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ABSTRACT

The standard SU(2)1, x U(1) electroweak gauge model is extended so as to incorporate
a single right-handed neutrino, a single Higgs singlet and a second Higgs doublet. In such
a scheme, four Majorana neutrinos emerge, with two of them (w; and w,) forming a sea-
saw pair while the rest (w; and w;) acquiring mass at one- and two-loop levels respectively.
Their masses will therefore exhibit a remarkable hierarchy: m; € m, € m3; € my. By
spontaneously breaking the presupposed lepton-number conservation, a Nambu-Goldstone
boson (majoron) appears, which allows wy and w; to have a rapid invisible decay mode
at tree and one-loop levels respectively. An attempt is made to derive constraints on m;
and my from a cosmological consideration. It is found that my is restricted to be less than

~100 GeV while m; is allowed to have any value below the laboratory upper limit (~35 7 !

MeV). In particular, w3 may be identified with Simpson’s 17 keV neutrino; m; is then <
49 GeV. Other phenomenological iinplications of the model are also discussed.
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1.Introduction

T m

The recent observations by Simpson and others[1,2] that the electron neutrino may
contain a component with mass 17 keV have stimulated many people to seriously re-
consider the possibility that the neutrinos may have a nonzero rest mass and that some
of them may in fact be relatively heavy. To incorporate such possibility, the standard
electroweak model, i.e. the minimal SU(2) x U(1) gauge model due to Glashow, Wein-
berg and Salam[3], has to be modified or extended. Obviously, there are a variety of
ways in such extensions. Among the most straightforward is to introduce one or sev-
eral right-handed neutrino singlets so that one may have a Dirac and/or Majorana mass
terms for neutrino fields.® In fact, Glashow[4] discussed Simpson’s neutrino in a model
in which three generations of right-handed neutrino singlets were introduced. He noted
that a novel mass hierarchy might exist among the six physical neutrinos, with two of
them forming a pseudo-Dirac neutrino of mass 17 keV. He also noted that, by invoking
the singlet majoron hypothesis[5], one could reconcile the 17 keV neutrino with relevant
cosmological constraints[6].

In the present note, we would like to investigate another extended model which is in
some respect more economical than the model investigated by Glashow. The model is
characterized by containing only one right-handed neutrino singlet but one more Higgs
doublet. This leads to four Majorana neutrinos, with two of them (w3 and wy) forming a
see-saw pair while the other two (w; and w;) acqiring mass at one- and two- loop levels
respectively. Their masses therefore naturally exhibit a remarkable hierarchy: m; <
my € mg € my. w; as well as wy may decay into a lighter neutrino by emitting a
majoron. As a result, it is found that m; may take any value below the laboratory upper
limit (35MeV), without contradicting the relevant cosmological constraints. my is, on the
other hand, found to be rather severely restricted: m4<100 GeV. If one identifies wy with
the 17 keV neutrino, my is then <415 GeV. Constraints from neutrinoless double beta
decays will also be discussed.

The paper is organized as follows.We discuss in Sect.2 the neutrino mass spectrum
and properties of the lepton mixing matrices in a model in which only one right-handed
neutrino singlet is introduced. The number of left-handed lepton doublets n and the
number of Higgs doublets m are kept arbitrary. The minimal case,i.e., n =3 and m = 2,
is considered in Sect.3. Sect.4 is devoted to phenomenology of the minimal model,which
is followed by a discussion of the 17 keV neutrino in Sect.5. The paper is ended with some

concluding remarks.
2. Model with a single right-handed neutrino singlet

Let us begin with a discussion of the neutrino mass spectrum and properties of the
lepton mixing matrices in the case that only one right-handed neutrino singlet is present.®
Ingredients of the model, together with their SU(2); x U(1) quantum numbers (weak
isospin I and weak hypercharge Y) and lepton number L, are listed in Table 1. The
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number of generations n and the number of Higgs doublets m will be kept arbitrary for
the moment, while the quark sector is left untouched throughout. The Yukawa coupling
reads

Table I

—Ly = ZZ(CQ;),JL Qsae;R +szarL ¢ vp+ _fVRUVR + h.c. g (1)

6 a
where ¢ = irs¢* and ¢° denotes the field charge-conjugate to t. (1§ is left-handed in our
notation.) With the substitution®
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"7\ Vhart) T TV

we write Ly as

LY - L‘r’nc:s + Lu(¢0,00) + L’Y (2)
v -t 1 —c
—Liaee = MoV R + Smalpre + hec. (24)
n m l
~L¥(¢°,0%) = 3 dailiLvrda + §f17izVRU° + h.c. (2b)
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-L, = E Z(c,, iPiLesR — Z TReiL)by
= (20)

+EZ(CQ);J€.'L€J'R¢¢. + }:moéibem +he,
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where n
"‘L = EVm'ViL (3(1)

e mDIZfda.va (i=1,--- (3b)
mp = [lef doival1'?,  mp= [fus (3¢)
m;; = f:\/g(cu),jvu. (3({)

Although we have n v.'s at hand, it is seen from Eq.(2a) that only one particular
linear combination given by v/, couples to vg and conspires with the F§vg term to result
in two Majorana neutrinos. In fact, Eq.(2a) can be rewritten as

1 1
_L:nass = SMpWpn + é‘mNQN“)}V’ (4)
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where

Wy = Wgr + nnwvc;!,o wy =Wy + anfVLl (5(1)
Wy = Vhpcos¢—vgsing, (56)
wyp = vppsing + vicosd,

My 1
o4 < Y b 4m ) % (5)
tan® ¢ = m,/my = (mu/mp)>. (5d)

7. and 7y are the charge-conjugation parity of w, and wy, which are opposite in sign (e.g.
7 = —land gy = +1i{mpg > 0). The other n—1 independent fields v/ (i = 1,--- ,n—1)
related to the original v (i = 1,---,n) by

vp=3Vave  (i=1,-,n=-1), (6)
1

V = (Vj;) being an n x n unitary matrix with V,; given by Eq.(3b), remain massless at
tree-level. Combining Eqs.(3a), (5b) and (6), one has

N
war = Ulmpr(a=1,---,N), )
b

where N = n+ Luyy, = vjwar = vip(a=1,---,n—1) and U* = (U%) is an N x N
unitary matrix:
Uy = Vi, U=0,
U,‘;J = V,,cos¢, wy = —sing,
Vajsing, Uk y = cos ¢.

o ®
(f=1---,n=1;5=1,---,n)

B

If one denotes diagonalizing unitary matrices for the charged-lepton mass matrix (m,;) by
U% and U® and the physical (mass-eigenstate) charged-lepton fields by h(k=1,---,n),
Le.
ZU;fEmij(Uz?)' = myb, (9a)
L)
n n
by = ;U{?em lip = ‘;Uiﬁeim (9%)
(’C,l: 17"')"’)
the gauge couplings of lepton fields read
—Lw = “}ZV,L’Y e‘L\V + h.c.

%ZZW,,L')/ Uak[kLW+ + h.c.

(10a)



n
—Lz = ngs—g:z:[ﬂemkb‘w —&ip Y eir, + 2sin’ 0,87 6] 2,
;

N _ ] (108)
= cosh {Z‘D-L'Y}‘U:bvwbb + Z[—lklf‘/)‘lu + 2sin® 9w1k’7'\lk}} Zx,
“ Lap &

where 6, is the Weinberg angle and

Ua = ZU:.'(U{X)*’ ab = ZU:;(U;)‘» (11)

(a,b'—'—' 1,"‘)N;k= l,---,n or e)ul7—>”~)

It is important to realize that a mixing matrix appears in the charged current as well as
in the neutrino part of the neutral current and that they have the following properties:

N
Y UaUs = b (12a)
n 1 0
SULUL=U% = 0 cos? ¢ cos¢sing (12b)
& cos ¢sin ¢ sin® ¢

1 being the (n — 1) x (n — 1) unit matrix; and
UNkz/Unkg = tan2¢ = mn/mN, (120)

independent of k. From Eq.(12b), one has
SUnk|? = n =Y |Uif* = sin® ¢ = m, /(mn + my). ‘ (13)
& ik

This is an interesting equation which, in the case of n = 3, relates low energy physics to
physics beyond the standard model.
Next turn our attention to the Yukawa interaction of neutrinos, Eq.(2b). Since the m

n
particular combinations of 11, +, Var, VoL = ZdaiViL(O =1,---,m), couple to ¢ (e =

1,--+,m) respectively and since v}, is itself a co'mbina,tion of i1, -+, Ui (see Eqgs. (3a)
and (3b)), we realize that m — 1 fields, to be identified with wir(i = n—m+1,---,n—1),
have a coupling with ¢, ---,¢%,, while w,; and wy, have a coupling with ¢° in addition.
These m — 1 left-handed fields will acquire a radiative Majorana mass and a coupling with
0% at one-loop level (see Fig.1), while the remaining n — m fields, wi (i = 1,---,n — m),
will do so only at two-loop level.

Fig. 1

Since ¢%(ox = 1,---,m) and o® are complex fields, we have altogether 2(m + 1) real
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neutral scalar fields and they will in general mix with one another. Denoting mass-
eigenstate fields by Y2(u=1,---,2(m + 1)), we have
2(m+1)

‘352: Z ban'l’.ﬁ/\/ir(azl)””m-i-l) (14)

where @5, ,; = (0°)* and b, are complex coefficients satisfying the appropriate orthonor-
mality and completeness conditions. Omne of ¢¥’s is the would-be Goldstone boson to be

eaten up by the Z° boson:

bz = VI3 (vafV)Im(¢2), (15)

m
where v = (3_v2)/2. The requirement that the lepton number conservation breaks down

spontaneously through < ¢ >= u/v/2 # 0 leads to another Goldstone boson, i.e. the

majoron,

ér = V2Im(c°), (16)
to which only w,, and wy couple:
—L(¢n) = %f‘j‘ﬁllﬂ(i@u/\/ﬁ) + h.c.
= %\/%éf(_wn'\f&wn sin® ¢ + @y yswi cos® ¢ (17)
—Qpwy sin 2¢ ).

¢z and ¢pr may be identified with 3., and ¢§, ., respectively; ¥Q(p = 1,---,2m)
are then massive neutral Higgs bosons.

3. The minimal model

Now let us consider the special case: n = 3 and m = 2. Our foregoing discussion
indicates that, without loss of generality, one may take
vy=v#0, vy =0,
d“ = dn - 0, d13 —7—‘ 0, (18)
dy = 0, dy ?é 0, das % 0.
There are three complex neutral Higgs fields (¢, 4¢3 and ¢ = (0°)*) related to six real

mass-eigenfields ¢0 (u = 1,---,6; ¥ = ¢z and ¢ = $p ) as in Eq.(14). Equation (2b)
reads

6 3
v = 1 .
—L(¢%,6°) = 3 (O _BubiLva + ’Q’BMVRVR)"/)g + h.c., (19)

b=l

where R
BI‘" = Eb;pdﬂl'/\/z

Bwi = b;uf/\/ﬁr
(=23 p=1---,6)

(20)
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Evaluating, with the aid of Eqs.(17) and (19), dominant contributions from the one-
loop diagram explicitly, one obtains?

-0 = zaézmi?&,;,wz,‘ + h.c., (21)
14
—L"D(gy) = Ea'o);_‘;z’Af,‘b’aawg,,(;sM +he, (22)
where, e.g., ‘. ,
msy = 1617r2mRZB“2BPTmTi:n:EY_n§ln%% (21a)

A = f }'ZB,‘QB,‘3 . ln-—. (22q)

To go one step further, we assume

d22 I~ d23 3 d13 = dy (23)
bap = O(1).
One then gets, as an order-of-magnitude estimate,
miy mm®, m s (fdym®, ml) = (f/dym, (218)

(4,5 =2,3)

AY ~ \[ Fm®my, (22b)

where i
—In(m3/m3). (24)

Here my is a representative value of m,(u = 1,- -, 4), and use has been made of Eqs.(3c),
(18) and (20).

From Egs. (4), (5¢), (21) and (21b), after rediagonalization, four physical neutrinos
emerge, with three of them, approximately identical to w, = w,r + iy (a = 2,3,4),
having mass my; = m{!), my & m%/mpy and m; ~ mg and charge-conjugation parity

m® = ma(my /o)X (m fm?y ~ 1)

= 1, 33 = —1 and 7 = 1, respectively, while the fourth one remaining massless at
one-loop level. Their masses therefore naturally exhibit a remarkable hierarchy:

my € my € my &K my. (25)
4. Phenomenology

We now confront our minimal model with observations. Since it is known that there
are three flavor eigenstates v, v, and v, and that, experimentally [10],

m(v.) < 17eV, m(v,) < 270keV, m(v,) < 35MeV, (26)

7

it follows, as a necessary condition, that
my < 17eV, my < 270keV, m3 < 35MeV. (27)

wy is most likely a hitherto unobserved heavy neutrino. The negative results of neutrino
oscillation experiments [10] then suggest that
Ve R wy, Y, Rwy V& ws, (28)
implying that
Ui, Uy, Us, = 1,
all other elements of U : small.
It is to be stressed however that the identification (28) is by no means unique; it is merely
a naive expectation.
On the other hand, it is known from cosmology that a stable neutrino must be lighter
than ~100eV [11]. Since our w; is stable up to one-loop level, we must require that

m<100eV. (30)

(29)

In contrast, an unstable neutrino can have mass m greater than 100 eV, if its lifetime 7
satisfies the cosmological lifetime constraint, which is, according to Kolb and Turner [6],

7 < 2.3(m/keV) "} (£oh%)*210%sec, (31)

where X is the total energy density of the present universe in unit of the critical density
for closing the universe and h is the Hubble constant in unit of 100 km s~ Mpc™'. Our
ws, having decay mode, w3 — wa+ Pu, at one-loop level, is indeed farely unstable. Noting
that the relevant amplitude Ay is ASY (as given by Eq.(22b)) times mg/my, its lifetime
73 is readily estimated:

75 = (gl Anlme) ™ = (55— Pmm/mt) ™ (32)
Combining Eqs.(24), (30), (31) and (32) and inputting®
my > 42GeV, (33)
v = 250GeV, (34)
Teh’<1, (35)
<1, (36)

one derives constraints on ms and my, as shown in Fig.2. It is seen that the mass of the
heavy neutrino, wy, is rather severely restricted:

Fig.2

my<100 GeV, (37)



and that, amusingly, only if m; takes a value close to 270 keV, the value quoted as the
laboratory upper limit for m(y,), mq can be as large as ~100GeV. If one regards it
plausible to take mp = m, so that mgm, = m2, then

my < 80GeV, mj > 130keV. (38)

One may wonder if wp, w; and wy, with 2eV < my; € m3 <€ my, contradict the
experimental result [12]
< m(v) >< 2V, (39)

where < m(v) > is the weighted sum of neutrino masses contributing to the neutrinoless
double beta decay. In our case, < m(v) > is given by

< m(V) >= Iml(Ule)z + M2(Uze)2 et m3(U3ﬂ)2 + em4(U4¢)2j, (40)

where we have taken account that the contribution from the heavy w, may be suppressed
by a facter (0 < e<1). The minus sign in front of m3 comes from the opposite charge-
conjugation parity of ws relative to those of the others. Thus, one may expect that a
natural cancellation would bring < m(v) > to satisfy Eq.(39). Without trying estimation
of ¢, we note the following:

(DIf € = 1, the contributions from w; and from w, cancel against each other exactly
owing to the property (12c). Combining Eq.(39) with Eq.(29) then gives m;<2eV.

(2)If € = 0, it is expected that the contributions from w; and from ws cancel against
each other, indicationg that U,, < U, and m152 eV.

5. The 17 keV neutrino

We proceed to see if it is possible to identify w; with Simpson’s neutrino. With
my = 17keV, one finds from Fig.2 that

me<49 GeV. (41)

It is to be noted that our w; with mass < myz/2 does not contradict any results from the
LEP experiments including neutrino counting and direct search for heavy neutral leptons
[10,13]. If € = 1, one wuold have no trouble at all with the experimental results on
< m(v) >, as already mentioned. On the other hand, if ¢ = 0, there would be no counter
term to cancel mgUZ, as far as UZ =~ 0.01 [1,2]. A cancellation is possible, however, if,
for example,

mya 17eV, Up~1 and UZ = 0.001, (42)
suggesting that the mixing probability of the 17 keV neutrino may not be so large as
reported [1,2] and that, contrary to the naive expectation, Eq.(28), the electron neutrino
may not be the lightest of the three light neutrinos.

6. Concluding remarks

Our minimal model, if viable indeed, indicates, among other things, richness of the
Higgs sector and hierarchical structure of the neutrino mass spectrum. From a cosmo-
logical consideration, it has been suggested that the heavy neutrino may be relatively
light and that one or two of the three familiar light neutrinos can be relatively heavy.
To accommodate the 17 keV neutrino without contradicting the absence of neutrinoless
double beta decays, it has been suggensted that its mixing probability must be much
lower than what is reported and that the electron neutrino appears to constist mainly of
a component which is not the lightest of the three light neutrinos. We hope that all these
predictions will be tested in current and future experiments.

To conclude, just because of the hierarchical structure of the neutrino mass spectrum,
the MSW mechanism [14] as an explanation of deficit of solar neutrinos is not applicable
to our minimal model.
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Footnotes

% One may have, by introducing a triplet Higgs field, a Majorana mass term for left-
handed neutrinos. This possibility will not be considered here.

® New physics implied by presence of right-handed neutrinos was stressed by Jarlskog [7],
properties of the lepton mixing matrices in the presence of a single right-handed
neurtino singlet was discussed in [8], and neutrino mass hierarchy in the presence
of multiple Higgs doublets was studied by Grimus and Neufeld [9].

¢ The vacuum expectation values v,(a = 1,---,m) and u, and all coupling constants as
well, are assumed to be real for simplicity throughout.

¢ Here and in the following, we assume mp <& mp so that mg = m%/mp < my = mp.
The other limiting case mp = 0 (i.e. the case in which w; and wy fuse to form a
Dirac neutrino), a possibility by no means excluded phenomenologically, will not be
considered.

¢ Without reanalyzing relevant data in the light of our model, we take ~42GeV as the
experimental lower limit on myg.
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Table and figure captions Table I. Ingredients of the model. I, Y and L stand for weak isospin, weak hypercharge

Table 1. Ingredients of the model. I, ¥ and L stand for weak isospin, weak hypercharge and lepton number, respectively.

and lepton number, respectively.

Fig. 1. One-loop diagrams contributing to mass and majoron coupling of neutrinos. d Yy L
Fig. 2. Constraints on m3 and my derived from a cosmological consideration. The region 1 = ViL, (i=1,-,n) 2 1 1

below the curve (a) and the straight line (b) is allowed. Also shown is the straight . e, T
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