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Radiative seesaw mechanism at the weak scale
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We investigate an alternative seesaw mechanism for neutrino mass generation. The neutrino mass is ge
ated at the loop level but the basic concept of the usual seesaw mechanism is kept. One simple mode
constructed to show how this mechanism is realized. The applications of this seesaw mechanism at weak s
to cosmology and neutrino physics are discussed.@S0556-2821~96!02521-0#

PACS number~s!: 14.60.St, 12.60.2i, 14.60.Pq
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The seesaw mechanism@1# is one of the best and simple
ways to understand why the neutrino, if massive, is m
lighter than the corresponding charged lepton in the s
generation. The central idea of the seesaw mechanism
introduce a right-handed neutrinonR , which will couple to a
lepton doublet through Yukawa coupling. The point is tha
addition to the Yukawa interaction term there is another b
Majorana mass termMR for nR . After gauge symmetry
breaking the Yukawa term will result in a Dirac neutrin
massmD . Therefore the neutrino mass matrix takes the fo

S 0 mD

mD
1 MR

D . ~1!

In the three-generation modelmD andMR are three by three
mass matrices. Diagonalizing the mass matrix one gets
neutrino mass eigenstates. IfMR is much bigger thanmD the
mass of the light neutrinos, which are mostly left handed
determined asmD

TMR
21mD . The heavy states, which a

mostly right handed, have mass almost asMR . Therefore
one sees that even if the Dirac mass term is comparab
the charged lepton mass the light neutrino mass can be m
smaller. The features one should notice in this mechan
are the following:MR is a free scale usually taken from th
weak scale to the grand unified theory~GUT! scale. And the
heavy neutrinos are not stable, they decay through mixin
the light neutrinos. For largeMR the heavy neutrinos deca
very fast, so they have no cosmological consequence. In
mechanism the lepton number symmetry is broken either
plicitly or spontaneously. Although the smallness of the n
trino mass can be understood in this mechanism, the a
values of the neutrino mass and mixing are not predicted
to the unknown scaleMR and structure ofmD . As an indi-
cation, if one assumes thatmD is same as the charged lept
mass matrix andMR is a unit matrix up to a scale, one ge
the relations for the light neutrino massesmn i

5mi
2/MR ,

where the indexi denotes thei th generation. So it is the
scaleMR that determines the order of the magnitude of
neutrino mass. IfMR is at the GUT scale, one obtain
mne

!mnm
!mnt

<1023 eV. These tiny masses may on
play a role for solar neutrino behavior. Another most int
esting scale is the weak scale. There are a number of phy
motivations to considerMR at the weak scale. First of all fo
the weak scaleMR the new physics mechanism can be tes
in future experiments, second it avoids introducing an in
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mediate scale between the weak and GUT scales. ForMR at
the weak scale all three light neutrino masses are close to
their upper bound, i.e., a few eV, 100 keV, and 10 MeV for
electron, muon, andt neutrinos. These neutrinos are strongly
constrained from cosmological and astrophysical consider-
ation depending on their decay modes@2#. Obviously they
offer no solutions to the solar neutrino and atmospheric neu-
trino problems@3#, but they may play a role in the dark
matter issue by providing either a hot dark matter component
in the mixed dark matter model@4# or a late decaying particle
@5,6# in the cold dark matter model@7#. And no cold dark
matter candidate is provided. Moreover there may be a prob-
lem for the seesaw model in consideration of the baryogen-
esis of the Universe. The problem is due to theB2L ~baryon
number minus lepton number! symmetry violation. Once the
B2L violation process through the seesaw mechanism and
the anomalousB1L process induced by gauge interaction
are in the thermal equilibrium at an early stage of the Uni-
verse@8#, any primordial origin of baryon and lepton asym-
metries generated earlier are washed out. It leads to very
strong constrains on the neutrino mass@9#. An upper bound
of a few eV for all three light neutrino masses are obtained in
order to avoid this problem@10#, which in turn implies the
scale ofMR should be much larger than the weak scale.
However, this problem can be evaded if theB2L symmetry
is spontaneously broken at the weak scale. Before the
B2L symmetry breaking only the (B1L)-violating process
due to the gauge anomaly is active and after theB2L sym-
metry breaking the anomalous (B1L)-violating process is
already suppressed as the temperature of the Universe is low
enough. These two processes will never be in thermal equi-
librium through the evolution of the Universe. Hence the
constrains on the strength ofB2L violation from the baryo-
genesis of the Universe is avoided@11#.

In this work we consider a different scheme for the see-
saw mechanism. The main consideration is to keep the basic
concept of the seesaw mechanism, i.e., the light neutrino
mass is suppressed by the large right-handed neutrino mas
MR , and require the neutrino mass only generated radia-
tively @12#. For this kind of scenario the neutrino mass is
expressed asmn;(l/16p2)mD

TMR
21mD . One sees that add-

ing to the usual seesaw form is another suppression factor
from the loop effect.l is some combination of the coupling
constants besides Yukawa coupling. This constant can be
very small naturally if it is associated with the lepton number
5693 © 1996 The American Physical Society
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violation. Therefore the neutrino mass is at least 2 orders
magnitude smaller than that in the usual seesaw model
the same scaleMR . This scenario has some very interestin
features. First of allnR can be stable by imposing som
discrete symmetries, while still giving a light neutrino no
zero mass. In fact, in order to avoid a tree-level Dirac ne
trino mass these symmetries are necessary. This is very
ferent from the original seesaw mechanism, wherenR is
unstable for the nonzero light neutrino mass. The applicat
of the stablenR is to play the role of the cold dark matte
Second the light neutrino mass is suppressed also by the
effect, so for a weak scaleMR the neutrino mass can b
much smaller than the current experimental bounds. T
light neutrino may be provided as a candidate for explain
the solar neutrino, atmospheric neutrino problems, and a
dark matter component in the mixed dark matter model
still a late decaying particle in the cold dark matter mod
Baryogenesis of the Universe also restricts this kind
mechanism, but the constrains are relaxed due to the l
factor. The most attractive picture is that if there is no oth
scale except the weak scale below the GUT,MR is around
this scale, then in this scenario with only one scale and w
only neutrino particles, one may explain the observed d
matter problem and the structure formation of the Univer
and possibly other related phenomena in neutrino phys
From now on we will call the original seesaw mechanism t
tree-level seesaw mechanism and the other the radiative
saw mechanism.

Now let us implement this mechanism in a very simp
model. This model is to extend the standard model by int
ducing a three-family of right-handed neutrinosnR and one
more Higgs doubletF. We impose aZ2 discrete symmetry
on this model. Under this symmetry transformationnR and
F change sign, while other fields remain the same. A
result of this symmetry,nR does not couple to the standar
Higgs FS through Yukawa coupling. Only the new Higg
doubletF couples tonR . Now we can write down all the
possible interaction terms for this model. It includes t
gauge interaction, Yukawa coupling, and the Higgs potent
However in this work only the Yukawa interaction for th
lepton and part of the Higgs potential are relevant. T
Yukawa coupling and complete Higgs potential are e
pressed as

LY5 f i j l̄ ieR jFS1gi j l̄ inRjF1H.c.1Mi jnRi
T nRj , ~2!

V52m1
2FS

1FS2m2
2F1F1l1~FS

1FS!
21l2~F1F!2

1l3~FS
1FS!~F1F!1l4~FS

1F!~F1FS!

1 1
2 l5@~FS

1F!21~F1FS!
2#. ~3!

Here l i andeRi are the lepton doublet and the right-hand
charged lepton, respectively. Since theZ2 symmetry is exact
and will not be broken,F will not develop a nonzero
vacuum expectation value~VEV!. Therefore only theLY lep-
ton number is not broken, i.e., the neutrino does not obt
mass at this level. However with all the terms inLY and a
term like l(FS

1F)2 in the potential, it is easy to check tha
the lepton number symmetry is not automatically conserv
anymore. In other words, the neutrino must develop a n
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zero mass, but obviously this mass is generated only at loo
level, see Fig. 1. If the masses ofF andnR are at the same
order of the magnitudeMR , the light neutrino mass can be
estimated as, up to a logarithmic factor,

mn.
l

16p2g
TMR

21gV2, ~4!

whereV is the VEV of the standard Higgs bosonFS . In the
tree-level seesaw mechanism it is assumed that the coupling
g and f have the same order of magnitude and similar struc-
ture, that isgV; fV5mD . Then in this model the basic
seesaw concept is realized at the loop level. Compared with
the simplest tree-level seesaw model, which is the standar
model plus a right-handed neutrino, our model only has one
more Higgs doublet and introduces an additionalZ2 discrete
symmetry. Because theZ2 symmetry is not broken,FS and
F andnR andn l will not mix with each other, respectively.
The lightest particles amongnR and F are stable. In the
above description the lepton number is explicitly broken. Of
course the lepton number may also be broken spontaneous
with the introduction of some singlet scalar fields as in the
singlet majoron model@13#. In the singlet majoron model the
mass term ofnR is replaced byhnRnRS, whereS is the
singlet scalar field. When theS field gets a nonzero VEV, the
lepton number is spontaneously broken. The difference be
tween the tree-level seesaw model and our model is that in
our model the majoron only couples tonR at tree level. The
light neutrino couples to the majoron not through mixing but
radiative correction.

Now we come to discuss the application of our model to
the dark matter issue of the Universe and other issues in
neutrino physics. The very interesting question is to see how
the right-handed neutrino may serve as the candidate of col
dark matter. In our model in principle bothnR andF can be
the candidate of the cold dark matter depending on which
particle is the lightest one. Here we assume that the one o
nR is the lightest particle amongnR andF, and from now on
we just call it nR . BecauseF has direct standard gauge
coupling to theZ boson, if it is the dark matter the elastic
scattering cross section ofF from the nuclei of the detector
is determined by this neutral current interaction. Not having
observed any signal of this reaction requires the mass ofF to
be at least a few TeV@14#. On the other hand,nR dark matter
is not constrained much from the direct dark matter search
experiments. The relic abundance ofnR is controlled by its
interaction with other light particles and the evolution of the

FIG. 1. The one-loop diagram for light neutrino mass genera-
tion.
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Universe. We are going to estimate the relic density ofnR in
our model with and without a Majoron.

First let us see the case without the Majoron. Most ge
erally the evolution ofnR is determined by the combined
evolution equations ofnR andF. The equations include the
contributions fromn̄RnR annihilation,FF annihilation, and
the decay fromF to nR . If F is not almost degenerate with
nR , i.e., the mass differenceDM is significantly larger than
the freezeout temperature ofnR , one may neglect the pres
ence ofF. Then only then̄RnR annihilation cross section
^sAv& determines the relic density ofnR . Approximately the
contribution of the thermal relics of a massive cold da
matter particle to mass density of the Universe can be
pressed asVh2;10237 cm2/^sAv& @15#. To be the candi-
date of the cold dark matter, its annihilation cross sect
should be roughly as large as 10237 cm2. And the freezeout
temperatureTD(nR) at whichnR decouples from the therma
equilibrium is aboutMR/20. Forn̄RnR annihilation the domi-
nant channel isn̄RnR→ n̄ ln l , e1e2

•••, which is related to
the light neutrino mass generation. The cross section for
channel is estimated as

^sAv&;
l82mD

4

pMR
6

510239S l8

1.0D
2S mD

1.7 GeVD
4S 100 GeV

MR
D 6 cm2,

~5!

wherel8 represents all possible contribution from the sca
potential including thel term. Sincel is related to the lep-
ton number violation,l8 can be naturally much larger tha
l. In fact with the parameters chosen reasonably as in
above equation, the annihilation cross section is mu
smaller than that needed fornR being the cold dark matter
the nR contribution overcloses the Universe. On the oth
hand, however, ifDM is much smaller thanTD(nR), the
density ofF andnR are both determined by the annihilatio
processFF→ light standard model particles. The cross se
tion is estimated as

^sv&.
pa2

MR
2 .10235S 100 GeV

MR
D 2 cm2, ~6!

wherea is the fine structure constant. At this extreme sit
ation with the parameters chosen as in Eq.~5!, the annihila-
tion process is too strong, it contributes only a small porti
of needed dark matter density. Although forDM between
these two extreme situations one needs to solve the c
bined evolution equations, one can certainly expect a cer
range ofDM from TD(nR) to MR , the relic nR is able to
contribute a closure density to the Universe. A similar case
investigated quantitatively but in a different model@16#. Its
numerical calculation supports this expectation in our mod

As we already mentioned the light neutrino mass depe
on the parameterl. With l<1, one obtainsmnt

<100 keV,

mnm
<300 eV,mne

<1022 eV. We investigate three possibl
choices for neutrino mass, which are interesting in neutr
physics. The first ismnt

.5 eV, thennt can be the hot dark
matter component needed for the large scale structure for
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tion in the mixed cold dark matter model. In this case the
nm mass is close to 1022 eV andne is very light as expected
from the seesaw mechanism. If the mass ofnm is a few times
smaller than 1022 eV, nm , ne oscillation may offer a solu-
tion to the solar neutrino problem through the Mikheyev-
Smirnov-Wolfenstein~MSW! mechanism. If it is a few times
larger, the mass square difference for these two neutrino spe
cies is just what is needed for the atmospheric neutrino prob
lem. Because all three light neutrino masses are very smal
the constrain from the baryogenesis of the Universe, which
requires that the primordial baryon asymmetry not be
washed out by the coexistence of theB2L violation process
for neutrino mass generation and gaugedB1L violation pro-
cess, is satisfied. The second choice is to have the mass
nt around 0.1 eV, and the mass ofnm around 331023 eV
andne much lighter. In this case three neutrino oscillations
can possibly explain both solar and atmospheric neutrino
problems, but no candidate of hot dark matter is provided.
The third choice is with three neutrinos as heavy as about 1
keV, 5 eV, and 1024 eV. With these neutrino masses,nm
may serve as the candidate of hot dark matter and the osci
lation betweennm andne can explain the Liquid Scintillation
Neutrino Detector~LSND! neutrino oscillation experimental
data @17#. However the keVt neutrino must decay fast
enough in order not to delay the beginning of the matter
dominated epoch of the Universe too much. This demands
the lifetime t(nt)<23102(1keV/mnt

)2 yr @18#. In our

model the dominant decay modes fornt are
nt→n (m,e)1(m,e)6. Its lifetime is therefore estimated as
t(nt)>1012(keV/mnt

)5 yr. We see that this constrain rules
out the third choice.

Now we proceed to discuss the Majoron model. In the
Majoron model the relic density ofnR is not only determined
by the annihilation processesn̄RnR→ n̄ ln l , e1e2, . . . but
also by the processnRnR→fRfR , herefR is the Majoron
associated with spontaneous lepton number breaking. Th
coupling betweenfR and other standard model particles is
only induced by the loop effect and proportional to some
power of Yukawa coupling, so it is negligible in considering
of the relic density ofnR . We estimate the cross section for
the second annihilation processnRnR→fRfR as

^sAv&;
h4

3pMR
2 S PED 2. h4T

pMR
3 ~7!

in terms of the energyE and three-momentumP of nR in the
center-of-mass frame, andT is the temperature of the Uni-
verse. It is noticed that for this process it isp-wave domi-
nated. Thes-wave contribution is forbidden as a result of
momentum andCP conservation as well as the statistics.
This is roughly a weak interaction cross section ifh is
around the order of 1 andMR at weak scale. Since the sec-
ond process dominates over the first annihilation process, i
is the second annihilation cross section that determines th
relic density ofnR at present. To get a feeling of the num-
bers, ^sAv&;10237 cm2 with h;0.1 andMR;100 GeV.
SincefR decouples from the standard model particles at a
high energy scale;MR/20 larger than a few GeV, the Ma-
joron contributes to the effective number of light neutrino
speciesNn less than 0.1 when primordial nucleosynthesis
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commences. Hence the conditionNn<3.3 at the time of nu-
cleosynthesis@19# is satisfied. Other restrictions from cos-
mology and astrophysics can also be easily obeyed. T
strongest one is due to the cooling of red giants. It requir
that the coupling between the electron pair and the Majoro
is weaker than 10211 @20#. In our model this coupling is
safely smaller than this number because this coupling is i
duced through a one-loop diagram and is proportional to t
square of the electron mass.

The distinguished feature of the Majoron model is that
offers new decay channels for the heavier light neutrino.
our modelnt can decay to other two lighter neutrinos plus
Majoron. We consider one interesting situation here, th
mass ofnt is about the order of 10 keV,nm is a few eV. In
a previous model without a Majoron this possibility is ruled
out. However due to the new decay channel to Majoron th
lifetime of nt can be much shorter. The dominant deca
channel is tonm plus a Majoron. We estimate the lifetime of
nt as

t~nt!.16pSmnt

MR
D 24

mnt

21

5103S 10 keV

mnt

D 5S MR

100 GeV
D 4 yr. ~8!

Its dependence on the light neutrino mass is similar to that
the original singlet majoron model, though the decay mech
nism is different, in our model the nonvanishing contributio
to this decay occurs at a two-loop level. To see what kin
role thet neutrino can play in the cosmology, we need to b
more specific. We takeMR550 GeV andmnt

530 keV and

find the lifetime t.0.2 yr. A neutrino with this mass and
lifetime can just be a late decaying particle which is require
he
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for the large scale structure formation of the Universe in the
cold dark matter model@18#. Nevertheless at the same time
we have to require thenm to be lighter than a few eV in order
not to violate the same requirement. The mass hierarchy be-
tweennt andnm is about 1 order of magnitude larger than
that expected from the above-mentioned seesaw relation
mt
2/mm

2 , though we think it is still reasonable. Here again we
see the advantage of the radiative seesaw model. Even if the
mass ofnt is as small as 10 keV,MR can be around 100
GeV due to the loop factor, so thatnt can decay fast.

In conclusion, we discussed a version of the seesaw
mechanism which is realized radiatively and gave a concrete
model to exhibit its interesting new features. Generally
speaking, in this mechanism the constrains from cosmology
and astrophysics are relaxed compared with that in the tree-
level seesaw model. We emphasize and focus on the weak
scale seesaw mechanism in our model. The most interesting
application of this new mechanism is on cosmology and neu-
trino physics. We pointed out that the lightest right-handed
neutrino nR can be a good candidate of cold dark matter.
And at the same time the light neutrino may provide a hot
dark matter or late decaying particle for large scale structure
formation, or offer solutions to other problems in neutrino
physics. Finally we would like to point out that ifnR is the
dark matter of the Universe, there are two possible ways to
find out its signal. The first is through the high energy col-
lider experiment. ThenR pair can be produced through a
process likee1e2→ n̄RnR . SincenR is invisible and a Ma-
jorana particle, the best signal is to search for a like sign
charged lepton pair. Another way is to look for the annihila-
tion productsm1m2 of a dark matternR pair in the indirect
dark matter search experiments.
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