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In the minimal standard electroweak gauge model, there is an effective dimension-five operator
generates neutrino masses, and it has only three tree-level realizations. One is the canonical
mechanism with a right-handed neutrino. Another is having a heavy Higgs triplet as recently prop
The third is to have a heavy Majorana fermion triplet, an example of which is presented here i
context of supersymmetric SUs5d grand unification. The three generic one-loop realizations of t
operator are also discussed. [S0031-9007(98)06809-4]
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In the minimal standard gauge model of quarks an
leptons, each of the three known neutrinossne, nm, ntd
appears only as a member of a left-handed SUs2d lepton
doublet

ci ­ sni , lidL , (1)
and the Higgs sector contains only one scalar doublet

F ­ sf1, f0d . (2)
As a result, neutrinos are massless in this model. Expe
mentally there is now a host of evidence for neutrino osc
lations, and that is most naturally explained if neutrinos a
massive and mix with one another. Theoretically there
no compelling reason for massless neutrinos, and any
tension beyond the minimal standard model often allow
them to be massive. There exists already a vast literat
on specific models of neutrino mass and mixing.

In this paper I make the following simple observation
In the minimal standard electroweak gauge model, there
a well-known effective dimension-five operator [1] which
generates Majorana neutrino masses, to wit,
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L21f0f0ninj , (3)

whereL is a large effective mass. All models of neutrin
mass and mixing (which have the same light partic
content as the minimal standard model) can be summari
by this operator. Different models (among them the we
known seesaw model [2]) are merely different realizatio
of this operator. In the following I will show that it
has only three tree-level realizations, all of which a
conceptually just as simple. I will also discuss its man
possible one-loop realizations, encompassing thus m
previous work on radiative neutrino masses.

To obtain the effective operator (3) at tree level, usin
only renormalizable interactions, it is clear that there a
only three ways: (I)ci and F form a fermion singlet,
(II) ci and cj form a scalar triplet, and (III)ci and F

form a fermion triplet. Note that the singlet combinatio
of ci and cj is nilj 2 linj which does not generate
(3). In each case, the complete gauge-invariant effect
operator is actually the same, but how it is written revea
its possible origin:
sId L21sf0ni 2 f1lid sf0nj 2 f1ljd , (4)

sII d L21ff0f0ninj 2 f1f0snilj 1 linjd 1 f1f1liljg , (5)

sIII d L21fsf0ni 1 f1lid sf0nj 1 f1ljd 2 2f1nif
0lj 2 2f0lif

1njg . (6)
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(I) The intermediate heavy particle in this case is clear
a fermion singlet as shown in Fig. 1. Call itN and let
its mass beM and its coupling toni be fi, thenL21 ­
fifjy2M. As f0 acquires a nonzero VEV (vacuum
expectation valuekf0l ­ y), we can identifyfiy as a
Dirac massmi linking ni to N and the neutrino mass matrix
is simply 2mimjyM. This is, of course, just the well-
known seesaw mechanism, withN identified as the right-
handed neutrino with a large Majorana mass. Note th
with one such singlet, only one linear combination ofni

gets a tree-level mass. Hence the usual scenario requ
threeN ’s. This mechanism of generating naturally sma
neutrino masses dominates the literature, but, as I sh
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below, the two other alternatives are conceptually just
simple.

(II) What is needed here is a heavy scalar tripletj ­
sj11, j1, j0d as shown in Fig. 2. If its mass isM and its
coupling toninj and f0f0 are fij and m, respectively,
then L21 ­ fijmyM2 and the neutrino mass matrix i
given by

sMndij ­
22fijmy2

M2 . (7)

Note that only onej is required for all neutrinos to becom
massive. This is a simple mechanism which does
require right-handed neutrinos, and is indistinguisha
© 1998 The American Physical Society 1171
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FIG. 1. Tree-level realization of the effective operator (
with heavy fermion singlet.

from (I) as far as the low-energy limit of the theory
concerned. As already discussed recently [3], another
of understanding the above is to consider the VEV ofj.
Althoughj is very heavy, it acquires a tiny VEV given b
u ­ 2my2yM2; hence the neutrino mass matrix is equ
to 2fiju as expected from the direct coupling ofj to ninj .
The idea that a heavy Higgs scalar could have a natur
small VEV was known but not widely appreciated, and th
mechanism has largely been neglected.

(III) We replaceN of (I) here with a heavy Majorana
fermion triplet sS1, S0, S2d. Again a seesaw mass
obtained [4], and there is no low-energy distinction b
tween this and the other two mechanisms. However, e
has its own unique implications about physics beyo
the standard model. In (I), the addition of threeN ’s ar-
gues favorably for the efficacy of SOs10d instead of SUs5d
as a suitable unifying symmetry, whereas in (II) a
(III), SUs5d by itself is sufficient. The15 representation
of SUs5d would containj, whereas the24 representation
would contain bothN andS.

As an example, consider a supersymmetric SUs5d model
of grand unification [5]. The breaking of SUs5d to the stan-
dard SUs3d 3 SUs2d 3 Us1d gauge group is accomplishe
using the24 supermultiplet,

24 ­ s1, 1, 0d 1 s8, 1, 0d 1 s1, 3, 0d
1 s3, 2, 25y6d 1 s3p, 2, 5y6d , (8)

where the scalar component ofs1, 1, 0d acquires a large
VEV. The fermionic components ofs1, 1, 0d ands1, 3, 0d
are exactlyN andS of (I) and (III). However, anif

0N
coupling is not desirable because the scalar partne
N has a large VEV andni must then combine with the

FIG. 2. Tree-level realization of the effective operator (
with heavy scalar triplet.
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fermion partner off0 to form a superheavy Dirac particle
On the other hand, since the scalar partner ofS0 has no
VEV, a nif

0S0 coupling is permissible in principle.
Now ci belongs to the5p representation, and there ar

two scalar doubletsF1 ­ sf0
1 , f

2
1 d and F2 ­ sf1

2 , f
0
2d

belonging to the5p and 5 representations, respectively
With only one5 and one24, there can be only one5p which
appears in the singlet decomposition of5p 3 5 3 24.
This 5p is defined to be the one containingF1. Hence
ci does not couple toN or S of Eq. (8). To obtain a
neutrino mass, we need another24 which has no VEV.
Consider then a discreteZ2 symmetry, under which all the
quark and lepton supermultiplets are odd, and all oth
are even except for this additional24 which is odd as
well. In that case, one linear combination ofni gets a
seesaw mass from theN and S of this odd 24. For
MN , MS , 1016 GeV andkf0

2l , 102 GeV, a neutrino
mass of order1023 eV is then very natural and suitable fo
solar neutrino oscillations [6].

Consider now the MSSM (minimal supersymmetr
standard model [7]) which pervades the present literat
on particle physics. The neutrinos of this model are ma
less. However, if the MSSM is the low-energy remnant
supersymmetric SUs5d, then an additional superheavy24
naturally yields one massive neutrino which could expla
the solar data. However, to accommodate either the atm
spheric data [8] or the LSND (Liquid Scintillator Neutrino
Detector) data [9] as well, we need another massive n
trino. We now have the option of using any one of th
above three mechanisms. For example, if we would a
another odd24 with a mass of order1014 GeV, we could
get a neutrino mass of about 0.1 eV, which would be su
able for atmospheric neutrino oscillations.

The effective operator (3) may be realized also rad
tively in one loop. There is, in fact, one well-known
generic mechanism [10] as shown in Fig. 3. The fermio
v andvc must couple tof0; hence one of them has to be
long to a doublet. Without loss of generality, we choos

v , sq3, 2, q1d (9)

FIG. 3. First one-loop realization of the effective operator (3
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under SUs3d 3 SUs2d 3 Us1d. We then must have

vc , sqp
3, q2, 2q1 1

1
2 d , (10)

whereq2 ­ 1 or 3. As we go around the loop, we see tha

h , sq3, 2, q1d (11)

as well, and

x , sqp
3, q0

2, 2q1 1
1
2 d , (12)

whereq0
2 ­ 1 or 3 also. For a given choice ofq3 and

q1, there are then four variations, corresponding to th
choice ofq2 andq0

2. Most specific proposals for the one
loop radiative generation of Majorana neutrino masses a
contained in the above.

The fermionsv and vc may, in fact, be the usual
quark or lepton doublet and singlet. For example,
we chooseq3 ­ 1, q1 ­ 1, andq2 ­ q0

2 ­ 1, thenv ,
s1, 2, 21y2d , lL and vc , s1, 1, 1d , lc

L. Now h ,
s1, 2, 21y2d andx , s1, 1, 1d may be arbitrary new scalar
particles, in which case we have the Zee model [11],
supersymmetric scalar leptonsl̃ and l̃c, in which case we
have theR-parity violating model [12]. In the latter case,
we may also use the quarks and their supersymmet
scalar partners, i.e.,q3 ­ 3, q1 ­ 1y6, andq2 ­ q0

2 ­ 1.
For simplicity, bothq2 and q0

2 are usually chosen to
be one, butq0

2 ­ 3 has also been considered [13]. Th
observation that the effective operator (3) comes from
specific model has also been made [14]. Here I start w
(3) and show how all specific models are extracted fro
it. This approach leads one naturally to another one-lo
diagram which generates (3) as shown in Fig. 4. Th
mechanism has rarely been used, and only in scenar
[15] where one neutrino already has a tree-level mass.

The fermionsv andvc of Fig. 4 must combine to form
an invariant mass, hence

v , sq3, q2, q1d, vc , sqp
3, q2, 2q1d . (13)

As we go around the loop, we see that

h , sq3, q0
2, q1 1

1
2 d, x , sqp

3, q00
2 , 2q1 1

1
2 d .

(14)

If q2 ­ 1, thenq0
2 ­ q00

2 ­ 2. Otherwise,q0
2 andq00

2 may
be eitherq2 2 1 or q2 1 1 independently, except that

FIG. 4. Second one-loop realization of the effectiv
operator (3).
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q0
2 3 q00

2 must contain the triplet representation; hence
q0

2 ­ q00
2 ­ 1 is not allowed. Consider the following

specific example. Add to the standard model just on
right-handed neutrino singletN with a Majorana mass,
then we can setv ­ vc ­ N , i.e., q3 ­ q2 ­ 1 and
q1 ­ 0. In that case, bothh and x are s1, 2, 1y2d
doublets, so they can be the same extra scalar doublet
add to the standard model. If we did not have the secon
doublet, then only one linear combination ofni ’s would
get a tree-level seesaw mass fromN , and the rest would
become massive [16] only at the two-loop level through
the exchange of 2W bosons.

In the above example with oneN , one neutrino mass is
obtained at tree level and the others are radiative. If the
is no N, the mechanism of Fig. 4 can still be used to find
radiative masses for all three neutrinos. As an illustration
let v andvc be charged fermion singlets:v , s1, 1, 21d,
vc , s1, 1, 1d. We must now haveh , s1, 2, 21y2d ­
sh0, h2d and x , s1, 2, 3y2d ­ sx11, x1d. There are
then the following invariant interaction terms:

snix
1 2 lix

11dv, snjh2 2 ljh0dvc,

x1h2f̄0f̄0 1 sx11h2 1 x1h0df̄0f2

1 x11h0f2f2, (15)

which allow Fig. 4 to generate radiative neutrino masse
as shown. A trivial variation of Fig. 4 is to replace
the quarticxhf̄0f̄0 coupling with two cubic couplings
xf̄0z and hf̄0z̄ , where z is an extra complex scalar
multiplet.

Finally, consider Fig. 5 which requires only one com-
plex scalar multipletz but four fermion multipletsv, vc,
s, andsc. This mechanism is largely known [10] only
for generating masses for quarks and charged leptons.
variation of it was applied [12] to Majorana neutrinos in
the supersymmetricR-parity violating model, but there
the scalar neutrinos have VEV’s, whereas the assumptio
here is that onlyf0 has a VEV.

The fermionss andsc of Fig. 5 must combine to form
an invariant mass. The simplest case is to let them b
singlets: s , sq3, 1, q1d and sc , sqp

3, 1, 2q1d. Then
v , sq3, 2, q1 1 1y2d, vc , sqp

3, 2, 2q1 1 1y2d, and

FIG. 5. Third one-loop realization of the effective
operator (3).
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z , sq3, 1, q1d or sq3, 3, q1d. If we chooseq3 ­ 1 and
q1 ­ 21, then v is a doublet with charges 0 and21,
whereasvc is a doublet with charges 2 and 1. We se
that, as in the case of Fig. 4, exotic representations a
needed for the implementation of this mechanism. W
can generate all other solutions systematically by starti
with a given SUs2d representation fors and sc. Two
other variations of Fig. 5 are also possible. We simp
place the invariant mass to the other side of one or t
other of the twof0’s.

In the three tree-level realizations of the effective op
erator (3) for naturally small Majorana neutrino masse
the mass scale of the heavy particles involved should
very large:1013 to 1016 GeV. Looking at the three identi-
cal effective interactions of Eqs. (4)–(6), we see that the
would be no other observable effect except for nonze
neutrino masses and mixing. In the many one-loop re
izations, the mass scale of the new particles involved d
pends on the model, but there is a general rule. If there
a fermion doublet which does not have an invariant mas
then the masses of its components must come from
VEV of f0; hence they should be of order 100 GeV an
be accessible experimentally in the near future. If a ne
particle is found, then we can use Figs. 3–5 to check if th
other new particles are there or not.

In conclusion, the important issue of naturally sma
Majorana neutrino masses in any extension of the stand
model, which has the same light particle content, ca
be synthesized in terms of a single effective operato
L21f0f0ninj . There are three tree-level realizations o
this operator: one is the well-known seesaw mechanis
with a heavy singlet fermion, another is having a heav
Higgs triplet which naturally acquires a tiny vacuum
expectation value, a third is to replace the singlet in th
seesaw with a triplet. The literature on neutrino masses
dominated by the first mechanism, but the other two a
just as conceptually simple and would open up the optio
available for physics beyond the standard model. The
are also three one-loop realizations (plus variations)
this operator as shown in Figs. 3–5. Almost all previou
specific models of radiative Majorana neutrino masses a
embodied in Fig. 3. The detailed structures of this an
the other two diagrams are systematically described he
for the first time. The new particles involved are possib
1174
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of order 100 GeV, in which case experimental verificatio
is within reasonable reach in the near future.
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