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The neutral massive leptons expected in SO(10) have been studied in a model which permits neu-
trinos to be massless. The mixing of these leptons with ordinary neutrinos introduces violations of
weak universality. Three massive leptons occur: N, coupling to u and v, with strength (0.026
GeV/MNl) relative to the ordinary weak coupling; N,, coupling to 7 and v, with relative strength
(1.8 GeV/MNZ); and N3, coupling to . and v, with relative strength (1.8 GeV/MN3) and to 7 and v,

with relative strength (8 GeV/My 3). Their masses are bounded from below by 0.37, 6, and 25 GeV,

respectively. The prospects for observing the neutral massive leptons in neutrino neutral-current in-
teractions, in W and Z decays, and in 7, ¢, and b decays are discussed.

I. INTRODUCTION

Unified models of the strong and electroweak interac-
tions have the appealing feature that they combine quarks
and leptons into multiplets of a higher symmetry."? The
simplest model, SU(5), makes use of two distinct multi-
plets (5- and 10-dimensional) for the observed fermions.
These multiplets may be incorporated into a single 16-
dimensional spinor representation of the group SO(10).?
The price one pays for introducing SO(10) is an addition-
al, as yet unobserved SU(5) singlet, since 16=5*4+10+1.
This singlet, which we shall call N, would correspond to a
neutral lepton. If the neutrino were a massive Dirac parti-
cle, this singlet would correspond to a right-handed neu-
trino.

The observation that the neutrino’s mass is so much less
than that of other particles has led to the suggestion* that
a large Majorana mass for the SU(5) singlet forces the
neutrino mass to be small. The Majorana masses of the
observed neutral leptons would then be the eigenvalues of
the mass matrix

M= (1)

0 m
m M|’

where m is of the order of ordinary Dirac masses, and M
is the large Majorana mass. Here the neutrino mass
would be ~m?2/M. With m ~1 GeV and mz/Ms(tens
of eV), M would exceed 108 GeV, and the heavy neutral
leptons would be unobservable. Variations on this theme
also have been suggested, permitting dramatically smaller
values of M.>

The presence in a theory of very massive fermions is
known to constrain the ways in which a symmetry can
break down.® The SU(5)-singlet fermions N belonging to a
16-plet of SO(10) carry a charge (we shall call it X) associ-
ated with the U(1) in
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SO(10)—SU(5) xU(1)y . (2)

If the SU(5)-singlet fermions N are very massive, the
U(1)y must be broken at a scale comparable to their mass.’

Experimentally it turns out that there are very few con-
straints on the scale of U(1)y breaking. Mechanisms for
breaking SU(2)y X U(1)y, X U(1)y can be introduced
which permit the mass of the neutral boson coupled to
U(1)y to be as low as ~200 GeV.8~1° The question then
arises whether there are corresponding mechanisms for
fermion-mass generation which allow the SU(5)-singlet
fermions N also to be light.

In this paper we investigate a model in which the
neutral-heavy-lepton masses are indeed allowed to be
light, and experimentally accessible.!! The model is based
on a mechanism introduced by Wyler and Wolfenstein!'2
which allows the light (“left-handed”) neutrinos to be
massless to all orders. This is accomplished by introduc-
ing an SO(10)-singlet fermion S, which is allowed to mix
in a prescribed way with the neutral 16-plet members. A
related approach was attempted in Ref. 13, and the mech-
anism has been suggested earlier.'*

In the present model, the neutral-lepton masses are
bounded from below only by the observed universal
strength of the weak interactions in various processes. We
find there are three neutral leptons corresponding to the
three generations. They all have Dirac masses. All
masses are to be regarded as uncertain by a factor of 3 un-
less otherwise mentioned.

The lepton N, has a mass of at least 0.37 GeV. (This is
a strict limit.) It couples to u~ via the V—A charged
current and to v, via the neutral weak current with
strengths (0.026 GeV/My ) of the ordinary ones. As a re-

sult, one estimates its lifetime to be about 10~ ®%1) gec for
My, =1 GeV, decreasing roughly as M N, =33, 1t could de-
cay to u~ 7™, and should be looked for in muon-neutrino
interactions. It can also be produced in any source of
massive weak currents, such as in the decays —v,Nu,
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c¢—sNiu, F—>Niu, b—cNjp, W—Nu, or Z—Nv,.
In the first three decays, the final states should be investi-
gated for um resonances, and uF resonances may show up
in the last three as well.

The lepton N, has a mass of at least ~6 GeV. It cou-
ples to 7~ via the V' —A charged current and to v, via the
neutral weak current with strengths (1.8 GeV/My) of the

ordinary ones. It might first show up in W or Z decays.
The lepton N3 has a mass of at least =25 GeV. It cou-

ples to 7~ via the V' —A4 charged current and to v, via the

neutral current with strengths (8 GeV/My) of the ordi-

nary ones, and to .~ via the ' —A4 charged current and v,
via the neutral current with strengths (1.8 GeV/My) of

the ordinary ones. It could be produced in high-energy v,
interactions, or in W and Z decays.

The parameters for N, and N; are dependent on the ¢-
quark mass, which we shall take for the purposes of the
subsequent discussion to be 25 GeV.

The estimates given above are based on the following
experimental constraints, which we shall discuss in more
detail.

(1) In comparing the strength of '*O 3 decay and muon
decay, one is permitted only a 1.5% deviation from weak
universality.

(2) It is assumed that the lifetime of the 7 lepton can be
measured in the next few years to be within 109% of its
standard value in the V' —A theory. The bounds on N,
masses and couplings follow from this result. Conversely,
a natural framework exists for detectable violations of
weak universality in T decays.

(3) The ratio

Mt —e*v) /Tt —pty),

recently measured more accurately,® provides a useful
constraint, somewhat more powerful in our model than
the O B-decay relation, and tests weak universality to the
1% level.

Whenever neutral heavy leptons are present, there is the
possibility of induced u—ey decays. We find the predic-
tion for this process to be at the level of
B(u—ey)<8x107", safely below present bounds'®
(indeed impossibly small). The processes 7—ey and
T—uy are predicted to occur with branching ratios of
1012 or less.

We discuss the model for fermion masses and the corre-
sponding mixing scheme in Sec. II. The constraints on
parameters in this model (which amount to constraints on
N; masses) arising from weak universality are treated in
Sec. III. Consequences for lifetimes, branching ratios, and
production processes (neutrino interactions, 7, ¢, and b de-
cays, W and Z decays, etc.) are mentioned in Sec. IV. The
radiative decays u—ey, T—ey, T—uy are treated in Sec.
V. Our conclusions are contained in Sec. VI.

II. A MODEL FOR FERMION MASSES

There appears no convincing evidence for neutrino
masses at present.!” A model in which a neutrino v may
remain massless to all orders, while the SU(5) singlet N
belonging to SO(10) 16-plets acquires a mass, can be con-
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structed'®!* by introducing an SO(10)-singlet fermion S
and a Higgs field 4 belonging to a 16-plet representation
of SO(10). Its vacuum expectation value (4 ) is assumed
to belong to a singlet representation of SU(5). The cou-
pling

=g (WhS +H.c.), ¥=16 fermion , (3)

then leads to a Dirac mass g{#4 ) for the heavy neutral lep-
ton N, while the neutrino v remains massless.

This model may be generalized to three generations.
Let us denote the SO(10) 16-plets and singlets by

W EL6, Si€EL, i=1,2,3. @)

We introduce three complex Higgs fields ¢, (a =1,2,3)
belonging to 10-plets of SO(10), and the 16-plet Higgs
field 4 mentioned above. The Lagrangian is

Ly =81011,1+ 80030, +a303030;5

3
+r"S BiSiv;+H.c. (5)
i=1

We ignore CP violation, hence all Yukawa couplings and
vacuum expectation values are real. The terms in (5) have
been proposed before,'® except with (k) having a large
vacuum expectation value (~10'® GeV). The first three
terms may be justified on the basis of discrete symmetries,

and follow from certain composite models.'°
The corresponding vacuum expectation values for the
10-plet members are different, depending on whether
masses are being given to particles whose left-handed
states are I3 = + 3 or — 5 members of weak isodoublets.
Thus, u quarks and neutrinos would receive contributions

from

($a)r,=s12=00 (@=123), (©)

while d quarks and charged leptons would receive contri-
butions from

(¢a>I3W=_1/2EU: (a=1,2,3) . (7)

It is easiest to discuss first the masses for charged fer-
mions. They are the eigenvalues of the mass matrices
0 (/1\ ll),l"d 0
M©uorh— lgp%d 0 gp%d| . (8)
u,d
3
The masses of d quarks (d,s,b) and charged leptons
(e,us,7) are equal at the unification scale, as in ordinary
SU(5). The phenomenology of this model is not entirely
satisfactory, but modest distortions (by factors of no more
than 3) permit one to accommodate the observed masses.'®
We shall need, in particular, the mass matrix of
Iyy=+ é— fermions. For u quarks, we may write it as
0 a, 0
M*= a; 0 a . (9)

002 as

The eigenvalues A; of M* give the physical masses of u,
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¢, and ¢ quarks. Since

7»17\.27»3=detM"=—alza3 N (10)

K1+)\2+7»3=trM“=a3 5 (11)

if we demand by convention A3;=m; >0 and hence that
a3 >0, we find that one of A,A, must be negative. Fur-
thermore, in the limit that |A;| << |A,| << |A;], one
can show that

A.zkj;z—azz (12)
so that it is A, which must be negative, and

klzmu, }\.2=——mc, }\«3=m1 . (13)

The eigenvalues A; of the mass matrices M*¢ are to be
viewed as masses evaluated at the grand unification scale.
In principle, they should be reevaluated at ordinary ener-
gies by standard renormalization-group methods for com-
parison with experiment. At the grand unification scale
one expects my=m,, my=m,, mg=m,. At ordinary en-
ergies one then predicts?°

my/m,=~3 (satisfactory) , (14)
mg/m, ~3 (3 too high?), (15)
mg/m, =3 (3 too low?) . (16)

On the average, the (quark mass)/(lepton mass) ratio ap-
pears to be renormalized by a factor of 3 in passing from
the unification scale to observable energies. We shall as-
sume this to be the case in relating u,c,t masses to
neutral-lepton masses, and thus shall evaluate a,, a5, and
a3 using physical quark masses divided by 3. In view of
the deviations in (14)—(16), we regard these mass esti-
mates as uncertain by a factor of 3.
We assume that at ordinary energies,

m,=5MeV, m,=1.2 GeV, m,=25GeV. (17

Then, taking account of the factor of 3 mentioned above,
we find for the purpose of evaluating neutral-heavy-lepton
masses that

a=v'm,m./3=26 MeV , (18)
a=v'mm,/3=1.8 GeV , (19)
ay=m;—m,+m,)/3=8 GeV . (20)

The mass matrix for neutral leptons may now be written
in block form as

vi Sp Ni

N 0O 0 Mm*
MY= o o BI 21)

MY B O

where M* is the 3 X 3 matrix as defined in Eq. (9) with a;,
a,, and a3 given by (18)—(20), and B is a diagonal 33
matrix of the form
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By B,
B=(h) B,

B, . (22)
Bs B;

This matrix will have three zero-mass eigenvalues, corre-
sponding to the three massless neutrinos, and three eigen-
values of My, *My , *My,, corresponding to three

Dirac masses.!%?!
In what follows, on the basis of constraints from weak

universality, we shall argue that

(1]/1\41\1I «<1, al/MNZ << 1, al/MN3<<1 ,

ay/My, <<1, a,/My, <1, (23)
(13/1‘{1\]3 <<1 .
In these approximations, we find
2
1 a;
My =B, 1+3B‘]2] ) (24)
2 2
a;"+a
My,~B, l+——Tz— , (25)
2
2 2
a +a;
MN3 zB3 1 2332 (26)
The corresponding heavy-lepton eigenstates are
0 al/BZ
al/Bl 0
0 a,/B,
1 ! 1 0
Xf=——1] o Xi=—=| 1
,\/— b ‘/“ b
2 0 2 0
+1 0
0] +1
0 0
(27)
0
a,/B;
(13/83
) 0
X§+—=72 0 )
1
0
0
+1 |

where we neglect terms of order (a;/B; )2. These are
orthogonal (to the desired order) to the massless, mutually
orthogonal eigenstates
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a,? 0
=25, I
0 2B,> 2By?
0 0
0 —a; /B,
vi=|—a;/B, |, v,= 0 ,
0 —a,/B;
0 0
0 0
0 0
(28)
0]
0
a,? as?
T 2B* 2By
0
V3= —a,/B,
—a3/B;
0
0
0

The charged- and neutral-current interactions are (again,
to the order of interest)

Charged Neutral
Jo=ay Vs, T =Fovuhs (29a)
TE=fy ', TE= Ry (29b)
Tn=Ty VL, JT=F VWL s (29¢)
where
P LI FNy oL (30a)
L L 2322 Bz >
N T PR S I VI R
L=VL 2B12 2B32 1L B] 3LB3 )
(30b)
2 2
aj a; a, as
N = +Ny—=+N3y——
L Ll 2B,>  2B;? up, TG
(30c)

Here we have ignored small ratios of charged-lepton
masses associated with rotations induced by the charged-
lepton mass matrix. More precise expressions for
charged-current couplings are important for u—ey and
related processes.
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III. CONSTRAINTS FROM WEAK UNIVERSALITY

A. Comparison of *O—'“Nev and p—evw

In a six-quark model, charged weak currents can be
written as
Vud Vu.\' Vub d
Jguarks:(ﬁE;)L'yu Vea Ves Veo S| (31
th Vts th ' b
Comparison of *O—!*Nev and p—evw in the standard

model, where u couples universally to the weak current,
indicates??

| Via | =0.973740.0025 . (32)

In our version, where the p-v,, coupling can be diminished
as a result of mixing, this must be transcribed [see Egs.
(29b) and (30b)] to read

012 a22

2B2  2B;>

| Vg | =(0.9737+0.0025) ll— . (33)

We will assume
[Via |24 | Vs |2+ | Vip | *=1. 34)

An upper bound on a,2/(2B,?)+a,2/(2B3?) then follows
if we can place a lower bound on | V,; |. This, in turn, re-
quires an upper bound on |V, |24 |V, | 2

The analysis of K, ; and hyperon decays implies??

| Vs | =0.219+0.002 , (35)

if we assume that the electron coupling strength is univer-
sal. To the accuracy required, we shall see that this is
true.

Analysis of lepton spectra in b decays indicate that b
decays mostly to c, not to u (Ref. 23):

[ Vs /Vep | <0.14 . (36)

Moreover the study of charmed-particle production in
neutrino reactions indicates??

|Vea >+ | Ves |72 5 37)
or

| Ve | <0.7, (38)
1)

| V| <0.1. (39)
Thus we infer, at the 20 level for (35),

| Vua | >0.9715 , (40)
or, using 20 limits in (33),

a? a2

E+Egl.5%. 41

This is the degree to which weak universality is permitted
to be violated in muon decay. From (18), (19), and (41),
we infer
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B, >200 MeV /c?, 42)
B3;>15GeV/c?. (43)

As will be seen below, one can improve the bound (42) via
direct experimental searches, and one can also do better
than (43) in principle by measuring the 7 lifetime accu-
rately, as we now show.

B. The 7 lifetime

Let us assume that in the next few years, the 7 lifetime
can be measured to lie within 10% of its value in the stan-
dard model.?* Then, from Egs. (29¢) and (30c), we would
set the bound

a, 2 as 2
— + — <0.1. (44)
B,”  Bj
We shall actually use this value, together with (19) and
(20), to infer that

B,>5.8 GeV (45)
B3 >25 GeV . (46)

The result (45) justifies, a posteriori, the universality as-
sumption for electrons, since deviations are proportional
toa,;?/B,><2x 107>

C. Comparison of 7—ev and m—uv

A recent measurement'” finds
_ I'(mr—ewv)
T T(r—pv)

(undetected photons are included in these rates), while
theoretically, with our weak currents, after radiative
corrections,

=(1.218+0.014)x 10~* 47

R—(1.233 10~ |14 20 L 92 _ar (48)
o B2 B3> B,
We thus infer, at the 20 level for (47),
a 2 a 2 a 2
22 7L 001, (49)

— +
B> By® By

The term a,%/B,? may be safely neglected, in view of the
bound (45). Thus we find, in view of (18) and (19), that

B;>260 MeV , (50)
By>18 GeV . (51)

These are more powerful than (42) and (43), but one still
does better via direct experiment or (46), respectively.

The coupling strength of N; to muons is, according to
(29b) and (30b), just the standard one times a, /My =26

MeV/MNl. This is a relatively minor suppression for
My <M. The observed absence of K * >utN, then
implies®

My, ~B;>300 MeV /c*. (52)

The mixing parameter | Uy, | % defined in Ref. 25 is

2209

found to be <107° for My, =300 MeV/c2 Our model
would predict

| Uyi | 2=(26 MeV /300 MeV)*x (3)*2>8x 10~*

for this mass. The experiment of Ref. 25 does not have
acceptance for N; masses much above 300 MeV/c?2, and
its limits on | Uy | 2 deteriorate rapidly. Gronau (last of
Refs. 5) has shown how the absence of neutral decaying
particles in neutrino beams can improve this limit to
My —m, ~0.37 GeV.

D. Summary

In summary, we have

My, >0.37 GeV, (53)
My, >5.8 GeV(x3*!), (54)
My, >25 GeV(X3*h). (55)

It may be possible to improve (53) further, as we shall see
in the next section.

IV. CONSEQUENCES OF MIXINGS

A. Lifetimes and branching ratios

The ratio of neutral- to charged-current decays is the
same for each N; of a fixed mass. It is governed only by
the open channels. For example, a neutral lepton of mass
370 MeV could decay via the charged current to u~e*v,,
p~ptv,, and p~ud (in the form of p~m*), and through
the neutral current to VyVeVe, VyVVu, VuViVn Ve te™,
v ™, vuuit, and v,dd (the last two in the form of
v, 0). There are some subtleties here. In the ViV Yy
channel one must take account of identical particles; the
resulting rate is enhanced by a factor of 2 with respect to,
e.g., vyv.v,. In the vyu™u~ channel both charged and
neutral currents contribute.

We estimate the open channels crudely by assigning all
channels an arbitrary weight of O (closed), + (masses im-
portant), or 1 (masses unimportant). The resulting calcu-
lated lifetime for N, is shown in Fig. 1 as a function of
mass. A rough fit to the curve is

v, ~(8X107° sec)(My, /1 GeV) ™3 . (56)

The additional —0.3 in the exponent reflects the opening
up of new decay channels.

The corresponding lifetimes for N, are a factor
a,%/a,>~5000 shorter, and for N; a factor of
a;%/a,?>~10° shorter. The N, particle can travel an ap-
preciable distance before decaying as a result of the
suppression of its small coupling strength by 26
MeV/MN1 in comparison with ordinary weak charged-

and neutral-current couplings. Since all mass parameters
are to be thought of as uncertain by a factor of 3, we re-
gard these lifetime estimates as uncertain by a factor of
10. The predicted lifetimes of N, N,, and N; are all
safely within cosmological limits for neutral heavy lep-
tons.?® The u~ud channel remains important up to quite
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FIG. 1. Lifetime estimate for heavy lepton N, as a function
of mass. This estimate should be considered uncertain to a fac-
tor of 10.

high masses. For a 1-GeV object, it corresponds to rough-
ly + of all decays, while it accounts for about + of them
at high N masses. The estimates for low N; masses are
crude and could be improved straightforwardly. For a
light N, the decays

N,—pu~ 7wt
—u~rta°

+o

—u Tt TTTT (57)
are all worth searching for.2” A heavier N, (above ~2.5
GeV) can also decay to u~c5, with rate more or less equal
to that for u~ud. Hence it may also be promising to

5
search for u *F* resonances.

B. Neutral-current production

The rates for processes v; + hadron— N , (hadron)’ are
given very simply in terms of ordinary neutral-current
processes by (the hadrons will be omitted)

do(v,—N;) 2
7 U= 26 McV X (threshold factor), (58)
do(v,—w,) My,
dol( N 2
oty = Ns) = 1.8 GeV X (threshold factor) , (59)
do(v,—v,) My,
2
X (threshold factor) ,  (60)

do(v;—N;) (1.8 GeV
dol(v,—>v,) My,

C. N. LEUNG AND JONATHAN L. ROSNER 28

2

do(v,—N3)
X (threshold factor) .

8 GeV
M, N,

(61)

do(v,—v,)

The ratios in (58)—(61) are bounded from above by ~ 1%,
0.5%, 10%, and 10%, respectively. Each reaction has its
characteristic feature.

(1) v,—N;: The N, can decay to u~ 4 (any products
of a charged current)*. If it decays to p~p*v,, the u*
can sometimes be fast, and the u~ can be missed, giving
the appearance of a wrong-sign muon event. The N; may
travel very far if it is light, simulating an ordinary
neutral-current event.

(2) v,—N3: The Nj prefers to decay to 7—. This pro-
cess could look like a v,—v, oscillation. Limits on such
oscillations exist, but they are not tight enough to rule out
the process (59) at the + % level.?®

(3) v,—>N,,N;: If a v, beam is ever produced, these
will be interesting processes to look for. (The 10% upper
bound expected with respect to v,—v, is that associated
with the expected precision in measuring the 7 lifetime.)

C. W and Z decays

The W™ can decay to various pairs with the following
rates in units where (W * —ety,)=1:
2

W+—>,LL+N]: M 51% (62)
My
2
SutNy (283G 059 63)
My,
2
Ny [ EBSEV 0 (64)
My,
SNy |28V 109 (65)
My,

Similarly, the Z decays to pairs with the following rates in
units where I(Z%—v,v,)=1:
2

20w N tec: 2 |[2B2MYV T og (66)
My,
2
SNy tees 2|38V g 67)
My,
2
v Ny tec: 2 |[ RSV 909 (68)
2
—¥ Ny tee: 2 |28V | <209 . (69)
N3

The Z decays are particularly promising sources of neutral
heavy leptons because they are likely to be studied at fixed
c.m. energies (at SLC and LEP).

D. Production in heavy-Z decays

If there exists a relatively light boson “Z,” coupled to
the U(1) in SO(10)—SU(5) x U(1), it will decay with an
appreciable branching ratio to N;N;. To see this, we note
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that the U(1) charges Qy of 16-plet members are, in arbi-
trary units,

5% Qy=3,
10: Qy=—1, (70)
1: Qy=-5.
The branching ratio of Z, to N;N; (summed over i) is then
3 _ 52
2 B Zm NN = o 5
=4 ~0.3. 71

E. Other massive weak currents

Decays which can be studied to search for N, also in-
clude

TtV N,ut (orc.c.), (72)
Y
pomt
RO
D+0_, K- Nt (orc.c.), (73)
N
pomt
F+—>N1\,Lt+ (or c.c.), (74)
womt
b—eNu* (orc.c.). (75)
N

pw-mtoru~F*

Each of these processes is expected at a level of no more
than a percent of the ordinary charged weak current. We
are not aware of searches at this level of accuracy. We
stress that in the present model it is really muons, and not
electrons, that should appear in the final state.

As stressed by Gronau in Ref. 5, the charmed particles
in (73) and (74) may give rise to the leptons N, in beam-
dump experiments. If sufficiently long lived, these lep-
tons N; may decay a considerable distance downstream
from their point of production.?®3® It has been suggest-
ed®! that the process

v+ (hadronic target) >p = +F*t+4 - - -,
F*SN+4ut,
N_)“—+ cee

could give rise to trimuon events which were the source of
some interest a while ago.’? Similarly, some of the dimu-
on events, most of which were an initial signal for charm,
could be due to a neutral lepton N; produced in neutrino
interactions.

V. DECAYS p—ey AND RELATED PROCESSES

In principle the existence of massive neutral leptons
coupled to e, u, and 7 via nondiagonal couplings can in-
duce lepton-flavor-changing radiative decays through dia-
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FIG. 2. Example of graph leading to u~—e ~y.

grams such as that shown in Fig. 2.

The mixings noted in Sec. II and the corresponding
couplings in Sec. III do not induce decays p—ey, but
since both 7 and e couple to N, the decay 7—ey can
proceed via an N, intermediate state. Similarly, since
both 7 and u couple to N, the decay 7—puy can proceed
via an NV, intermediate state.

The form of the rate one obtains from considering dia-
grams such as that shown in Fig. 2 is*?

2

>

r(li_—>lj_+7/) 3 a

= M, —*
LU —vew,) 327 7

> UnUjMy,?
k

(76)

where Uy, describes the mixing of the ith lepton flavor
with the state N,. As we see, all the Uy, are inversely pro-
portional to My, , so that the predicted rates are indepen-

dent of MNk' Thus, we find

Uy, Uey,My,*~a,a,~0.05 GeV?, (77

Uy, Uun, My *=~aza3~14 GeV?, (78)
SO

B(r—ey)~1.8x1071, (79)

B(r—py)=~1.4x10710, (80)

A more careful treatment takes account of a small rota-
tion of the charged-lepton weak eigenstates with respect to
mass eigenstates.>* The u and e now can couple to the
same neutral leptons N;, but with further suppression fac-
tors in couplings of order (m;, /m;)'/? in addition to those

already mentioned. (Here m p<m I,-') The results are®*

B(u—ey)~8x107"7, (81)
B(r—ey)=4Xx10715 (82)
B(r—uy)=3x10"12, (83)

These limits are all safely below present experimental
bounds!®3%

B(u—ey)<1.9%x10710, (84)
B(r—ey)<6.4x1074, (85)
B(r—uy)<5.5X107%. (86)
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VI. CONCLUSIONS

The neutral massive leptons expected in SO(10) have
been studied in a model which permits neutrinos to be
massless. As long as there is a symmetry (discrete or glo-
bal) that guarantees the form of MY, the massless neutri-
nos remain massless to all orders of perturbation theory.
The neutral massive objects acquire Dirac masses by com-
bining with SO(10)-singlet fermions introduced for the

purpose.
The mixing of the neutral massive leptons with ordi-

nary neutrinos can introduce violations of weak universal-
ity. Because these violations are necessarily small, lower
bounds can be placed on the masses of the neutral leptons
Ny, N,, N5 associated with each generation of quarks and
leptons.

The lower bound for N; we find is so weak that it may

be replaced by a bound based on the absence of N; in

Kt —>u*N;:
My, >0.37 GeV.?% (87)
The corresponding bounds for N, and N3 are
My, >6 GeV, (88)
My, >25 GeV . (89)

The leptons N; couple to charged and neutral currents
with ordinary weak strengths, multiplied by suppression
factors associated with their mixings. Effectively, each N;
may be thought of as having some admixture of neutrinos.
These admixtures are model-specific. We find here

26 MeV
Ni~vy|—— | (90)
MN1
1.8 GeV
Ny~vw R 91)
2 T MNZ
1.8 GeV 8 GeV
N3~VM - (92)
MN3 MN3

Thus, for example, N, decays to pu+ - via the weak
charged current and to v,+ --- via the weak neutral
current with a rate proportional to

(GF* /1927 )My *(26 MeV /My )
X (effective number of open channels) .

The lifetimes of N, N,, and N5 are then estimated crude-
ly to be
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T, ~(8X 107 sec)(My /1 GeV)~33, 93)
TN, =~ (81075 sec)(My, /5 GeV) ™33, (94)
T, = (2107 18D sec)(My, /25 GeV)™>3 . (95)

The N, lifetime is long enough that one should see visible
decays, e.g., to uw if the mass is sufficiently low, and to
uF (for higher masses).

The prospects for observing the neutral massive leptons
N; in neutrino neutral-current interactions, in W and Z
decays, and in 7, ¢, and b decays have been discussed. All
rates involving N, are expected to be no more than a per-
cent of ordinary weak rates, as a result of universality con-
straints in muon decay and 7—/v at the percent level.
The upper bounds on processes involving N, and N are
at a level of 10% of weak rates, assuming that weak
universality in 7 decays can be checked to the 10% level.
The measurement of the 7 lifetime to the best possible ac-
curacy is of great importance.

We were motivated to construct models with light N; in
part by the existence of symmetry-breaking schemes
SO(10)—SU(5) X U(1) in which the gauge bosons Z, cou-
pled to the U(1) are also relatively light. We have estimat-
ed that B(Z,—N;N;)=~30% (summed over i). Thus, if
heavy Z’s are found, we urge that neutral massive leptons
be looked for in their decays. The decay Z,—N;N,
could have a particularly spectacular signature in view of
the expected long lifetime (93) of N;.

We have checked that processes u—ey, 7—ey, and
T—uy are predicted to occur at rates safely below present
limits. For example, we expect B(u—ey)<8x107",
with the precise number dependent on such unknowns as
the t-quark mass and the degree to which weak universali-
ty holds in 7 decays.

To sum up, we have indicated that the massive neutral
leptons expected in SO(10) can be relatively light (0.37
GeV or more) if they are produced at rates only a percent
or less of ordinary weak rates. We eagerly await experi-
ments which can improve these bounds.

ACKNOWLEDGMENTS

We thank H. Frisch, M. K. Gaillard, M. Gronau, F. R.
Huson, D. Jovanovic, F. Merritt, S. T. Petcov, A. Sirlin,
M. Turner, and L. Wolfenstein for useful discussions.
This work was supported in part by the United States
Department of Energy under Contract Nos. DE-ACO02-
82-ER-40051 (Minnesota) and DE-AC02-82-ER-40073
(Chicago). C. N. Leung wishes to thank the Graduate
School, University of Minnesota, for partial support
through a Doctoral Dissertation Special Grant. We are
especially grateful to R. Robinett for many fruitful discus-
sions and for collaboration on the initial stages of this in-
vestigation.

Howard Georgi and S. L. Glashow, Phys. Rev. Lett. 32, 438
(1974).

2], C. Pati and Abdus Salam, Phys. Rev. D 8, 1240 (1973); 10,
275 (1974).

3Howard Georgi, in Particles and Fields—1974, proceedings of

the Williamsburg Meeting of the Division of Particles and
Fields of the American Physical Society, edited by C. E. Carl-
son (AIP, New York, 1975), p. 575; Harald Fritzsch and Peter
Minkowski, Ann. Phys. (N.Y.) 93, 193 (1975).

4Murray Gell-Mann, Pierre Ramond, and Richard Slansky, in



28 NEUTRAL MASSIVE LEPTONS IN AN SO(10) MODEL WITH . . .

Supergravity, proceedings of the Stony Brook Workshop,
1979, edited by P. van Nieuwenhuizen and D. Z. Freedman
(North-Holland, Amsterdam, 1979), p. 315; R. N. Mohapatra
and G. Senjanovi¢, Phys. Rev. Lett. 44, 912 (1980); T. Yana-
gida, KEK Lecture Notes, 1979 (unpublished); Edward Wit-
ten, Phys. Lett. 91B, 81 (1980).

5Thus, if m =m, and m,,zmz/MSZS eV, one needs only
M >10 GeV. Models permitting relatively light right-handed
neutrinos have been considered, for example, by R. N. Moha-
patra and G. Senjanovi¢, Phys. Rev. Lett. 44, 912 (1980) and
Phys. Rev. D 23, 165 (1981); Chao-hsi Chang, Phys. Lett.
115B, 455 (1982); Michael Gronau and S. Nussinov, Report
No. Fermilab-Pub-82/52-THY, 1982 (unpublished), and
Michael Gronau, Reports Nos. SLAC-PUB-2965 and 2967,
1982 (unpublished) and Technion Reports Nos. Phys-82-45
and 83-14 (unpublished), as well as several of the authors
mentioned below in Ref. 11.

6M. S. Chanowitz, M. A. Furman, and I. Hinchliffe, Phys. Lett.
78B, 285 (1978); Nucl. Phys. B153, 402 (1979).

"We thank A. Zee for a discussion regarding this point.

8Richard W. Robinett and Jonathan L. Rosner, Phys. Rev. D
25, 3036 (1982).

9See especially, Nilendra G. Deshpande and David Iskandar,
Phys. Rev. Lett. 42, 20 (1979); Phys. Lett. 87B, 383 (1979);
Nucl. Phys. B167, 223 (1980); A. Masiero, Phys. Lett. 93B,
295 (1980); A. Yu. Smirnov, Nuovo Cimento 64A, 297 (1981).
Reference 8 contains an extensive list of further references.

10y, Barger, Ernest Ma, and K. Whisnant, Phys. Rev. D 26,
2378 (1982) provide a general analysis of “‘extra-Z” models of
the type considered here.

Early frameworks for the discussion of heavy leptons were
given by H. B. Thacker and J. J. Sakurai, Phys. Lett. 36B,
103 (1971); Y. S. Tsai, Phys. Rev. D 4, 2821 (1971); J. D.
Bjorken and C. H. Llewellyn Smith, ibid. 7, 887 (1973); A.
Soni, ibid. 11, 624 (1975); C. H. Albright and C. Jarlskog,
Nucl. Phys. B84, 467 (1975); C. H. Albright, C. Jarlskog, and
L. Wolfenstein, ibid. B84, 493 (1975); C. H. Albright, C.
Jarlskog, and M. O. Tjia, ibid. B86, 535 (1975). Subsequent
discussions include ones by C. H. Albright, ibid. 12, 1319
(1975); Lay Nam Chang, E. Derman, and J. N. Ng, Phys.
Rev. Lett. 35, 6 (1975); Phys. Rev. D 12, 3539 (1975); S. S.
Gershtein, V. V. Lapin, and V. N. Folomeshkin, Yad. Fiz.
22, 1202 (1975) [Sov. J. Nucl. Phys. 22, 624 (1975)]; F.
Wilczek and A. Zee, Nucl. Phys. B106, 461 (1976); C. H. Al-
bright, J. Smith, and J. A. M. Vermaseren, Phys. Rev. Lett.
38, 1187 (1977); V. Barger et al., ibid. 38, 1190 (1977); Phys.
Rev. D 16, 2141 (1977); 16, 3170 (1977); 16, 3177 (1977); H.
Goldberg, ibid. 16, 1422 (1977); Ta-Pei Cheng and Ling-Fong
Li, ibid. 16, 1425 (1977); 16, 1565 (1977); Benjamin W. Lee
and Robert E. Shrock, ibid. 16, 1444 (1977); L. M. Sehgal and
P. M. Zerwas, ibid. 16, 2379 (1977); D. M. Rein et al., Nucl.
Phys. B138, 85 (1978); G. G. Volkov et al., Yad. Fiz. 27,
1608 (1978) [Sov. J. Nucl. Phys. 27, 846 (1978)]; R. M. Bar-
nett, L. N. Chang, and N. Weiss, Phys. Rev. D 17, 2266
(1978); Duane A. Dicus et al., ibid. 19, 1522 (1979); C. H.
Albright and R. E. Shrock, ibid. 19, 2575 (1979); E. W. Kolb
and T. Goldman, Phys. Rev. Lett. 43, 897 (1979); R. N.
Mohapatra and G. Senjanovié, Ref. 5; Robert E. Shrock,
Phys. Lett. 96B, 159 (1980); Phys. Rev. D 24, 1232 (1981); 24,
1275 (1981); J. N. Ng, Nucl. Phys. B191, 125 (1981); M. J.
Bowick and P. Ramond, Phys. Lett. 103B, 338 (1981); Chao-
hsi Chang, Ref. 5; F. Del Aguila and M. J. Bowick, Phys.
Lett. 119B, 144 (1982) and University of Florida Report No.
UFTP-82-19, 1982 (unpublished); Gronau and Nussinov, Ref.

2213

5; Gronau, Ref. 5.

12D. Wyler and L. Wolfenstein, Nucl. Phys. B218, 205 (1983).

13C. N. Leung, Richard W. Robinett, and Jonathan L. Rosner,
in Neutrino Mass and the Gauge Structure of Weak Interac-
tions, proceedings of the Neutrino Mass Miniconference, Tele-
mark, Wisconsin, 1982, edited by V. Barger and D. Cline
(AIP, New York, 1983), p. 202.

14An additional two-component spinor, combining with v;, vg
in such a way as to leave one massless two-component spinor
and a massive Dirac particle, was introduced by J. C. Pati and
A. Salam, Phys. Rev. D 10, 275 (1974). The introduction of
an SO(10)-singlet fermion to combine with the v in the 16 of
SO(10) is discussed by Howard Georgi, in First Workshop on
Grand Unification, Durham, New Hampshire, 1980, edited by
Paul H. Frampton, Sheldon L. Glashow, and Asim Yildiz
(Math Sci. Press, Brookline, Mass., 1980), p. 297.

I5SD. A. Bryman et al., Phys. Rev. Lett. 50, 7 (1983).

16J. D. Bowman et al., Phys. Rev. Lett. 42, 556 (1979).

173, Vuilleumier et al., Phys. Lett. 114B, 298 (1982). We
understand that questions of experimental resolution have ar-
isen in regard to the claim by V. S. Kozik et al., Yad. Fiz.
32, 301 (1980) [Sov. J. Nucl. Phys. 32, 154 (1980)], Phys. Lett.
94B, 266 (1980), and Zh. Eksp. Teor. Fiz. 81, 1158 (1981)
[Sov. Phys.—JETP 54, 616 (1981)] with respect to a nonzero
electron neutrino mass. [Note added in proof. A new experi-
ment by this last group supports the claim m (v, )540. See the
review by M. Shaevitz, in Proceedings of the 1983 Interna-
tional Symposium on Lepton and Photon Interactions at High
Energies, Cornell University (unpublished).]

18H. Fritzsch, Phys. Lett. 73B, 317 (1978); Howard Georgi and
D. V. Nanopoulos, Nucl. Phys. B155, 52 (1979); Harald
Fritzsch, ibid. B155, 189 (1979).

19Shinsaku Kitakado, Prog. Theor. Phys. 69, 358 (1983).

20A. J. Buras, J. Ellis, M. K. Gaillard, and D. V. Nanopoulos,
Nucl. Phys. B135, 66 (1978).

2IC. N. Leung and S. T. Petcov, Phys. Lett. 125B, 461 (1983).

22Ling-Lie Chau, Phys. Rep. 95, 1 (1983); Ling-Lie Chau, Wai-
Yee Keung, and Minh D. Tran, Phys. Rev. D 27, 2145 (1983).
For analyses of V,4 and V,, see, in particular, R. Shrock and
L.-L. Wang, Phys. Rev. Lett. 41, 1692 (1978).

2Ling-Lie Chau, in Experimental Meson Spectroscopy—1983,
proceedings of a Conference, Brookhaven National Laborato-
ry, 1983 (AIP, New York, to be published).

24The present status of 7-lifetime measurements has been re-
viewed by John A. Jaros [Report No. SLAC-PUB-3044, 1983,
presented at the SLAC Summer Institute on Particle Physics,
Stanford, California, 1982 (unpublished)]; prospects for im-
proving these measurements are also given. The most precise
value comes from the Mark II detector [J. A. Jaros et al.,
Phys. Rev. Lett. 51, 955 (1983)], 7, =(3.20 =0.41
+0.35)x 1013 sec. At present the allowable deviations from
weak universality are of order 40% (in rates).

25R. S. Hayano et al., Phys. Rev. Lett. 49, 1305 (1982).

26Duane A. Dicus, Edward W. Kolb, Vigdor L. Teplitz, and
Robert V. Wagoner, Phys. Rev. D 17, 1529 (1978); Benjamin
W. Lee and Steven Weinberg, Phys. Rev. Lett. 39, 165 (1977);
Duane A. Dicus, Edward W. Kolb, and Vigdor L. Teplitz,
ibid. 39, 168 (1977); 39, 973 (E) (1977); J. E. Gunn, B. W. Lee,
I. Lerche, D. N. Schramm, and G. Steigman, Astrophys. J.
223, 1015 (1978).

27For one early discussion of such effects, see A. Clark et al.,
Nature 237, 388 (1972). A persistent effect of low statistical
significance has been discussed by C. A. Ramm, Phys. Rev. D
26, 27 (1982). This effect has been looked for in a recent neu-




2214

trino bubble-chamber experiment. Whereas the abstract [J.
Lys et al., Bull. Am. Phys. Soc. 28, 757 (1983)] indicates the
possibility of a u~7* peak in the range 420—440 MeV, fur-
ther study has reduced the significance of this effect to near
zero. We thank F. R. Huson for a discussion of this point.
According to our lifetime estimates, any u effect at low mass
should be more pronounced if one looks for a finite track
length before uw decay. The effect discussed by Volkov
et al., Ref. 11, is a candidate for a u~e tv, decay of the type
of lepton discussed here. Its lifetime is considerably shorter
(by at least a factor of 100) than our estimates. An experi-
ment at Fermilab with much higher statistics sees no such ef-
fect. For a discussion of the Fermilab experiment and many
other bounds on neutral-lepton production in neutrino reac-
tions see C. Baltay, in Proceedings of the 19th International
Conference on High Energy Physics, Tokyo, 1978, edited by S.
Homma, M. Kawaguchi, and H. Miyazawa (Physical Society
of Japan, Tokyo, 1979), p. 882. Trimuon events, which were
the motivation for some of the discussions in Ref. 11, are
analyzed by K. Tittel, ibid., p. 863. Aside from a pair of
events noted by Benvenuti et al. (Ref. 32), there seemed to be
a satisfactory explanation for all observed trimuon events
which did not require a neutral heavy lepton. An analysis of
muoproduction of neutral massive leptons has been performed
by A. R. Clark et al., Phys. Rev. Lett. 46, 299 (1981). This
experiment sets stringent limits, but its analysis in terms of
our model depends on the finite lifetime predicted for light N,
masses and the small mixings predicted for heavier N,
masses.
28N. J. Baker et al., Phys. Rev. Lett. 47, 1576 (1981).

C. N. LEUNG AND JONATHAN L. ROSNER 28

29Very recently Gronau (last of Refs. 5) has used the absence of
any signal for downstream decay of heavy neutral leptons pro-
duced in beam-dump experiments to argue that N, masses up
to about 1 GeV/c? may be excluded.

30The search for downstream decays of massive neutral leptons
produced at accelerators has also been suggested by D. Tous-
saint and F. Wilczek, Nature 289, 777 (1981).

313, L. Rosner, Nucl. Phys. B126, 124 (1977).

32A. Benvenuti et al., Phys. Rev. Lett. 38, 1183 (1977), and
many of the works cited in Ref. 11.

338, T. Petcov, Yad. Fiz. 25, 641 (1977) [Sov. J. Nucl. Phys. 25,
340 (1977)]; S. M. Bilenky, S. T. Petcov, and B. Pontecorvo,
Phys. Lett. 67B, 309 (1977); Cheng and Li (Ref. 11). An ex-
tensive set of references to other work may be found in J. D.
Bjorken, Kenneth Lane, and Steven Weinberg, Phys. Rev. D
16, 1474 (1977).

34C. N. Leung, Thesis, University of Minnesota, 1983.

35Particle Data Group, M. Aguilar-Benitez et al., Phys. Lett.
111B, 1 (1982).

36Noted added in proof. It may be possible to improve this
bound through the absence of N; in charmed-particle decays.
Such beam-dump experiments as those of P. Steinberg et al.
[Phys. Rev. Lett. 40, 602 (1978)] and F. Bergsma et al.
[Phys. Lett. 128B, 361 (1983)] may be able to exclude heavy
neutral leptons which mix with v, up to near the kinematic
limit (~1 GeV), for some range of mixing parameters. See
e.g., the report by K. Winter, in Proceedings of the 1983 In-
ternational Symposium on Lepton and Photon Interactions at
High Energies, Cornell University (unpublished).




