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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 m&/M, where m& and M
are the Dirac and Majorana mass terms, respectively. The consequent ~ixing 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 ~ixing. Mhcings among light neutrinos are constrained by neutrinoless double-P
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 fiuxes 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„~ u2/Mp~ ~ 10 s eV, where e = 250 GeV is
the scale of electroweak breaking and Mp~ = 10~s GeV
is the Planck mass. In what follows, we will ignore such
contributions.

Generating neutrino masses poses somewhat ddferent
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
nmsses 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 liaked together by Dirac
masses mg. 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 m~/M, can
be rewritten as gm„/M. As a result, exotic processes,
such as p, ~ ep, p, -+ 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
m2&/M. This is possible when there is more than one
right-handed neutrino. Hence, the mixing m~/M will
be independent of the light neutrino masses. Within
such a context, it will be sn+cient for three generations
of left-handed neutrinos and an additional right-handed
neutrino field v' to illustrate the &inds of bounds on neu-
trino masses and rroxings that can be extracted Rom ex-
isting data. This model, suggested by Jarlskog in Ref.
[4], can be considered a rem~ant 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 ~ix-
ings, there can be lepton-farad'&y-nnmber-violating pro-
cesses, violations of generation imiversality, and. off-
diagonal neutral current couplings. In this paper, we
will consider this phenomenology in d.etail, 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 imiversalities 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-fame&y-n»rnber-violating processes and neutrino-
less double-P 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 relmcing the seesaw
mass relationship has not been studied in detaiL In ad-
dition, the results on rare decays have not been presented
before.

XX. FOKMULATXON OP THE ONE SINGLET
MODEL

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

where a's are ass»med to be real. Without losing any
generality, we can define the charged leptons ai, to be
given by their m~~s eigenstates. Since v' is a gauge sin-
glet of the standard model, it can pick up a Majorana
IIlass:

1
,(v') = ——Mv' v'+ H.c.

2
(2.2)

v and v' are the two-component Weyl fields. When the
SU(2) x U(l) gauge sy~unetry of the standard model is
broken spontaneously, ~fixings among the gauge eigen-
states v and v' are induced, leading to the mass matrix
[4j

82 =
/a~+ si

pa~ + a~

a2 + a2 + Q2

whereas the mixing between the light and heavy neutri-
DOS 1S

Equation (2.6) is defined in a way that both eigen-
masses ms and m4 are positive. The i in Eq. (2.6) indi-
cates that vs and v4 have opposite CP transformation.
The mixing angles among the light neutrinos are given
by

P~ )
—(v, v„v v') M " + H.c. ,

V~
~c j

(2.3)

2 — m3
83 =

m3 + m4
(2.8)

The masses for the two massive neutrinos are given as

where
m3 =

jg y /M2 y 4(~2 y g2 y g2)
(2.9)

)0
0
0

0 0 a, )0 0 a„
0 0 a
a„a M)

M can be diagona'Limed by a rotational matrix 0:

(2.4)
M+ M2+4 a2+a2+a2

m4
2

(2.10)

|0 0 0 0~
0 0 0 0
00m, 0

(0 0 0 m, )
(2.5)

s,a,c, s,s2a,
~ ( 1 0 0 0

~—Sy Cyc2 Cy82C3 CQS283 0 1 0 0
0 —82 C2C3 C283 0 0 i 0
0 0 —ss c3 J I 0 0 0 1

(2.6)

+adhere w'e adopt the abbreviation 8; = sin8; and c,. =
cos 8;.

0, defined as v = g,. i 0 ~v; (a = e, p, , ~, and R), is
explicitly given by

The diagonab~ation 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, ms (a2 + a„+a2)/M.
Notice that ss 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-h;Luded 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 eventu~~&ty by
treating ss 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 reTnnants of syrn~etries which are manifest at higher
energies.

The consequent charged current interactions of the S'
gauge boson, in four-component notation, are given by
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„1—psW„) ) C7; a p» v;+ H.c.
a=e, pa,r i=1,...,4

(2.11)

The neutral current interactions of the Z gauge boson
can be obtained straightforwardly. The interaction re-
mai118 the same as in the standard model for the charged
leptons and remw~s Savor diagonal. However, there will
be nondiagonsl pieces induced by v'. The interactions in
four-component notation are given by

where

&Z8o = ~» )cos 8w a=e, pa, w

4

~zpv ~» ) vi '7
4cos w i)j =1

& —75 &+ &5
gL 2

+ gR

1 —ps 1+p5
I&, +R;; v, ,

(2.12)

(2.13)

and

1
gL, = ——+sin 8w

~ 2

gR =3m 8w &

2

(2.14a)

(2.14b)

&R'&Re.

R,; = b;1+OR—;OR;.
(2.15a)

(2.15b)

The interactions involving Goldstone bosons (G+, Go) and the physical Higgs scalar (Hs) can be obtained from
Eq. (2.1), and, with the help of Eqs. (2.5), are given by

8 — - - 1+W5lg- —— G ) ) 8;mia v;,
2 few a=e p & i=1,".,4

(2.16)

Zoo = GCg p

4mw i=15...,4
m; v; c75v;+ ) M

l

QR;GR1. v; c v, —H.c.T~ - ( p
1 —75

i,j=1, ,4...
(2.17)

Zjfo = — Hg
4mw ) rn; v; Cv; — ). M

l

GR*'0» v; C V1+H.c.
~

(2.18)

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

&Z8 =— 2» ) Vi'y 75pi + C3V3'y 'ysp3 + 83V47 $5V4 + 2lSSC3V37 V4
4cos8w a=1,2

(2.19)

Zoo= Gig
4mw ) 1ni 1/ C'y5vi + M-(83V3 C'y5V3 —c3P4 C'y5P4 —25c383V3 CP4)

1go ~ ~ 34

(2.20)

and

ZRo = — Hg p

4mw ) m, v; Cv; —M ( 83P3 Cv3+ csv4—CP4+ 25c383P3 C+5 4)P
13 ~ 0 ~ 34

(2.21)
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respectively. Since v3 and v4 have opposite CP because
of the structure of the nuLss matrix we have assumed, the
nondiagonal interactions in Eqs. (2.19)—(2.21) have dif-
ferent Lorentz structure from that of the diagonal terms.
Hence, the charged-lepton-fiavor-changing decays of Z
and JIo 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 (vq 2) are massless at the tree level. These two
nuLssless neutrinos, which are not protected by synune-
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
nnLssless. The other two neutrinos (vs 4) are massive; we
define ms & m4. The decays of v4 present us with a rich
class of phenomena. To avoid any conBict 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-vs-vs coupling
is reduced by a factor of cs relative to Z-vz-vz and the
Z-v2-v2. Therefore, the invisible width of the Z gauge
boson will provide a stringent limit on the mixing param-
eters ss. If v4 is heavier than Z, ss 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 I EP:

(3.1)N„= 2+ (1 —ss)

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

83 & 2.69 x 10

If v4 is lighter than Z, the decays Z ~ vs v4 or v4 v4
are allowed. If m4 is heavier than 1 GeV, v4 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 ss. Since the decays
of v4 are so numerous, we use a conservative bound of

B(Z + vsv4g v4l/4) & 1 x 10 (3.3)

to constrain ss. Combining Eqs. (3.1) and (3.3), we plot
the upper bound on 83 as a function of m4 in Fig. 1.

Since v4 is not kinematically allovred for the muon
decay p, ~ evv, only the first; three neutrinos play a
role. The Fermi coupling constant G~ extracted &om
the muon lifetime is given by

2 2 2

(3 4)
(v2) E8 ~&

When radiative corrections are included in the on-shell

FIG. 1. The 90%%uo C.L. upper bound of ss as a function of
m4 obtained &om the Z decay.

scheme [10], the precisely measured quantity m~/mg
can be related to Gz in the following way:

m2 A2~= "o 1-lO l2-"'1-lO l2-'~'
m& m„-

at 90% C.L., leading to an upper bound for l0,4l2l8„4l2
given by

l&.4121&~4I2 3.18 x 10 ', (3 7)

or s22 & 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 mg /mz

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
im~versality test in pion decay. The ratio of the decay
rates B = I'(w -+ ev)/I'(x -+ pv) in the presence of
neutrino ~ixings is given by

r(~ ~.~) 1 —ln.,l2

I'(vr m pv) 1 —l0„4l2
(3 8)

The experimental measurement relative to the standard
model expectation, R/~, was recently calculated to be
0.9969 + 0.0031 + 0.004 [11],yielding

where Ao2 = sa,~/+2/G~ = (37.2803 GeV) . The
quantity b,r depends on the masses of the top quark
and Higgs boson. Taking 100 GeV & m~ & 1 TeV and
100 GeV & mz & 200 GeV, we find 1.87 x 10 2 & b,r &
6.77 x 10 2 [10]. Using the experimental value given by
Langacker in Ref. [8], we obtain

1 —l0,4j' 1 —l0„4l & (0.9436)
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= 0 9969 6 0.0051.
1 —lo„,l

(3.9)

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

g
I

I 'I 1 —lg
(3.10)

Experimentally, the quantity IV„qlz + IV„,I~ + IV„pl2 is
measured to be 0.9981 6 0.0021 [12]. Since IV„&I

(0.01)2, its contribution is less than the uncertainty of the
measurement. Thus neglecting the contribution of IV„pl
is well justified. Since the quark sector is not affected by
the introduction of singlet neutrinos, the»~Itarity of V
still holds, and exploiting that gives

imation, we ~ay take the ~asses of vq, vz, and vs to be
zero. The rare processes we are interested in are p ~ ep,
p ~ Se, e-p conversion in nuclei, and neutrinoless double-

P decay, (2P)p„. DetaiIs 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 peag»~ diagrams,
p;e Z-and p-e-7, 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 as as an independent param-
eter, and consider the asymptotic behavior of the lepton-
Savor-violating eS'ective vertices as m4 goes to infinity.

Let us begin with the the photon peru~ diagrams
shown in Fig. 2. For large m4, the effective vertices of
the photonic penguin diagram, Eqs. (B2) and (Bs), are
given by

~412 & 1.5 x 10 s (S.ll)

at 90% C.L. Combi~i~g Eqs. (3.9) and (S.ll), we obtain

hm Fq ——S1C182S3
R4 ~OO ')»(hm F2 ——sqcqs2ss

IRg ~OO 2

(4.1)

(4.2)

I. 41' & 1.0 x 10-' (s.i2)

at 90% C.L.
As with the invisible decay width of Z, the presence

of right-handed neutrinos will increase the lifetime of the
r The u.pdated world averages of the 7 lepton nuLss and
lifetime are given by m = 1770.0 6 0.4 MeV and w

295.9 6 10 ~s s, respectively, and the relevant leptonic
branching ratios are B(7' -+ evv) = 17.77 6 0.15'%%up and
B(7 ~ yvv) = 17.48 6 0.18%%up, as discussed in Ref. [13].
Using these values for m and 7, the theoretical expec-
tations for the branchI~g ratios are B(r ~ evv) lqh, , ——

18.13 6 0.20'%%up and B(r ~ pvv)lth«~ = 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

The decoupling theorem is violated for both Fq and F2.
For the Z penguin diagrams shown in Fig. 3, the effec-

tive vertex given by Eq. (B16) for z4 large becomes

2 2 24h~ Pz sjcysgs3 s3 ln z4
Kg ~OO 4

(4.s)

V;

p
G

e

G
/

where this term comes Rom the Majorana nature of v4.
Hence, we can see that the decoupling theorem is also
violated for the Z penguin.

Finally, we consider the box diagram for p ~ 3e,
shown in Fig. 4. When z4 is large, B„~s,from Eq. (B25)
becomes

B(7. -+ evv) B(r m pvv)+
B(&~ evv)l~h. ~ B(~ -+ vvv)l~h-.

= 1 —I&- I' 2 —l41' —I& I'
= 1.9716 6 0.0204 . (3.13)

At 90%%up C.L., this translates into»mits on c2 and ss

V;

G

y

(b)

VI

s3(1+ c2) & 6.1 x 10 (S.i4)
(c)

or ss2 & 6.1 x 10 which is again less stringent than
Eq. (3.2).

V;

IV. LEPTON-NUMBER-VIOLATING PROCESSES
W

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

(e)

FIG. 2. Photon penguin diagrams for the p,-e-p vertex.
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2 2 i 2 2 2 44,
p $ = $ $$$$$

~

$1$$$$—&$4)
R4 ~OO 2

(4 4)

where this term comes kom the diagrams in
Figs. 4(e,f,g,h). Again, the decoupling theorem is vio-
lated.

Vk now consider each of these processes in some detail.
(a) p ~ ep. The tra»sition amplitude for the process

p ~ ep is given by

B(p m ep) = —IFsI~ .2' (4.6)

where e"(q) is the polarization vector of the photon with
outgoing moment»m q. Hence, the decay branc»»g ratio
is given by

Amp(p m ep)

2 F2 e"(q) eio„„q"m„p, (4.5)
7f fGQf

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

Z(pm3e) = —
&

F2ep" eei "" m„p, +ep" L +R eel„y, »,
aG~ a„„q". 1+ps „1—ps 1+ps 1 —ps (4.7)

where L, and R are de6ned as

1 ( 1 2 ) 1L=F~+ i I
g+~w

I

ps 2, B„s~ ( p sw
(4.8)

p
V;

W

z'

V;

V;

(b)

W
P

I

l

e

e

l

l

W

(c)

V;

G

V;

(d)

V;

W

I

G
)

e

(c)

e
I

)
G

e

V;

V;

p e
/

G w w Q

v '(
I

(e)

(g)

p l

z

V;

p I
/

G

FIG. 3. Z penguiu diagrams for the p;e-g vertex.
FIG. 4. Box diagrams for the process p. -+ 3e. The crosses

correspond to 5ipping the neutrino helicities.
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R= Eg+Pz . (4 9)

Hence, we obtain the branc»ng ratio which is given by

0.'
B(p m3e) = R +2I —4E2(R+2L)+4E

~

41n
16+2 2m 6) (4.10)

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

Z(p-e) = —
&

ei "" m„p, E2—u—p" u+ E2—d p" d +e p„p ) V~ q p„q ~, (4.11)
2s' q

where the Vs's are defined by

2 1 (I 22) 1V„= — Fi+ —
s I

———sw
l

Pz —
2 B„",, (4.12)

~w (4 3 ) 4~w "''
1 1 ( 1 121 1

Vq = Fq+ 2
—

~

——+ —sw Pz —
s B„,. (4.13)

swE 4 3 ) 4

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 p-e conversion in nuclei as follows:

I'(p& ~ eN) =,6, " Z'lE(™,') I'lwl' (4 14)

cbrit

qw =
l

F2+ V„
i

(2—Z+ N)
(2
(3 )

E, + Vs (—Z-+ 2N), (4.15)
3 )

where Z and N are the atomic (or proton) and neutron
nnmbers for the nuclei, and lE(—m„) l

and Z,p are the
nuclear form factor and the effective atomic number. For
4&~sTi, one has lE(—m„) l

= 0.54 [20] and Z,g ——17.6 [21].
From the present data, the branc»ng ratios B(p -+

e7), B(p, ~ 3e) and B(p Ti ~ e Ti) = I'(p Ti ~
e Ti)/I'(p capture) are 4.9 x 10 ~~ [22), 1.0 x 10 ~2 [23],
and 4.6 x 10 ~ [24], respectively, which translate into

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

B(p, -+ 3e) 4.9 x 10 ~

B(p -+ ep) 1.0 x 10—'~ (4.19)

and

B(p, Ti m e Ti) 4.9 x 10 ~~

B(p -+ ep) 4.6 x 10—~~ ' (4.20)

3
10

2
10

which provide a measure of the sensitivity of experiments.
For simplicity, we first neglect the contributions of the
last terms in Eqs. (816) and (825). Hence the ratios
become independent of Q. It can be easily shown that
the ratios Sq s are generically given by (lnz4) for small
and large z4 owing to the Z penguin diagrams. Thus,
experiments p, ~ 3e and p-e conversion have advantages
over p ~ ep 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 )0„'48,4l. In

&1.4x 10 (4.16)

R +2L —4F2(R+2L)+65.0F2 & 3.0 x 10

(4.17)

1
10

(2 'i ( 1
70

l

E2 + V„
l

+ 74—
l

Ex + Vs
l

& 2.—6 —x 10
) E )

(4.18)

10
10 10 10

rn (cev)

10

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

FIG. 5. Sensitivity (8) of experiments, p m 3e (dashed
line) and p-e conversion (solid line), relative to p ~ ~, where
S = Sz and S2, respectively.
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general, Eq. (4.18) depends on s3 and ~0,4~. 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 & m~, the
stronger bound is given by the maximally allowed value
of 83 whereas the weaker bound is given by 83 —0.

V. NEUTMNOLESS DOUBLE-P DECA&

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

1
4 2

Zippo„——G& — ) Q„m; ~ e p"p"(1+ps) e' u p„(1—ps) d u p„(l —ps) d, (5.1)

mgj e mi mj) (5.2)

and [25]

where q is the moment»m 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

In particular, if both ms and m4 are light, F(m3,4 A)
would be approximately equal to»»ity. Hence, Eq. (5.2)
is then equal to s2~s2z( —cs2ms + s2sm, 4) which would be
zero if we restrict ourselves to the seesaw rrmcing 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 ss is considered as an
independent parameter.

The best experimental »nit on the quantity [m„(eff)
~

is 1.5 eV [27], which translates into

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

F(m, A) = [(1+mr, )e
0.5

—(1+2mR)e z ~], (5.4)

5
10 - i » i i ii~ t

—r~iii~~

where R is the nuclear radius which is taken to be R =
1.2A~~s f'm. Notice that if neutrinos have opposite CP,
there will be a cancellation between their contributions.

1.5 eV
8g82 (

ms
(5.6)

As a result, sz s2 would be very small when vs is relatively
heavy. In particular, if ms ——1 MeV, we obtain sqs2 &
10

sjs2[ c3™sF(ms, A) + ss m4 F(rn4, A) [
& 1.5 eV

(5.5)

Let us first consider the contribution from v4. Numer-
ically, we have s2sm4 F(m4, A) & 1.6 x 10 s (1.2 x
10 ) GeV for m4 ——1 (2.5) GeV, where as is taken to be
the maximally allowed value shown in Fig. 1. Therefore,
one would expect the vs contribution to be important,
leading to

4
10

10

10'—

VI. NEUTRINO OSCILLATIONS

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

10

10
10 10 10 10 10 10 10

I
0',0

FIG. 6. The stronger (solid line) and weaker (dashed line)
upper bounds on m4 derived &om the p-e conversion experi-
ment as a function of ~G„'4C7 4~, where we have included the
bound obtained from Z decays.

4

FIG. 7. The mechanism for neutrinoless double-P decay,
where the cross corresponds to Sipping the neutrino helicity.
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nomena not available in the standard model. When the
mass of v4 is greater than the aeutrino beam energy, there
will be thr==fiavor oscillation with one oscLiiation wave-

length, As ——4s E/ms. In addition, when we ass»me ss to
be very small, the osciiiation mechanism depends only on
two mixings, namely, sq, and s2. Hence, for this situation
the parameters required to describe neutrino oscillations
are just Az, sz and s2.

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(v, ~ v, ) = 1 —4sm (2ksL) (a,s, —s,s2),
P(v, ~ v„) = 4sin (zk3L) (Bgs2 —sgs2)

P(v~ M v~) = 4sla (2k3L) (sy82 —sys2),

where

(6.1)

(6.2)

(6.3)

2n, ms' (eV)
As 2E (MeV)

(6 4)

When ms is in the MeV range, the ~ixing sos~2is con-
strained to be 10 s or less, Eq. (5.6). Hence, the oscil-
lation becomes purely academic. Furthermore, neutrino
and antineutrino oscillations, such as v,-v, are also al-
lowed. However, it would be either suppressed by the
ratio ms/E or by smaii mixings, Eq. (5.6), if ms » 1 eV.

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

ksL && 1. When the neutrino source is very close to
the target, i.e., L && 1/ks, the oscillation effects are sznall.
Hence, the probability P(v„-+ v, ) given by ~8„4~2[8,4~2,
which is stringently constrained from p-e conversion ex-
periment, would be in the order of 10 s. Hence, lepton-
n»mber-violating scatterings, such as v„N ~ eN', are
negligible.

ksL ~ 1. In this case, there will be oscillations. In
particular, the recent accelerator experment [30] allows
us to probe ms in the range 0.1—10 eV. For atmospheric
neutrino experiments, the mass range of 10 s—10 ~ eV
would be probed. Constraints on three neutrino mixings
kom atmospheric and reactor data have been studied [31]
for mz ——m2 ——0 and ms & 0.

ksL » 1. In this case, the oscillation effect is aver-
aged out, namely, (sin (2ksL)) = 1/2. In particular, the
recent GALLEx experiment, P(v, ~ v, ) = 0.66 + 0.12,
limits sf~s22to be within either in the region of 0.64 &
sz~s22& 0.87 or 0.13 & s2&s22 & 0.36 at the 10' level.

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

masses of the light neutrinos are not necessary given by
m2~/M, where m~ 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 n»m-
ber of neutrinos and allow the mixing ss 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 v4 is lighter than Z, the
decays Z ~ vs v4 and Z ~ v4 v4 are allowed. Hence,
the decays of v4 would give rise to exotic Z decays, such
as Z ~ e p, + X. Including the recent search for the
lepton fiavor violation in Z decay, we plot the result in
Fig. 1. Furthermore, the violations of »»iversalities in
charged current processes are also considered, and the
constraints on 8,4 and 8„4 are 1.0 x 10 2 and 1.5 x
10 s, respectively. r decays do not provide stringent
constraiats in this context.

Owing to the mixing and explicit Majorana mass term
for v', both separate and total lepton n»mbers are not
conserved. This allows rare muon decays and neutrino-
less double-P decays. Among various rare muon decay
processes, p-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 m4 as
a function of [8„'48,4[ in Fig. 6.

For the neutrinoless double-P decay, the contribution
comi»g from vs is more important, leading to the con-
straint s~sz & 1.5 eV/ms. In this model, three-fiavor
oscillation depends only on one oscillation wavelength
and two mixing angles. Thus, constraints from neutrino
double-P decay as well as the solar and atmospheric neu-
trino experimeats provide more important information
for the model.

Note added. We are grateful to our colleagues for point-
ing out previous work on lepton nonn~iversality 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.
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APPENDIX A: CONDITIONS OBUIATING THE
SEESAW( MIXING RELATIONSHIP

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

The most general mass matrix for n generations of
left-handed and m generations of right-handed neutrinos
takes the farm
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+n1
Mgg

&nm

M1

Z„M 1

We restrict our attention to the case n ) m, and ass»me
that there is only an isodoublet Higgs field so that Ma-
jorana masses for left-handed neutrinos are zero. The
quLntities z; are Dirac masses, and are given by the
product of the Y»~wa coupling constants and the vac-
u»m expectation value of the isodoublet Higgs Seld. The
m x m matrix M~~ is the Majorana masses for the right-
handed neutrinos.

Without loss of generality, we may ass»me that the M,~
matrix is diagonal. Next, we regard the vectors x; with
i = 1, ..., m, vectors in n-dimensional Savor 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 mco-mponents 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 Y~~&awa couplings define for us two vectors in
three-dimensional space. By the above arg»ment, we can
project out the massless neutrino, leading to the resul-
tant m Lss matrix

x3) . For large Mq, 3, and generic values for xq 3, there
will be two light and two heavy neutrinos. The ~sees
of the light neutrinos are given by the seesaw zmLss rela-
tionships of the form m„xz x x3/M, when M is the
collective mass for Mq 3. In addition, the mixings of the
light and heavy neutrino are of order x/M = gm„/M,
where z is a generic component of xq 3. From solar and
atmospheric neutrino experiments, m„ is required to be
of order 10 3 eV. If we take M to be 10~3 (103) GeV,
then f'rom the seesaw mass relationship z will be of order
10 (10 ) GeV. As a result, the ~ixing z/M would be
very small, leading to negligible exotic processes such as
p, ~ ep, p, ~ 3e, and p;e conversion in nuclei.

To enhance the mixing, one must evade the seesaw
mass relationships. For example, when xq x x3 0,
one of the two light neutrinos will become massless. In
addition, when Mqx33 + Mzxs~ ~ 0, the renuLi»i»g light
neutrino will also become massless. Now, the ~ixing,
which is still given as z/M, cannot be rewritten as the
ratio of light to heavy neutrino masses. Such apparently
geometric conditions could be rem»ants of a syr»metry
manifested only at higher energies. In the phenomeno-
logical analysis described in this paper, we consider such
possibilities by allowing the ~ixing to be an independent
parameter.

APPENDIX B: ONF LOOP DIAGRAM
CALCULATION

0 0 @31 @32
X21 @31 M1 0

(z23 z32 o M2)

(A2)

The determi»ant of this mass matrix is given by (xq x

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

where [32]

e 2 1 p5I'„= Ilg (q p„—gq„j e p+ F e ao'„„q m„
mgf

1+/5
p (B1)

Fg ——0„'40,4
z4(12 + z4 —7z43) x43(

—12 + 10z4 —z4')+ ln z4
12(z4 —1)3 6(z4 —1)4 (B2)

Il3 ——0„'40,4 x4(l —5z4 —2x24) 3z344 + 4 lnx4
4(x4 —1) 2(x4 —1)4

where x4 ——m43/m3w. It can be easily checked that the
contribution of z4 is much larger than that of x3 for
z3 « 1 and z3 « z4. For z3, x4 « 1, the muon-n»mber-
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 xs.

2. Z penguin

Z pe~»~ diagrams depicted in Fig. 3 are more com-
plicated than the photon pengm» because of the nondi-
agonal couphng [see Eqs. (2.13) and (2.19)],as well as the
Majorana nature of neutrinos. The Zep, efFective vertex
is defined as



50 PHENOMENOLOGICAL CONSEQUENCES OF SINGLET NEUTRINOS 4599

3z e ~ r 1 —7s
~

=
32+2cose (84) rs —) 0„',.6„. —z—,'G.(x;,x;) ——x(F(z;, z;)

1 2 1

i=1

where the calculation of each diagram is given by

4
—) 6„',.Q„.Qn;Qn, . 3 1

F(z;,z, )

4

ei Ri Rj +i&j +i) &j

I'. = ) 8„',.G.; + F(x;,z;) + z;G(z;, z;)
1 3 1

i=1

4

+ ) 0„',G.;OR, G~,-

4

+ ) 0„'.0„-Gn;Gn-

4

r, =) v„',v.;(-,'-" )*,
i=1

1-z;z, G(z;, z, )

gz-;z, F(z. ;,z,)., (89)

z;G(1,z;)
1 1

H

(810)

(811)

4

r, = ) -o„',n.;(I-"~) 6 1
3F(z;,z.)8

(85)
with

(86)

o2 b2

(o — )(o —b) (b 1)(b ——&)

a

( —1)( —b) (b —1)(b — )

(812)

(813)

4

r.+, = ) er„',n.;s~ [
—2x;G(1,z;)],

r,+g ——) 8„',6„——s~ [F(1,z;)],
I(1

(87)

Each of the divergent diagrams in Figs. 3(a—f) is finite
after s»mming all the internal neutrinos due to the»ni-
tarity of 0 and Eq. (2.5); the divergences cancel among
diagrams in Figs. 3(g—j). Note that dependence on ss~
disappears when all the diagrams are snmmed because
of gauge invariance. The last terms in the first lines of
Eqs. (85) and (89) 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. Snmming over all contributions, we obtain

4)-r.=) -er„,.n.,
$=3

( x,'. —6z; 3z,'. + 2x; ) ( Sz; z,'. —2z,'+ 4z;
2(z; —1) 2(z; —1)s *& i 4(z, —1) 4(z; —1)

4
g$ ZJ Xg X$+ ) G„,G„. 8;8,. —

( )
ln*; —

( )
ln*,.

3 Zy $$

1 4x —z2 4z —z2
(814)

Note that IG„';On;I = IG„',.Qz,. I
= cqs2csss and IQ;.Qn;I = IQ„.Gn;[ = sqs2csss, for i = 3,4. Hence, nondiagonal

neutrino-Z coupling contributions are also dominated by z4, and Eq. (814), to a very good approximation, becomes

~s =)-r.
( x4 6x4 Sz4 + 2z4 ) ( 3z4 z4 2x4 + 4x4

2(x4 —1) 2(z4 —1)2 *'&I +
IE 4{z4 —1) 4(x4 —1)2

, (—2x4+ 5z4 —z4+ 2x4 —4z4+ R4
4(x —1) 4(z —1)2+, »4I

where the parentheses help us to identify various contributions. We can also rewrite Eq. (815) as

(815)
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( 5X4 2X4+ 3x42 ) 2 (2X42 —5x4 x4 —2X4+ 4x4

2(X4 —1) 2(X4 —1)2 )I ( 4(X4 —1) 4(X4 —1)2 )I
(816)

3. p ~ Se 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
y, ~ Be. The effective interaction Lagrangian is defined as

64~2m2 &- -'~"

The calculation of each diagram is given by

( X4 x4
l2( X4+X4 2X4

( 1)
* I+I+ I

I (, 1) +(, 1)
W 3 2 3

2 Z4+Z4 X4

4( —1)2 2(z —l)3
W

Bc+d —+gJ4+84Ie4I 2
2 3 ln X4

4Z4 Z4 + X4

X4 X4

4X4 X4+ Z4B =&441&41 -(,)
+2( ])3 4 )

W

W 3 4 3
2 4 &4+ +4

f P4 ~4I& 41
—

( ])2 2(x ])3
W

2 +4+ +4 2&4
Bs~g = &„'40,4I8,4I,2

—,
)

ln X4

(818)

(821)

where the contributions from X3 are negligible. Again B 3, d are the same as the sequential lepton models, and
B, f,g g are due to the Majorana properties of neutrinos. Su~ming up all the contributions, Eqs. (818)—(82$), we
obtain

B„~3,——) B~

x4 x4 2 ( —4X4 + llz42 —X43 3x43

(*.—1)' 2(*.—1)' (824)

or

X48„3,——0„'48,4
X4

(825)

4. p e conversion box diagrams

The box diagrams corresponding to p;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 de6ned as

2 eP„P, B„",u7" u+B„" dP" d (826)

where B„",and Bd, are given by

B„",= 0„'40 4
4X4

X4 1
4X4

(X4 —1)' (827)
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B„,= 8„'40,4
Z4 Z4

X4
z4 —I (x4 —I)' (B28)

and we have neglected the contribution from the top quark because ]V,z ] (m, /mL) (( l.
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