowing complete freedom in the choice of 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 avoid 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)8U(1)
gauge group (with gauge bosons W, Z, y) and with all leptons in SU(2)
r th i, v _, and m
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of left-handed weak doublets and right-handed singlets. The left-

m

multiplet structure

handed assignments have long been established experimentally. Placing
the e in a right-handed singlet rather than a doublet is also required,
particularly by the polarized electron-nucleon asymmetry measurements.13
The assignment of H; to a singlet is not uniquely required by experi-
ment, although with the right-handed p— 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 leptoms are treated as spin % point Dirac particles. The e,
¥, and T (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 foramass for a neutral present in a doublet.



There are then nine cases with the 1 and new neutral leptons, the mass
of which 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 experi-
ment. In the following we use primes (e', t1', etc.) to indicate weak
eigenstates; unprimed symbols (e, T, etc.) to denote mass eigenstates.
The symbol v refers to massless neutral leptons, while N refers to
leptons with e >=mT.

1. The Standard Model

The multiplet structure is:

(8
‘e>L ; (14 L (’E)L 3 (@g s (g s (Dyg -

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 u-e physics.

2. Superfluous Heavy Neutral Model

The multiplet structure is:

vé) <\)1‘1) (v% ' " 1" NT
e/ 3\ s\gJu s N s (g5 G"g s r")R'

With all mixing angles negligible or zero, this model differs 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 inter-generational

Higgs couplings (e.g., etd) to zero, only v, and NT will mix: e" = e,

1 1

pt= o, ot =T, v ''=

'=v_ . vVv' =v . Ifwe further restrict ourselves to
e e’ u u
singlet and doublet Higgs bosons, the mixing among left-chirality

neutrals is

v oo (1)

For my close to m.s the =V, coupling strength is reduced and the T
T
lifetime gets longer, with the experimental limit becoming relevant.
But with my > (or triplet Higgs), the mixing becomes negligible.
T
This situation cannot be ruled out by current experiment.

3. Economy Model

The multiplet structure is:

e

(v)'(v“) 3 (1) s (e s (g s (0 >
'L 2\ /L L > "R R AR

The name, "Economy Model" is due to Cabibbol4, 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 mix into the p and e doublets on

the left:
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- -—_
e = 1 5 eL + €eTL
) (2)
€11
| B - B -
uL =11 5 uL + EuTL SeeueL s

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 signi-
ficant order in €as eu; we also ignore possible complex phases which
do not affect the pheﬁomenology we are considering. We have found that
more careful analysis which avoids these approximations yields the
same results.

With mixing there are T-u and T-e neutral currents, and their con-
sequences in terms of I'(t + vev) # I'(t » vu;) and t - three charged
leptons were used by Altarelli et al.11 and Horn and RosslS, respec—

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

the purely charged current process T - vr would be16
2 2\2
(f_cosf G.) m
2 i c’F 3 T
I'(t »vmw) = (ee + au) 16m m 1 - -
T
(3)
= (ai + ei)/(2.64x10_lzsec)
and the measured17 B(t - vr) = 11.7 £ 2.2% and lifetime lirfxit4 yield
2 2
g t e, > 0.18 . (4)
But the limit on p~e conversion10 requires that:
siei < 1.2x1078 (5)



while u-e universality > implies:
e2-? = 0.032 + 0.019 . (6)
H e
Therefore
2 2 _ 2_ 2.2 2 2.%
e, t c—:}1 = [(eu e+ 4eeeu] < 0.070 , 7

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

any values of the mixing angles.

4. Left~Handed Heavy Neutral Model

The multiplet structure is:

Vo) ’vu ’NT

e')L ; (u' L ; (Tl L ; (e)R ; (U)R ; (T)R ; (NT)R .
As in the Economy Model, the T can decay only if there is mixing. We
define €oo eu as in Eq. (2). Equations (4) and (6) still hold but we
no longer have a constraint on eieﬁ as this model possesses a GIM

mechanism3 which prevents lepton-family-changing neutral currents.

Still, the experimental limit7 on vu production of T requires:

sﬁ < 0.025 , (8)

which when combined with Eq. (6) implies18

2
-€
e

52 + 82 = (e
e H

2 2
+ 2 < 0.056
u ) s}»J 9)

again contradicting Eq. (4) and ruling out the model.19
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5. Right-Handed T Doublet Model

The multiplet assignment is:

(\)e> VU) 1 n\ n \)T
e'/u i \w/L (v s @D 5 Whg s \nfg -

In the absence of mixing this model is consistent with all experi-
mental facts except that the right-handed charged current coupling of
T to Vo makes the Michel parameter p = 0 in contrast to the experi-
mental6 value 0.72 £ 0.15. The question is if 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 1' as in Eq. (2) with parameters EuL

and €1, and similarly on the right for e", u", and t" With euR and
>

eR" The limit from u-e conversion10 now implies

2 8

2 -
(SeLsyL) + (EeREuR) < 1.2x10 . (10)

Furthermore, the p parameter measurements from p decay indicate that

2 2
€.r + EpR < 0.01 . (11)

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

2 2 :
€L = Sgr = 0.032 £ 0.019 % 0.01 , (12)

with the extra = 0.0l due to possible M-V, or e-v_ right-handed

couplings. Combining18 Egqs. (10) and (12)

2 2 .2 2.2 2 2
€L tey = [(auL—aeL) + 4ele

1/2
JL eL] < 0.08 . (13)
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The p parameter in T - vev, including neutral current contributions, is

E s

2 82 + 82 +‘2 82
o =3 4 el L = 4 "eR < 0.066 . (14)
432 [ 2 3.2 o 2 3.
4 el EpL 4 Fer €eR SPR

Equation (14) is still inconsistent with experimént6, and the model is

ruled out in general.

6. Ambidextrous T Model

The multiplet structure is:

\)e \)u (v'l' 1" " vT
e)r’ \iiju \TL;(e)R;(p)R; R -

Without mixing, the T—vT current is pure vector, resultipg in a p
parameter of 0.375. Even with mixing, the T" must be more than 99%

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 T -+ vev,

o =3 L <0.38 , (15)
4 1+ (l—e2 —€2 )
eR “uR /

which is more than two standard deviations from the measured5
p =0.72 * 0.15 and the model is ruled out in general.
Note that if we limit ourselves to singlet and doublet Higgs we

have a mass relationship,

2 _ 2 2 2 2 2 2 2
mo = g pl. + euRmu + (1 eeR—euR)mT . (16)
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This follows from the Higgs coupling to RLTR

being equal to that for

Bl

VorV.r for £ = e, p, or 7. 1If m << mu, then the chirality constraint

T
in p - vev demands small (ee and (e 2.

R) uR) But then Eq. (16) makes
mv ~ mT, contradicting our assumption of small mv . Therefore, with
T T
singlet and doublet Higgs the requirement that m, << mu cannot be met.
-t
7. Heavy Ambidextrous Model

The multiplet structure is:

(ve v\ NT\’ 'N_
. - . 1" . 11 .
\e' L °? (ul L\ (e )R ; (o )R > \T" R °

The argument used to rule out the Heavy Neutral Model (No. 4 above)

also rules out this model.

8. Backward Heavy Neutral Model

The multiplet structure is:

Vé) . (\)& . ' . ' . n . " . (NT)
e' /L 3 \u'/L 3 (t )L 5 (NT)L ; (e )R 3 (u )R s \¢"/r

N

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

the neutrals on the left by

2
r L (1— -
veL ~ (1 6e/z)veL + 6eNTL 6esuvuL

(17)

'

pL

U

2
(1—6u/2)vuL + 6uNTL .

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

enforced eﬁen with very unequal mixing of the e and u on the left by
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2 2

. . . - 2 _ 2
introducing compensating mixing (Se Su = euL_EeL) of the neutral

‘82 In general the

ieptons,and then we lack a restriction on ai WL

L

and v'_ are not even, orthogonal, but the

massless components of v
e uL

L

. - . ' . 7 .
experimental limit of 0.37% on vu production of electrons’ requires

(aeau)2 < 0.003 , ) (18)

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

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

2 2
€L, + EUL > 0.18 .

The limit7 on vu production of the T implies 82 < 0.025, so

uL
EZL > 0.155. Then the very small limit on u-e conversiomn,
2 2

‘ -8
eeLspL < 1.2x10 ~, forces

2 ~7
epL <107" , (19)

so that the T mixes on the left almost entirely with the electrom.
Now the process T - VeV in this model can be either T - evu;#
(through neutral currents alone because the T and p don't mix to the

107/

level on the left) or T + vee;é (through charged or neutral
currents). Relative to the standard model the rate for the first

process, T > ev v , is
Hou
e2 2
el + €er 1—62
\ 4 4 u/?

while for the second process, T + veésé, the rate is
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/82 E2
- el + eR 1~.(52
4 4 e/’
The rate for the neutral current process T > e@ﬁ for the left-handed

muons alone is,in the same units,

82 e2
el eR ( s 2 2
(—Z—-+ —Z—> ‘1 2sin Gw)

Therefore

2.2
— 1-2sin”6
I(t > ey) (172sin O > 0.25 (20)
T(t > evw) 2-6%-52
e U

using sinzeW < 0.25. Experimentally this last ratio8 is
< (3.3X10_4)/(16.5 * 1.5x10_2) = (0.003, and the model is ruled out in

general.

9. Heavy Left-Light Right Model

The multiplet structure is:

(\)e) .(\)11 -(NT) . (") . (”) .(Vj;) . (N")
e /L P Yy u et/ P MR MR S \r 2 VR

Without mixing, the model involves a purely right-handed ™=V, coupling
and therefore a predicted p parameter in 1 + vey which disagrees with
experiment, There can be little (< 1%) coupling of the e énd/or u

on the right to v, through mixing because of the p parameter in u

decay. On the left, p—-e universality and the limits on vu production

of 7 then imply21
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€2 + ez = 232 2 2

o, WL oL (epL—aeL) < 0.05 - (0.032 * 0.019 * 0.01)

< 0.066 . (z1)

But the lifetime limit and branching ratio for 1T <+ V& require that
the total coupling strength of the T to a neutrino be > 18% 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 -+ vég; 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 T)
and from the charged current contribution to T, + e v%@}.can be related

R R

to T -+ euu:

P(TR - eRveve) + P(TR -> eRvuvu) + P(TR > eRvTvT)
" (22)

3 : — -, -
< 5 P(TR > eRprL) < 12T (t -+ epy) < 4x10 3 r(t - all) .

(1—ZSin29W)

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

the charged current induced processes TR -> vReLVL and TL - VLeLVL’ for

which the bounds on charged current couplings derived above imply that

2'066 = 0.275 , (23)

p< 2
= 4 0.066 + 0.114

in contradiction with the measured p = 0.72 0.15.

1+
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I1L. Discussion of More General Cases

The nine models above are the only models which meet the criteria
stated at the beginning of Section II. We now relax some of these
criteria, producing more general classes of models. We will not pre-
sent detailed arguments for each of these models, but will simply dis-—
cuss 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 T, we have seven additional models with the following

multiplet structures: (L° denotes an intermediate mass neutral lepton,

0 < m o < mT):

' L° . ' . °
vo (B ang s @

I Lo .\’ll
' . T . on
N N O R

\)'
. 1 o1 . (L°
5 . (T )L s (L )L - <T")R
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&t L NS s (N:r') ; (LM

: T /L °? 'L > \t"/R? ( )R
Nl

v T . o1 . Le" . 1"

7 - (T)L s (L )L ’ (T")R 5 (NT)R .

Strictly speaking we cannot use the chirali;y constraints or mass
limits derived from T - vev as they exist in published form to rule out
these models. The chirality constraint was derived on the basis of the
assumption that the T couples only to a massless neutral lepton in
T+ vev - an assumption violated in these models. Similarly, the mass
limit, m o < 250 MeV, was derived under the assumption that the T
couples to only one neutral lepton lighter than the T; in these models,
on the contrary, the T can, via mixing? couple both to L° and to Vas
vu, or V.

However, we believe on the basis of qualitative heuristic argu-
ments that an appropriate reanalysis of the raw unpublished data would
produce constraints sufficient to rule out most of these models for
most values of o For example, we expect the chirality comnstraint to
be 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 (V4+A) chirality component to the t-L° current
and raising the mass of L° tend to "soften" this spectrum. AThus, the
higher m o is, the less (V+A) component one can include and still pro-
duce the '"hard" spectrum observed experimentally.

1f m o is sufficiently close to m_» the phase space for any decay

inﬁolving L° will be negligible and the model will be functionally
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equivalent to a model in which L° is replaced by a heavy NT. For
éxampié, in model 1', as in the Left-Handed Heavy Neutral Model, the
coupling to Ve and vu is constrained to be < 0.056. If W o > 1.0 Gev,
the phase space for f > L°e_;; is less than 10% of the phase space for
the zero-mass case. The total rate for 1 - ve—zkiplus T > L°e—3;
would then be inconsistent with the experimental‘iimit on the lifetime.4
A similar argument for model 3' shows that m oo > 1100 MeV in that
model.

In the limit that m o is very close to m., 1', 2', 3', and 4' are

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

to accept an apparent G

substantially less than the standard-
F lepton

model GF quark (one could avoid this discrepancy by introducing an
appropriate non-standard 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 equi-
valent to models obtained by replacing L° by a massless neutrino. Cases
1" and 6" will then be allowed; all others are inconsistent with ex-
periment.

One should also note that, unless mixing is appropriately re-
stricted, L°® can decay (into, e.g., e+e—ve) if m oo > 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.
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B. Models with Extra Neutrals

1}0 all the above models, one can add extra neutral leptons, which
must be in singlets if one does not add extra charged leptons. If one
adds massless neutrinos to the Economy Model, Right-Handed Doublet
Model, or Ambidextrous T 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
mixing angles and are therefore allowed.

If instead one adds more heavy neutral leptons (m ;:mT), the
Economy Model, Backward Heavy Neutral Model, and Right-Handed Tt
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 u-e

universality; however, the apparent G will differ substantially

F lepton

from GF The other three models with extra heavy neutrals are

quark’
allowed for appropriate values of the mixing angles.

If one adds both neutrinos and neutrals with mass > m» the
Economy Model, Right-Handed 1 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 dif-

ficulties discussed above.
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C. Anomalous t 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 inter-generational mixing, however, the distinction is real: is it
the neutral partner of the T or the T+ which mixes with Vas vu?

For example, in the Left-Handed Heavy Neutrai Model, the multiplet

structure would be

T+
(NT)R s (h s )
T+ could not mix with e or u , and mixing among the neutral leptons
would violate GIM (since 13 differs for NT and Vg OF vu). (Note that
we require T+ in a right-hand doublet so that 7t 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.

D. Other Possibilities

Placing the y in a right-handed doublet with a heavy neutral
partner alters some of the above results: for appropriate mixing
angles, the Ambidextrous 1 Model would be allowed. The Left-Handed
Heavy Neutral Model, Heavy Ambidextrous Model, and Heavy Left-Right

# G

Model would also be allowed if one will accept G .
F quark

F lepton

(The chirality structure of the -y neutral current, and hence the
T

right-handed assignment of the y will be probed by currently planned

experiments.)
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One need not restrict oneself to SU(2)8U(1l) doublets and singlets; e.g.,
one CSle assign the T to:
+
L +

vol s Ly 5 (tg -

T /L
Or one could abandon the conventional SU(2)8U(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 en-

compassed in ''meutrino oscillatioms."
Conclusion

We have discussed the Standard Model and eight plausible varia-
tions involving the 1T SU(2)8U(L) multiplet structure and.have shown
that all but two of these models are inconsistent with experiment.
Until 1-1 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. TFor 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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