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In this paper, we study the phenomenology of right-handed neutrino isosinglets. We consider the
general situation where the neutrino masses are not necessarily given by m2,/M, where mp and M
are the Dirac and Majorana mass terms, respectively. The consequent mixing between the light and
heavy neutrinos is then not suppressed, and we treat it as an independent parameter in the analysis.
It turns out that p-e conversion is an important experiment in placing limits on the heavy mass
scale (M) and the mixing. Mixings among light neutrinos are constrained by neutrinoless double-3
decay, as well as by solar and atmospheric neutrino experiments. Detailed one-loop calculations for

lepton-number-violating vertices are provided.

PACS number(s): 14.60.St, 13.35.Bv, 14.60.Pq, 23.40.Bw

I. INTRODUCTION

There is no direct evidence so far that neutrinos have
mass. Indirectly, however, measurements on solar neu-
trino fluxes suggest that indeed they do have mass, al-
beit at values which are considerably smaller than those
for charged fermions [1]. Within the standard model,
this situation is accommodated quite naturally by re-
stricting Higgs fields to the usual isodoublets, so that
there are no direct Yukawa couplings among the left-
handed lepton fields and scalar bosons. Nevertheless,
gravity effects could induce a dimension five operator,
but these would imply Majorana neutrino masses of the
order m, ~ v%/Mp, ~ 10~ eV, where v = 250 GeV is
the scale of electroweak breaking and Mp, = 10!° GeV
is the Planck mass. In what follows, we will ignore such
contributions.

Generating neutrino masses poses somewhat different
problems from those for charged fermions. This is pri-
marily because neutral fermions could acquire Majorana
masses, and so the whole question of mixing angles and
their attendant CP phases needs to be reexamined [2].
The most elementary way of generating neutrino masses
would be through the introduction of neutral electroweak
singlet fermion fields into the theory. Detecting finite
masses for neutrinos therefore would provide a direct way
for probing structure and dynamics beyond those of the
standard model.

Right-handed neutrinos, which are electroweak singlet
fermions, can have gauge-invariant Majorana masses M.
The presence of a Higgs isodoublet induces Yukawa cou-
plings of left- and right-handed neutrinos. Thus, left-
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and right-handed neutrinos are linked together by Dirac
masses mp. The left-handed neutrinos acquire their Ma-
jorana masses, given by m, = m%/M, when we in-
tegrate out the heavy right-handed neutrinos. This is
called the “seesaw” mechanism [3]. The mixing of the
left- to the right-handed neutrinos, given by mp /M, can
be rewritten as \/m, /M. As a result, exotic processes,
such as 4 — ey, 4 — 3e, and p-e conversion in nuclei,
are very suppressed by the smallness of light neutrino
masses.

In the analysis to be presented below, we consider
the situation where the light neutrinos are not given by
m% /M. This is possible when there is more than one
right-handed neutrino. Hence, the mixing mp/M will
be independent of the light neutrino masses. Within
such a context, it will be sufficient for three generations
of left-handed neutrinos and an additional right-handed
neutrino field v° to illustrate the kinds of bounds on neu-
trino masses and mixings that can be extracted from ex-
isting data. This model, suggested by Jarlskog in Ref.
[4], can be considered a remnant of some higher energy
theory manifested at the current low energy scale, and
V¢ as an effective collection of an arbitrary number of
right-handed neutrino fields.

The presence of v° can give rise to much interesting
phenomenology. In addition to neutrino masses and mix-
ings, there can be lepton-family-number-violating pro-
cesses, violations of generation universality, and off-
diagonal neutral current couplings. In this paper, we
will consider this phenomenology in detail, and examine
how available data constrain the parameters in this sce-
nario. CP violation will not be considered here. We first
formulate the model in Sec. II. Constraints of the model,
obtained from Z decays and universalities in charged cur-
rent processes, are given in Sec. III. In Secs. IV and V,
we use the information obtained in Sec. III to calculate
lepton-family-number-violating processes and neutrino-
less double-3 decay. In Sec. VI, we discuss neutrino oscil-
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lations. Finally, we will conclude our analysis in Sec. VII.
Although the model we are studying is not new, to the
best of our knowledge, the idea of relaxing the seesaw
mass relationship has not been studied in detail. In ad-
dition, the results on rare decays have not been presented
before.

£y(y°):_\/§fnw Z aa(—lz;

=e,u,T

where a’s are assumed to be real. Without losing any
generality, we can define the charged leptons oy to be
given by their mass eigenstates. Since v° is a gauge sin-
glet of the standard model, it can pick up a Majorana
mass:
1

Lomass(V°) = ——Z—MVC v+ H.c. (2.2)
Vo and v° are the two-component Weyl fields. When the
SU(2) x U(1) gauge symmetry of the standard model is

broken spontaneously, mixings among the gauge eigen-
states v, and v¢ are induced, leading to the mass matrix

[4]

Ve
%(Ve vy vr V)M Z“ +He., (2.3)
e
where
0 0 0 ae
10 0 0 a,
M= 0 0 0 a (2.4)
a a, a M
M can be diagonalized by a rotational matrix O:
0 0 O 0
T {00 0 O
OMO=10 0 ms o0 25)
0 0 0 my

O, defined as v, = Z;l Ouiv; (@ = e, p, T, and R), is
explicitly given by

C1 81C2 8182C3 818283 1 0 0 O
o=| "5 cc2 cisacs cis283 0100

0 —82  CaC3 C283 0 0 2 0}

0 0 —83 c3 0 0 0 1

where we adopt the abbreviation s; = sinf; and ¢; =
cos6;.

1 0 _ ;M0
—z)(ﬁ(H ~iG ))7:+H.c.,
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II. FORMULATION OF THE ONE SINGLET
MODEL

When one v° is added to the standard model, the new
Yukawa interactions that must be included are given by

G (2.1)

Equation (2.6) is defined in a way that both eigen-
masses mg3 and my are positive. The 7 in Eq. (2.6) indi-
cates that v3 and v4 have opposite CP transformation.
The mixing angles among the light neutrinos are given

by
a2 +a
G 4= ‘A/__—“ (2.7)

§1 = _—, —————— %
aZ +a? \/a§+a‘2‘+a$

whereas the mixing between the light and heavy neutri-
nos is
m3

2 _
83 = .
m3 + my

(2.8)

The masses for the two massive neutrinos are given as

~-M + \/MZ +4(a2 + a2 + a2)
2 b

mg3 =

(2.9)

M+ \/Mz +4(a2 + a2 + a2)
my = 2 .

The diagonalization condition, Eq. (2.5), is used when
we calculate the Z penguin diagrams; see Appendix B.
Note that for M2 >> (a2 + a2 + a2), we have the seesaw
mass for vs, m3 ~ (a2 + a% + a2)/M.

Notice that s3 is suppressed by the square root of the
ratio of light to heavy neutrino masses, in accordance
with the general arguments presented in the Introduc-
tion. As we have already pointed out there, to avoid
such a suppression, one requires more than one right-
handed neutrino state. When there is more than one
right-handed neutrino, seesaw relationships, Eq. (2.8)
and (2.9), do not necessarily hold. We furnish details
on how this can come about in Appendix A. In what
follows, we shall accommodate such an eventuality by
treating s; as an independent parameter and continue to
consider v° as an effective collection of arbitrary num-
ber of right-handed neutrinos. This scenario may well
be remnants of symmetries which are manifest at higher
energies.

The consequent charged current interactions of the W
gauge boson, in four-component notation, are given by

(2.10)
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_ 9 w- S St LI The neutral current interactions of the Z gauge boson
Lw = V2 W a;‘ “,_lz: 40°" ay gt He. can be obtained straightforwardly. The interaction re-
o mains the same as in the standard model for the charged
leptons and remains flavor diagonal. However, there will
be nondiagonal pieces induced by v°. The interactions in

(2.11)  four-component notation are given by

J
Lzs =-9 7 Z aqy* gL1—75+gnl+75 a (2.12)
€ cosfw “az__”” 2 2 ’
4
-9 Te b _1_:_15_ ..1 +]

LZpy = 4cos 0w Z“ ‘.;1 vi vy [Lq 2 + Rt] 2 Vj L] (2.13)

where
gL = —% + sin? Ow , (2'143’)
on = sin® 6 | (2.14b)

and

Lij = 8;; — OpOr; , (2.15a)
Rij = —8;j + Op;OR; . (2.15b)

The interactions involving Goldstone bosons (G*, G°) and the physical Higgs scalar (H®) can be obtained from
Eq. (2.1), and, with the help of Eqgs. (2.5), are given by

_ _ 147
Lo- = G Oa;m,-a———ug, 2.16
N 2mw amZ;A,rizlz,;,A 2 ( )
-
Lgo = 419 G° Z m; vICysy; + Z M ((’)R,-OR,- u,-TC1 —275 vj — H.c.) , (2.17)
mw i=T,...4 ij=Ty..,4
[:Ho = —-4—g—Ho Z mg V?CV.‘ - Z M (O}uORj V?Cl —275 Vj +H.C.) . (218)
mw i=T,..,4 i j=Tr..,4

From Egs. (2.13), (2.17), and (2.18), we show explicitly the nondiagonal coupling induced by »°. Using Eq. (2.6),
these equations can be rewritten as

Lzoy = "Z‘m%a;z" [‘;2 Ty ysv; + Calsy ysvs + s3Tav ysvs + 2isac:,l737“u4] , (2.19)
Lgo = 4”'3 G° [ Z m; u:'" Crysvi + M (833 Cysvs — v Crysvs — 2icassvy Cw)] , (2.20)
4 i=1,...,4

and

Lo = —4—”’;—}[0 [ Z m; u‘-TCV,' -M (—sgug'Cua + C§V4TCV4 + 2i6383Vg'C75V4)] , (221)
w i=T1,..,4
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respectively. Since v3 and v4 have opposite CP because
of the structure of the mass matrix we have assumed, the
nondiagonal interactions in Egs. (2.19)—(2.21) have dif-
ferent Lorentz structure from that of the diagonal terms.
Hence, the charged-lepton-flavor-changing decays of Z
and H° may offer new channels to search for the exis-
tence of a right-handed neutrino.

III. CONSTRAINTS OF THE MODEL

One of the predictions of this model is that two of the
neutrinos (v1,2) are massless at the tree level. These two
massless neutrinos, which are not protected by symme-
tries, will pick up Majorana masses at higher order loops
[5], but their eventual masses are negligibly small. For
our purpose, we simply assume these two neutrinos to be
massless. The other two neutrinos (v34) are massive; we
define m3 < my4. The decays of v4 present us with a rich
class of phenomena. To avoid any conflict with the cos-
mological and astrophysical constraints [6], we take m4
to be greater than ~ 1 GeV.

As seen in Eq. (2.19), the presence of a right-handed
singlet induces nondiagonal neutral currents among neu-
trinos. In addition, the strength of the Z-v3-v5 coupling
is reduced by a factor of c2 relative to Z-v;-1;1 and the
Z-va-vy. Therefore, the invisible width of the Z gauge
boson will provide a stringent limit on the mixing param-
eters s3. If v, is heavier than Z, s3 can be constrained
from the invisible width of the Z gauge boson. A stan-
dard calculation using Eq. (2.19) modifies the formula
for the effective number of light neutrino species [4,7] as
measured by the CERN e*e™ collider LEP:

N, =2+ (1-s3)2. (3.1)

At 90% C.L., N, is greater than 2.95 [8], leading to

32 < 2.69 x 1072 (3.2)
If v,y is lighter than Z, the decays Z — v3 v4 or vy vy
are allowed. If m4 is heavier than ~ 1 GeV, v, will de-
cay within detectors, leaving exotic signatures such as
Z — e p+ X. Recent experimental results on the search
for lepton flavor violation in Z decays can be found in
Ref. [9]. The absence of these exotic signatures then pro-
vides a very stringent constraint on s3. Since the decays
of v4 are so numerous, we use a conservative bound of

B(Z — V3V, 1/4V4) <1x 108 (33)
to constrain s3. Combining Egs. (3.1) and (3.3), we plot
the upper bound on s3 as a function of m, in Fig. 1.

Since v, is not kinematically allowed for the muon
decay u — evv, only the first three neutrinos play a
role. The Fermi coupling constant Gr extracted from
the muon lifetime is given by

() () oo oo

When radiative corrections are included in the on-shell
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FIG. 1. The 90% C.L. upper bound of s? as a function of
m4 obtained from the Z decay.

scheme [10], the precisely measured quantity mw /mz
can be related to G in the following way:

1/2 1/2 1
(1= 10eal?] " [1 = [Oual?] 1-Ar°

my My 1
(3.5)

2 2
My _ Aj

where A2 = 7aem/V/2/Gr = (37.2803 GeV)2. The
quantity Ar depends on the masses of the top quark
and Higgs boson. Taking 100 GeV < my < 1 TeV and
100 GeV < m,; < 200 GeV, we find 1.87 x 1072 < Ar <
6.77 x 10~2 [10]. Using the experimental value given by
Langacker in Ref. [8], we obtain

[1=10cal*] [1 = |0ual*] > (0.9436)% , (3.6)
at 90% C.L., leading to an upper bound for |Oe4|?|Op4|?
given by

|Oca|?|0,a|?* < 3.18 x 1073 | (3.7)
or s32 < 0.11 which is much less stringent than using the
neutrino counting in Z decay as given in Eq. (3.2). In
other words, the presence of a right-handed neutrino does
not play an important role for the precision measurement
of mw / mgz.

The presence of a right-handed neutrino does violate
the p-e universality in charged current processes. Let
us first consider the classic violation of the generation
universality test in pion decay. The ratio of the decay
rates R = I'(r — ev)/T(r — pv) in the presence of
neutrino mixings is given by

1 — |Oe4)?

I'(r—
(r > ev) T

[(r— pv)

(3.8)

The experimental measurement relative to the standard
model expectation, R/Ry, was recently calculated to be
0.9969 + 0.0031 + 0.004 [11], yielding
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1—|0e4)?

m = 0.9969 + 0.0051.
— |04

(3.9)

Next, we consider the charged current processes in-
volving quarks, where the Cabibbo-Kobayashi-Maskawa
(CKM) matrix (V) relevant for nuclear 5 and K.3 decays
is now modified by

[Vaal? o LM
1 - IopAIZ ’ |V"U|

Vual? = o el
Ved T~ [0,

(3.10)

Experimentally, the quantity |V,4|? + |V..|? + |f’,,b|2 is
measured to be 0.9981 + 0.0021 [12]. Since |Vy5|? <
(0.01)?, its contribution is less than the uncertainty of the
measurement. Thus neglecting the contribution of |V,;|?
is well justified. Since the quark sector is not affected by
the introduction of singlet neutrinos, the unitarity of V'
still holds, and exploiting that gives

|Opa|?> <15 x1073 (3.11)
at 90% C.L. Combining Egs. (3.9) and (3.11), we obtain
|Ocq|? < 1.0 x 1072 (3.12)

at 90% C.L.

As with the invisible decay width of Z, the presence
of right-handed neutrinos will increase the lifetime of the
7. The updated world averages of the 7 lepton mass and
lifetime are given by m, = 1770.0 + 0.4 MeV and 7, =
295.9 + 1015 s, respectively, and the relevant leptonic
branching ratios are B(r — evv) = 17.77 £ 0.15% and
B(T = pvv) = 17.48 £ 0.18%, as discussed in Ref. [13].
Using these values for m, and 7., the theoretical expec-
tations for the branching ratios are B(T — evV)|theor =
18.13 + 0.20% and B(T — pvv)|theor = 17.63 £ 0.20%
[14]. We can see that the experimental values for the
branching ratios are smaller than the theoretical expec-
tation. If the right-handed neutrino is responsible for the
discrepancies, we obtain

B(t — ewv)
B(7 — evv)|theor

B(t = pwv)
B(7 = pvv)|theor

= [1-1074[?] [2 — |Oca|® — |Opal?]
— 1.9716 £ 0.0204 . (3.13)

At 90% C.L., this translates into limits on ¢, and ss
as

s2(1+c2) <6.1x1072, (3.14)

or 83 < 6.1 x 102 which is again less stringent than

Eq. (3.2).

IV. LEPTON-NUMBER-VIOLATING PROCESSES

In this section, we compute, in the Feynman gauge,
rare lepton-number-violating (LNV) decay processes of
the muon to one-loop accuracy. To a very good approx-

4593

imation, we may take the masses of v, 13, and v3 to be
zero. The rare processes we are interested in are u — ey,
p — e, e-p conversion in nuclei, and neutrinoless double-
B decay, (28)o,. Details of the calculation of one-loop
diagrams are given in Appendix B.

Before going into the rare decay processes, we first con-
sider the large m4 behavior of LNV penguin diagrams,
p-e-Z and p-e-y, and the two-W box diagrams given in
Figs. 2, 3, and 4. Generic properties of the decoupling
effect for the seesaw model have been considered recently
in Ref. [15]. Here, we treat s; as an independent param-
eter, and consider the asymptotic behavior of the lepton-
flavor-violating effective vertices as m4 goes to infinity.

Let us begin with the the photon penguin diagrams
shown in Fig. 2. For large my, the effective vertices of
the photonic penguin diagram, Egs. (B2) and (B3), are
given by

z}i?m F1 = slclsgsz (_ln:.;) , (41)
z}i_l}loo F, = slclsgsg (—%) . (4.2)

The decoupling theorem is violated for both F; and F>.

For the Z penguin diagrams shown in Fig. 3, the effec-
tive vertex given by Eq. (B16) for x4 large becomes
lim Pz = s;c; 8253 (sg% ln:v4) ,

T4—00

(4.3)

where this term comes from the Majorana nature of vy.
Hence, we can see that the decoupling theorem is also
violated for the Z penguin.

Finally, we consider the box diagram for u — 3e,
shown in Fig. 4. When z, is large, B,,_, 3. from Eq. (B25)
becomes

Hu e U T T €

Y Y
(a) (b)
v, v,
K { 7 ¢ M T T ©
\\// ? % \\//
G G
Y Y
(c) (d)
Vi e VI
- Mg - Em e
wooJ 5 w

(e) (f)
FIG. 2. Photon penguin diagrams for the u-e-y vertex.
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. T4
=}1_131003,,_,3.3=31c1.'s§s§ (sfsgsg—z— 1na:4) , (44)
where this term comes from the diagrams in

Figs. 4(e,f,g,h). Again, the decoupling theorem is vio-
lated.
‘We now consider each of these processes in some detail.
(a) p — ey. The transition amplitude for the process
1 — ey is given by

Amp(p — e'r)2
_ (4 u _ . v 1 + Ys
—_321r2m€‘, F; €#(q) €io,q M= (4.5)

J

aGp _ _ .0uq” 1495
L(p—o3e)=—TF]Feqy*eeilm,—>
(u‘ ) \/Q‘ll’{ 2 7 q2 (2] 2

where L and R are defined as
1 /1,
L=F1+E <_§+3W
Y
m e
wﬁl?ﬁﬁw
Z
(b)
w v,
u € © X €
w s G \{W
4 Z
(c) (d)
V; V;
g w ) g (LLVJJS )
2 $
Z Z
(e) (f)
v
p' N / ¢
G \E/ G
Z
(g) (h)
v, v,
K \ / gfe H g‘\ /' ¢
G 7 7 G

(j)
FIG. 3. Z penguin diagrams for the u-e-Z vertex.
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where €#(g) is the polarization vector of the photon with
outgoing momentum g. Hence, the decay branching ratio
is given by

3a

(b) # — 3e. This process involves the photon and Z
penguin as well as box diagrams. The interaction La-
grangian is given by

p+eyt [L1~275 +R1;75] eév,‘——l_275 u} , (47)
1
)Pz- EBu—»ae ) (4.8)
v, v,
,U. e #ﬁ———,—»—e
wé gw G 'G
e e el — 1 ¢
v; 12
(a) (b)
v, v,
M T e M >— €
G g‘w w G
e 1 e e e
v, v,
(c) (d)
W G
) e “ —— e
I v
e e e - e
W G
(e) (f)
G W
M —_—— e M —>— NN —— €
Vi)( X Ui Ui)( Vi
e e e - e
w G
(g) (h)

FIG. 4. Box diagrams for the process u — 3e. The crosses
correspond to flipping the neutrino helicities.
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R = F 1 + P Z .
Hence, we obtain the branching ratio which is given by

a?

B(p — 3e) = 1607
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(4.9)

(4.10)

2m, 6

(c) p-e conversion in nuclei. The Feynman diagrams for this process can be obtained from that of u — 3e by
replacing the electron lines by quark lines. Hence, the interaction Lagrangian is given by
g gr

L(u-e) = aGp {_ .Ourq 1495

- €1 m
V2r ¢ "2

where the V,’s are defined by

2 1 /1 2, 1,
Vu = —§F1+ :’2; (Z 38w) Pz 43%{,‘3"-8 , (412)

1 1 1 1, 1 4
Va=ght o ( 7+ 3sw) Pr~ g Bie . (413
In the above, we include only the vector part of the quark
current because its contribution is larger than that of the
axial vector part due to the nuclear coherent effect [16].
Following the standard procedure [17-19], we obtain the
transition rate for the u-e conversion in nuclei as follows:

52 5 4
a GFm# Zeﬂ'

PN = eN) = —gm 7

|[F(-m2)?IQw|? , (4.14)
with
Qw = (§F2 + Vu) (2Z + N)

+ (——%Fg + V,,) (Z +2N), (4.15)
where Z and N are the atomic (or proton) and neutron
numbers for the nuclei, and |F(—m2)| and Z.g are the
nuclear form factor and the effective atomic number. For
33Ti, one has |F(—m2)| = 0.54 [20] and Z.g = 17.6 [21].
From the present data, the branching ratios B(u —
ev), B(p — 3e) and B(p Ti - e Ti) = I'(p Ti —
e Ti)/T'(p capture) are 4.9 x 1071 [22], 1.0 x 1012 [23],
and 4.6 x 10~12 [24], respectively, which translate into

|F2 <1.4x 1078, (4.16)

[R®+2L? - 4F;(R+2L) + 65.0F;] <3.0 x 107,
(4.17)

2
[70 (§F2 + V..) +74 (—-%—Fz + Vd)] <26x107%,
(4.18)

respectively. Note that the constraints, Eqgs. (4.16),
(4.17), and (4.18) are independent of models.

p[—ngﬁ'y‘"u+%F2 dy* d] +E,

Y —
5 5#2"«;(17»(1}, (4.11)

q=u,d

At the first sight, it would seem that y — ey provides
the most stringent constraint among all three processes.
To compare among the experiments, let us consider the
ratios

B(u — 3¢) 4.9 x 10711

S = B(p — e) 1.0 x 1012

(4.19)

and

B(p Ti— e Ti)4.9 x 10711
B(p—ey) 46x1012°

which provide a measure of the sensitivity of experiments.
For simplicity, we first neglect the contributions of the
last terms in Eqs. (B16) and (B25). Hence the ratios
become independent of O. It can be easily shown that
the ratios S ; are generically given by (Inz4)? for small
and large =4 owing to the Z penguin diagrams. Thus,
experiments p — 3e and u-e conversion have advantages
over p — evy in probing singlet Majorana neutrinos. We
plot the ratios as functions of m4 in Fig. 5. Furthermore,
p-e conversion is further enhanced by the coherence of
the nuclei. Therefore, we can use Eq. (4.18), which is
obtained from p-e conversion in nuclei, to place an upper
bound on the mass of v4 as a function of IO;,;O“]. In

S, = (4.20)

m, (GeV)

FIG. 5. Sensitivity (S) of experiments, 4 — 3e (dashed
line) and p-e conversion (solid line), relative to 4 — ey, where
S = S, and S2, respectively.
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general, Eq. (4.18) depends on s3 and |O.4|. Hence, we
vary the values, within the allowed range given in Fig. 1,
to obtain stronger and weaker bounds on m4. The result
is depicted in Fig. 6. In particular, for m4 > mw, the
stronger bound is given by the maximally allowed value
of s3 whereas the weaker bound is given by s3 = 0.

J

1
‘CﬂﬁOv = G%‘ q_z

1

where g is the momentum carried by the internal neutrino
line. After integrating over all possible intermediate nu-
clear states, the quantity in the square brackets in Eq.
(5.1) becomes

m, (eff) = i@;ﬂ-mg F(m;, A) (56.2)
and [25]
(5.3)

ea-(F)/()

where A is the total number of the nucleon. Using the
approximation of a uniform two-nucleon correlation of a
hard core (r. = 0.5 fm) [26], Eq. (5.3) becomes

0.5 .

F('m, A) = W[(l + mrc)e
—(1+ 2mR)e 28], (5.4)
where R is the nuclear radius which is taken to be R =
1.2A'/3 fm. Notice that if neutrinos have opposite CP,
there will be a cancellation between their contributions.

m, (GeV)

FIG. 6. The stronger (solid line) and weaker (dashed line)
upper bounds on m4 derived from the p-e conversion experi-
ment as a function of |0},4O.4|, where we have included the
bound obtained from Z decays.

4 2
[Z Ocis o 3,,,2} e 747 (14%) & Tl = 75) d T (1 —5) d,
t=1
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V. NEUTRINOLESS DOUBLE-8 DECAY

The classic process to test for the Majorana nature
of neutrino masses is neutrinoless double-3 decay, as de-
picted in Fig. 7. The effective Lagrangian is given by

(5.1)

I

In particular, if both m3; and my4 are light, F(m3 4, A)
would be approximately equal to unity. Hence, Eq. (5.2)
is then equal to s2s2(—cims + sZm4) which would be
zero if we restrict ourselves to the seesaw mixing relation,
Eq. (2.8). The cancellation is not complete when one
includes the nuclear correlation, Eq. (5.3). Again, here
we consider a general case where s3 is considered as an
independent parameter.

The best experimental limit on the quantity |m,, (eff)]
is 1.5 eV [27], which translates into

s2s2| — 2 m3 F(mas, A) + s2 mg F(mg,A)| <15eV .
(5.5)

Let us first consider the contribution from v4. Numer-
ically, we have s2 m, F(m4,A) < 1.6 x 1078 (1.2 x
1071) GeV for my = 1 (2.5) GeV, where s; is taken to be
the maximally allowed value shown in Fig. 1. Therefore,
one would expect the v; contribution to be important,
leading to

(5.6)

As aresult, s;s; would be very small when v is relatively
heavy. In particular, if m3 = 1 MeV, we obtain s;s; <
1073,

VI. NEUTRINO OSCILLATIONS

In the scenario we are considering, there are two mas-
sive and two massless neutrinos; oscillation [28,29] of neu-
trino flavors will be allowed, leading to interesting phe-

FIG. 7. The mechanism for neutrinoless double-3 decay,
where the cross corresponds to flipping the neutrino helicity.
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nomena not available in the standard model. When the
mass of v, is greater than the neutrino beam energy, there
will be three-flavor oscillation with one oscillation wave-
length, A3 = 47 E/m3. In addition, when we assume s3 to
be very small, the oscillation mechanism depends only on
two mixings, namely, s;, and s,. Hence, for this situation
the parameters required to describe neutrino oscillations
are just A, s; and ss.

Let us first consider the neutrino-neutrino oscillation
probabilities. The oscillation probabilities corresponding
to an electron neutrino (v.), which travels a distance L,
are given by

P(ve = v.) = 1 — 4sin®(3ksL) (s'{’sg - s%sg) , (6.1)
P(ve = v,) = 4sin®(3ksL) (s3s3 — s1s3) (6.2)
P(ve = v;) = 4sin®(3ksL) (s153 — s1s3) (6.3)
where
_2m _, m% (eV)
ks = N = 25m ™ SR (6.4)

When mg is in the MeV range, the mixing s?s2 is con-

strained to be 10~® or less, Eq. (5.6). Hence, the oscil-
lation becomes purely academic. Furthermore, neutrino
and antineutrino oscillations, such as v.-77;, are also al-
lowed. However, it would be either suppressed by the
ratio m3/E or by small mixings, Eq. (5.6), if m3 > 1eV.

We next consider the case when m3 is small. We will
consider the following three cases:

k3L < 1. When the neutrino source is very close to
the target, i.e., L < 1/ks, the oscillation effects are small.
Hence, the probability P(v,, — v.) given by |0,4|%|0c4/?,
which is stringently constrained from p-e conversion ex-
periment, would be in the order of 10~8. Hence, lepton-
number-violating scatterings, such as v,N — eN’, are
negligible.

k3L ~ 1. In this case, there will be oscillations. In
particular, the recent accelerator experment [30] allows
us to probe mj in the range 0.1-10 eV. For atmospheric
neutrino experiments, the mass range of 1073-10~! eV
would be probed. Constraints on three neutrino mixings
from atmospheric and reactor data have been studied [31]
for my = my =0 and m3 > 0.

ksL > 1. In this case, the oscillation effect is aver-
aged out, namely, (sin?(1ksL)) = 1/2. In particular, the
recent GALLEX experiment, P(v. — v.) = 0.66 + 0.12,
limits s2s2 to be within either in the region of 0.64 <
8232 < 0.87 or 0.13 < 5252 < 0.36 at the 1o level.

Therefore, even if s3 turns out to be very small,
neutrinoless double-3 decay and neutrino oscillation ex-
periments provide more important information for this
model.

VII. CONCLUSION

In this paper, we have studied the phenomenology of
having right-handed neutrino isosinglets. In principle,
when there is more than one right-handed neutrino, the
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masses of the light neutrinos are not necessary given by
m% /M, where mp and M are the Dirac and Majorana
mass terms. In this paper, we regard the right-handed
neutrino v° as an effective collection of an arbitrary num-
ber of neutrinos and allow the mixing s3 to be an inde-
pendent parameter rather than restricted by the seesaw
relationships.

In the presence of v°, nondiagonal neutrino Z coupling
exists at the tree level. When v, is lighter than Z, the
decays Z — v3 vy and Z — vy vy are allowed. Hence,
the decays of v, would give rise to exotic Z decays, such
as Z — e p+ X. Including the recent search for the
lepton flavor violation in Z decay, we plot the result in
Fig. 1. Furthermore, the violations of universalities in
charged current processes are also considered, and the
constraints on Oy and O,4 are 1.0 x 10~2 and 1.5 X
103, respectively. 7 decays do not provide stringent
constraints in this context.

Owing to the mixing and explicit Majorana mass term
for v, both separate and total lepton numbers are not
conserved. This allows rare muon decays and neutrino-
less double-3 decays. Among various rare muon decay
processes, u-e conversion in nuclei places the most severe
constraints on the model. Including the constraints de-
rived from Z decays, we plot the upper bounds of m, as
a function of |O;};,O.4| in Fig. 6.

For the neutrinoless double-3 decay, the contribution
coming from v3 is more important, leading to the con-
straint s2s2 < 1.5 eV/m3. In this model, three-flavor
oscillation depends only on one oscillation wavelength
and two mixing angles. Thus, constraints from neutrino
double-3 decay as well as the solar and atmospheric neu-
trino experiments provide more important information
for the model.

Note added. We are grateful to our colleagues for point-
ing out previous work on lepton nonuniversality in Z de-
cays [33] in the same model, and rare muon decays [34]
in other models with new fermion masses much lighter
than the W boson mass.

ACKNOWLEDGMENTS

We thank J. Bernabeu for discussions. This work was
supported in part by the Department of Energy under
Grant No. DE-FG05-92ER40709, and by the Engineering
Research Council of Canada. The Physics Division of the
NSF is under contract with the National BioSystems,
Rockville, MD 20852.

APPENDIX A: CONDITIONS OBVIATING THE
SEESAW MIXING RELATIONSHIP

The most general mass matrix for n generations of
left-handed and m generations of right-handed neutrinos
takes the form
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0 e 0 T ess Tim
0 . 0 Tn1 Tnm
Al
Zyn ... Tm1 Mp Mim (A1)
Tim -+ Tonm Mm1 Mmm

We restrict our attention to the case n > m, and assume
that there is only an isodoublet Higgs field so that Ma-
jorana masses for left-handed neutrinos are zero. The
quantities z;, are Dirac masses, and are given by the
product of the Yukawa coupling constants and the vac-
uum expectation value of the isodoublet Higgs field. The
m X m matrix M;; is the Majorana masses for the right-
handed neutrinos.

Without loss of generality, we may assume that the M;;
matrix is diagonal. Next, we regard the vectors x; with
it = 1,...,m, vectors in n-dimensional flavor space, and
subject the neutrinos to a rotation in this space. By this
means, it will be possible to reduce n-m of these vectors
to a form where their first n-m components are zero.
Hence, n-m neutrinos will be decoupled from massive
neutrinos, and remain massless at the tree level.

For example, take the case of three generations of
left-handed and two generations of right-handed neutri-
nos. The Yukawa couplings define for us two vectors in
three-dimensional space. By the above argument, we can
project out the massless neutrino, leading to the resul-
tant mass matrix

0 0 T21 T22

0 0 I3y I32
T T: M, 0
T2 T3z 0 M,

(A2)

The determinant of this mass matrix is given by (x; X

J
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x2)%. For large M, ,, and generic values for x; 3, there
will be two light and two heavy neutrinos. The masses
of the light neutrinos are given by the seesaw mass rela-
tionships of the form m, ~ x; X x2/M, when M is the
collective mass for M, ». In addition, the mixings of the
light and heavy neutrino are of order z/M = ,/m, /M,
where z is a generic component of x; 2. From solar and
atmospheric neutrino experiments, m, is required to be
of order 1073 eV. If we take M to be 105 (10%) GeV,
then from the seesaw mass relationship z will be of order
102 (10~5) GeV. As a result, the mixing z/M would be
very small, leading to negligible exotic processes such as
1 — ey, p — 3e, and p-e conversion in nuclei.

To enhance the mixing, one must evade the seesaw
mass relationships. For example, when x; X x; ~ 0,
one of the two light neutrinos will become massless. In
addition, when M;x2 + M,x? ~ 0, the remaining light
neutrino will also become massless. Now, the mixing,
which is still given as /M, cannot be rewritten as the
ratio of light to heavy neutrino masses. Such apparently
geometric conditions could be remnants of a symmetry
manifested only at higher energies. In the phenomeno-
logical analysis described in this paper, we consider such
possibilities by allowing the mixing to be an independent
parameter.

APPENDIX B: ONE-LOOP DIAGRAM
CALCULATION

1. Photon penguin

The calculation is identical to that of sequential lepton
models. The effective vertex of diagrams shown in Fig. 2
is given by

2
g‘e _ 1= . v 1+
)= Sontmd, [Fl (qz'y,.-— dq.) € p+Freiong’ m, 5 u:' , (B1)
where [32]
e z4(12+ x4 — 723)  z3(—12 + 10z4 — z2)
Fi = 0,404 [ 12(cs — 1)° 6(zs — 1)3 ln:z:4] ) (B2)
e 174(1 - 51‘4 - 21!3) 3.’122
Fz = 0"4054 [ 4(124 — 1)3 2($4 — 1)4 1111174] , (B3)
where 4 = m2/m¥,. It can be easily checked that the 2. Z penguin
1/ Mw

contribution of z, is much larger than that of z3 for
z3 € 1and =3 < z4. For z3, £4 < 1, the muon-number-
violating processes would be too small to be experimen-
tally interesting. Hence, within the parameter space we
are considering in this paper, we can simply neglect the
contribution of z3.

Z penguin diagrams depicted in Fig. 3 are more com-
plicated than the photon penguin because of the nondi-
agonal coupling [see Egs. (2.13) and (2.19)], as well as the
Majorana nature of neutrinos. The Zeu effective vertex
is defined as
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Zz 93

1—15
Tu= 3272 cos Oy ZF €My 2 Mo (B4)

where the calculation of each diagram is given by

4
— *
= E 0‘“.
=1

1 3 1
O.; [E -1t EF(zi,:c,-) + miG(x.',wi)]

4 1 3 1
- Z 0,,;0i0%;Or; [g -+ 3F (@, -’Bj)]

4
- Z O;jOe.-ORgO;zj [1 /:z,-sz(a:,-,zj)] y

1,7=1
(B5)
) 6 1
F,,_ZO Oﬂ )[—E+§_3F(zi,zj) )
(BS6)
4
Fc+d = E 0;,-0.,,'3%;1 [_2ziG(1,zi)] ’ (B7)

=1

Corr =3 00 (% - w) FLz)],  (B9)

4
I'a = (9]
£r.-3,

— 2(z; —1)  2(x; — 1)2

2_ .. 2
Oei[<mi 6z,+3a: +2z'ln
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BNt

I
A

Iy =

e 0. [—1e2¢(z.. 20) - LeF(z: z.
(’)m-(’),.[ 2:1:‘-G(:c‘,z.) 4z.F(z.,z,)]

+ Z 05,0.:03:0p; [ z,z,G(z.-,z,-)]

i,j=1

4
* * 1
+ Z O“joe,'OR,'ORj [Z,/ziij(z,-,zj)] s (Bg)

ii=1

4 1
F;,:ZO Oei(
=1

1 1 1
2 | — — 2 — Zgs .
W)z‘l [ € 4 2$|G(1,$|)] )

(B10)
Fiyj =-Th (B11)
with
a? b?
P =l =5 G- 060
(B12)
a b
G@h) =G DE- " G-De-0 ™"
(B13)

Each of the divergent diagrams in Figs. 3(a—f) is finite
after summing all the internal neutrinos due to the uni-
tarity of O and Eq. (2.5); the divergences cancel among
diagrams in Figs. 3(g—j). Note that dependence on s2,
disappears when all the diagrams are summed because
of gauge invariance. The last terms in the first lines of
Egs. (B5) and (B9) are due to the Majorana property of
neutrinos, the second lines there are due to nondiagonal
neutrino-Z couplings, and the last lines are due to both
properties. Summing over all contributions, we obtain

— 222 + 4z;
4(z; — 1)2 hzl)]

)+ (Cfmen * :

i,j=3

4z; — z2

lnzi—

4
. - TiT;
+ Z Oij,,- {ORiORj [—2(1:‘ —sz)

Inz

1 2  — T3
+ OriOk; /=i [ T V@) o A - D - m) lnmj] } '

(B14)

Note that |O' Ori| = |O ;Oh:| = c182¢383 and |02, 0Rg;| = |OciOri| = 8182¢383, for i = 3,4. Hence, nondiagonal
neutrino-Z couplmg contnbutlons are also dominated by x4, and Eq. (B14), to a very good apprommatxon becomes

PZ=ZF0

2(.’124 - 1)2
—z3 + 222

2
e z2 -6z, 322+ 224 3z,
= 02,0 [( S+ 1nz.,) (

—2z2 + 5z4

2274 + 44 Inz,

4(2:4 —1)2 )

2
+|0R4| ( 4($4 — 1)

4(14 -1)2

)43;41“4)] )

(B15)

where the parentheses help us to identify various contributions. We can also rewrite Eq. (B15) as
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- 5z 24 + 33 2 (222 —5z4 T3 — 223 + 4x4
Pz =00 |(~3 a1t 99) * 3 (Seam ) + e e o) |- @10

3. u — 3e box diagrams

There are two different classes of box diagrams, Figs. 4(a,b,c,d) and 4(e,f,g,h), which contribute to the decay of
1 — 3e. The effective interaction Lagrangian is defined as

4

g _ 1=y _ 1-

Samemz, 2 DBy e T (B17)
w 3

The calculation of each diagram is given by

- Ty Ty 2 Titazs 2z2
B,_-, = 0”4034 [($4 1 (:L'4 — 1)2 111114) + *Oed ( (:E4 — 1)2 + (.’234 — 1)3 1111‘4)] , (BIS)

By = 0%,0.4|0.4)° :_4;;2; mli) . 2(;% 7 1nz4] , (B19)
Beya = 0;40c4|Oc4|? [ ($44f§1)2 -2 (ﬁ t T;;;, In 1'4} ) (B20)
B, = 02,004 Ocsl? |- (7344?1)2 +2 (f:*_“f;s ln:c4] , (B21)
By = 0%40c4|Oca? :_ (:c4z—‘-:il)2 2&3441 w12)3 m‘,} , (B22)
Bgih = 0;40e4|0cq? L(ﬁ t :;2 - (mfiil)a ln:c4] ) (B23)

where the contributions from 3 are negligible. Again B, .4 are the same as the sequential lepton models, and
Be,f,9,n are due to the Majorana properties of neutrinos. Summing up all the contributions, Eqs. (B18)-(B23), we
obtain

Bp—)3c = Z B,

= 0,0, [

Ts Ty
zs—1 (z4-1)

—4z4 + 1122 — x5 3z}
2 4 1 4 _ 4
5 Inzs +|Ocy| ( 4(z — 1)2 2(zq —1)3 111:::4)

~3zgs+x2—-23 drx+z3+z
2 4 4 4
4
+ |Oc4] ( @)t 2@ o1 1 u)] (B24)
or
B 00 Ta_ T4 g0 1Oual? —16z4 + 1522 — 523 = 4z — 2z + o} In (B25)
u—3e = Y aVed [.’B,; 1 ($4 — 1)2 nTy e4 ( 4(1:4 _ 1)2 2(1_4 — 1)3 n 4)}

4. p-e conversion box diagrams

The box diagrams corresponding to u-e conversion in nuclei can be obtained from Figs. 4(a,b,c,d) by replacing the
electron lines with quark lines. The effective interactions are defined as

t L 1- . o L l-y
647rgzm2 €Yy 275 n [B“_e uy* 275 u+Bﬁ_e d 7“——2 5 d] , (B26)
w

where By . and Bd

G- are given by

B — O 4$4 4$4

u-e /.L4084 [iB4 1 - (.'134 — 1)2 ].112174] 3 (B27)
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T4

In Tyl , (B28)

p-e

Be = 0;4054 [m4 1

" (ma—1)2

and we have neglected the contribution from the top quark because |V,.$¥M|?(m?/m¥%,) < 1.

[1] R. Davis, Jr., D.S. Harmer, and K.C. Hoffman, Phys.
Rev. Lett. 20, 1205 (1968); K.S. Hirata et al., ibid. 63,
16 (1989); 65, 1297 (1990); V.N. Gravin et al., in Pro-
ceedings of the Twenty-Fifth International Conference on
High Energy Physics, Singapore, 1990, edited by K.K.
Phua and Y. Yamaguchi (World Scientific, Singapore,
1991).

[2] A. Kusenko and R. Shrock, Phys. Lett. B 323, 18 (1994).

[3] M. Gell-Mann, P. Ramond, and R. Slansky, in Super-
gravity, Proceedings of the Workshop, Stony Brook, New
York, 1979, edited by P. van Nieuwenhuizen and D.Z.
Freedman (North-Holland, Amsterdam, 1979), p. 315;
T. Yanagida, in Proceedings of the Workshop on Unified
Theory and Baryon Number of the Universe, Tsukuba,
Japan, 1979, edited by A. Sawada and A. Sugamoto
(KEK Report No. 79-18, Tsukuba, 1979).

[4] C. Jarlskog, Phys. Lett. B 241, 579 (1990); Nucl. Phys.
A518, 129 (1990).

[5] K.S. Babu and E. Ma, Phys. Lett. B 228, 508 (1989).

(6] A. Bouquet and P. Salati, Nucl. Phys. B284, 557 (1987).

[7] C. Escobar, O. Peres, V. Pleitez, and R. Funchal, Phys.
Rev. D 47, R1747 (1993).

[8] P. Langacker, in Recent Directions in Particle Theory-
From Superstrings and Black Holes to the Standard
Model, Proceedings of the Theoretical Advanced Study
Institute in Elementary Particle Physics, Boulder, Col-
orado, 1992, edited by J. Harvey and J. Polchinski (World
Scientific, Singapore, 1993).

[9] L3 Collaboration, Phys. Lett. B 316, 427 (1993).

[10] G. Degrassi, S. Fanchiotti, and A. Sirlin, Nucl. Phys.
B351, 49 (1991).

(11] W.J. Marciano and A. Sirlin, Phys. Rev. Lett. 71, 3629
(1993).

(12] Particle Data Group, K. Hikasa et al., Phys. Rev. D 45,
S1 (1992).

[13] A.L. Weinstein and R. Stroynowski, Annu. Rev. Nucl.
Part. Phys. 43, 457 (1993).

[14] W.J. Marciano, Phys. Rev. D 45, R721 (1992).

(15] T.P. Cheng and L.-F. Li, Phys. Rev. D 44, 1502 (1991).

[16] M.W. Goodman and E. Witten, Phys. Rev. D 31, 3059
(1985).

[17] G. Feinberg and S. Weinberg, Phys. Rev. Lett. 3, 111,
244(E) (1959); W.J. Marciano and A.l. Sanda, tbid. 78,
1512 (1977).

[18] O. Shanker, Phys. Rev. D 20, 1608 (1979).

[19] J. Bernabeu et al., Nucl. Phys. B409, 69 (1993).

[20] B. Dreher et al., Nucl. Phys. A235, 219 (1974); B. Frois
and C.N. Papanicolas, Annu. Rev. Nucl. Sci. 87, 133
(1987).

[21] K.W. Ford and J.G. Wills, Nucl. Phys. 35, 295 (1962);
R. Pla and J. Bernabeu, An. Fis. 87, 455 (1971).

(22] LAMF Collaboration, R.D. Bolton et al., Phys. Rev. D
38, 2077 (1988).

[23] U. Bellgardt et al., Nucl. Phys. B299, 1 (1988).

[24] TRIUMF Collaboration, S. Ahmad et al., Phys. Rev. D
38, 2102 (1988).

[25] A. Halprin, S.T. Petcov, and S.P. Rosen, Phys. Lett.
125B, 335 (1983); C.N. Leung and S.T. Petcov, ibid.
145B, 416 (1984).

[26] A. Halprin et al., Phys. Rev. D 13, 2567 (1976).

[27] A. Balysh et al., Phys. Lett. B 283, 32 (1992).

(28] B. Pontecorvo, Sov. Phys. JETP 7, 172 (1958); 26, 984
(1968).

[29] Z. Maki et al., Prog. Theor. Phys. 28, 870 (1962).

[30] C. Angelini et al., Phys. Lett. B 179, 307 (1986).

[31] J. Pantaleone, Phys. Rev. D 49, 2152 (1994).

[32] T. Inami and C.S. Lim, Prog. Theor. Phys. 85, 297
(1981); 85, 1772 (1981).

[33] J. Bernabeu, J.G. Korner, A. Pilaftsis, and K. Schilcher,
Phys. Rev. Lett. 71, 2695 (1993).

[34] S.T. Petcov, Sov. J. Nucl. Phys. 25, 340 (1977); 25,
698(E) (1977); Phys. Lett. 68B, 364 (1977); T.P. Cheng
and L.F. Li, Phys. Rev. D 16, 1425 (1977); 16, 1565
(1977).



