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Radiative seesaw mechanism at the weak scale

Zhijian Tao
Theory Division, Institute of High Energy Physics, Academia Sinica, Beijing 100039, China
(Received 2 May 1996

We investigate an alternative seesaw mechanism for neutrino mass generation. The neutrino mass is gener-
ated at the loop level but the basic concept of the usual seesaw mechanism is kept. One simple model is
constructed to show how this mechanism is realized. The applications of this seesaw mechanism at weak scale
to cosmology and neutrino physics are discusg80556-282(96)02521-Q

PACS numbeps): 14.60.St, 12.606-i, 14.60.Pq

The seesaw mechanigi is one of the best and simplest mediate scale between the weak and GUT scalesMrpat
ways to understand why the neutrino, if massive, is muchthe weak scale all three light neutrino masses are close to
lighter than the corresponding charged lepton in the samgheir upper bound, i.e., a few eV, 100 keV, and 10 MeV for
generation. The central idea of the seesaw mechanism is ectron, muon, and neutrinos. These neutrinos are strongly
introduce a right-handed neutring, which will couple to a  constrained from cosmological and astrophysical consider-
lepton doublet through Yukawa coupling. The point is that inatjon depending on their decay modej. Obviously they
ado_lition to the Yukawa interaction term there is another bargyter no solutions to the solar neutrino and atmospheric neu-
Majorana mass ternMg for vg. After gauge symmetry ing problems[3], but they may play a role in the dark
breaking the Yukawa term W'" result in a Dirac neutrino aiter jssue by providing either a hot dark matter component
massmp, . Therefore the neutrino mass matrix takes the form, i1a mixed dark matter modp4] o a late decaying particle

0 m [5,6] in the cold dark matter modg¢lF]. And no cold dark
( . D) _ (1) matter candidate is provided. Moreover there may be a prob-
mp Mg lem for the seesaw model in consideration of the baryogen-
esis of the Universe. The problem is due to Bre L (baryon
In the three-generation model, andMg are three by three  nhumber minus lepton numbesymmetry violation. Once the
mass matrices. _Diagonalizing _the mass matrix one gets thg | violation process through the seesaw mechanism and
neutrino mass eigenstates Mf is much bigger thamp the e anomalouB+L process induced by gauge interaction
mass of the "ghtT”thl””OS* which are mostly left handed, iS¢ in the thermal equilibrium at an early stage of the Uni-
determined asmp,Mg"mp. The heavy states, which are \erse[g] any primordial origin of baryon and lepton asym-

mostly right handed, have mass almostMg. Therefore  agies generated earlier are washed out. It leads to very
one sees that even if the Dirac mass term is comparable

are the following:Mg, is a free scale usually taken from the
weak scale to the grand unified thedyUT) scale. And the

heavy neutrinos are not stable, they decay through mixing tQ spontaneously broken at the weak scale. Before the

the light neutrinos. For larghl the h_eavy neutrinos decay B—L symmetry breaking only theB(+L)-violating process
very fast, so they have no cosmological consequence. In th@ue to the gauge anomaly is active and afterBhel. sym-
mechanism the lepton number symmetry is broken either ex-

)ﬁﬂetry breaking the anomalou® ¢ L)-violating process is

plicitly or spontaneously. Although the smallness of the neu'aueady suppressed as the temperature of the Universe is low

trino mass can be understood in this mechanism, the actug ough. These two processes will never be in thermal equi-
values of the neutrino mass and mixing are not predicted duﬁbrium .through the evolution of the Universe. Hence the

to ttihi uifnkrrlown Scr?]IM F;handistrucr:]ure Om[’ ' ﬁsran dlrlwh-t n constrains on the strength Bf— L violation from the baryo-
cation, If one assumes thatf IS same as the charged lepto genesis of the Universe is avoidgti].

mass matrix andir is a unit matrix up to a scale,zone 9815 ™ 1 this work we consider a different scheme for the see-
the relations for the light neutrino masses, =m//Mg,  gay mechanism. The main consideration is to keep the basic
where the index denotes thath generation. So it is the concept of the seesaw mechanism, i.e., the light neutrino
scaleMg, that determines the order of the magnitude of themass is suppressed by the large right-handed neutrino mass
neutrino mass. IfMg is at the GUT scale, one obtains My, and require the neutrino mass only generated radia-
m,,<m, <m, <10° eV. These tiny masses may only tively [12]. For this kind of scenario the neutrino mass is
play a role for solar neutrino behavior. Another most inter-expressed as,~ (\/1672) mgM,;lmD. One sees that add-
esting scale is the weak scale. There are a number of physicialg to the usual seesaw form is another suppression factor
motivations to consideM g at the weak scale. First of all for from the loop effectA is some combination of the coupling
the weak scal®l the new physics mechanism can be testecconstants besides Yukawa coupling. This constant can be
in future experiments, second it avoids introducing an intervery small naturally if it is associated with the lepton number

scale of Mg should be much larger than the weak scale.
However, this problem can be evaded if 8e L symmetry
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violation. Therefore the neutrino mass is at least 2 orders of b b

magnitude smaller than that in the usual seesaw model for ‘ ‘

the same scal® . This scenario has some very interesting

features. First of allvg can be stable by imposing some

discrete symmetries, while still giving a light neutrino non- e S :

zero mass. In fact, in order to avoid a tree-level Dirac neu-

trino mass these symmetries are necessary. This is very dif- Cb ®

ferent from the original seesaw mechanism, whegeis :

unstable for the nonzero light neutrino mass. The application RN <«

of the stablevy is to play the role of the cold dark matter. Voo Ve Ve T

Second the light neutrino mass is suppressed also by the loop

effect, so for a weak scalMy the neutrino mass can be FIG. 1. The one-loop diagram for light neutrino mass genera-

much smaller than the current experimental bounds. Th&o"

light neutrino may be provided as a candidate for explaining ) i )

the solar neutrino, atmospheric neutrino problems, and a hd€ro mass, but obviously this mass is generated only at loop

dark matter component in the mixed dark matter model of€vel, see Fig. 1. If the masses @f and v are at the same

still a late decaying particle in the cold dark matter model.order of the magnitudélg, the light neutrino mass can be

Baryogenesis of the Universe also restricts this kind oféStimated as, up to a logarithmic factor,

mechanism, but the constrains are relaxed due to the loop

factor. The most attractive picture is that if there is no other m ~ ™ 1gV2 )

scale except the weak scale below the GWI is around v ng RGOV

this scale, then in this scenario with only one scale and with

only neutrino particles, one may explain the observed darkvhereV is the VEV of the standard Higgs bosdns. In the

matter problem and the structure formation of the Universetree-level seesaw mechanism it is assumed that the couplings

and possibly other related phenomena in neutrino physicgy andf have the same order of magnitude and similar struc-

From now on we will call the original seesaw mechanism theture, that isgV~fV=mp. Then in this model the basic

tree-level seesaw mechanism and the other the radiative seseesaw concept is realized at the loop level. Compared with

saw mechanism. the simplest tree-level seesaw model, which is the standard
Now let us implement this mechanism in a very simplemodel plus a right-handed neutrino, our model only has one

model. This model is to extend the standard model by intromore Higgs doublet and introduces an additiohaldiscrete

ducing a three-family of right-handed neutringg and one  symmetry. Because th&, symmetry is not brokerdg and

more Higgs doubletb. We impose &, discrete symmetry & and v and », will not mix with each other, respectively.

on this model. Under this symmetry transformatiogpand  The lightest particles amongg and ® are stable. In the

® change sign, while other fields remain the same. As above description the lepton number is explicitly broken. Of

result of this symmetryyr does not couple to the standard course the lepton number may also be broken spontaneously

Higgs @5 through Yukawa coupling. Only the new Higgs with the introduction of some singlet scalar fields as in the

doublet® couples torg. Now we can write down all the singlet majoron moddl13]. In the singlet majoron model the

possible interaction terms for this model. It includes themass term ofvy is replaced byhvgvgS, whereS is the

gauge interaction, Yukawa coupling, and the Higgs potentialsinglet scalar field. When tr@field gets a nonzero VEV, the

However in this work only the Yukawa interaction for the lepton number is spontaneously broken. The difference be-

lepton and part of the Higgs potential are relevant. Theween the tree-level seesaw model and our model is that in

Yukawa coupling and complete Higgs potential are ex-our model the majoron only couples tg at tree level. The

pressed as light neutrino couples to the majoron not through mixing but
_ — radiative correction.
Ly="fjjlierj®stgijlivgi® +H.c+M;j; inij, (2 Now we come to discuss the application of our model to
the dark matter issue of the Universe and other issues in
V=— 120D~ pd0 TP+ (DL P2+ Ny(D T D)? neutrino physics. The very interesting question is to see how
the right-handed neutrino may serve as the candidate of cold
FA( PP (DTD)+ N (DLD) (DT D) dark matter. In our model in principle boity and® can be
the candidate of the cold dark matter depending on which
+ 3 A5[(PED)?+ (DT Dg)?]. (3)  particle is the lightest one. Here we assume that the one of

vR is the lightest particle amongg and®, and from now on
Herel; andeg; are the lepton doublet and the right-handedwe just call it vg. Because® has direct standard gauge
charged lepton, respectively. Since thesymmetry is exact coupling to theZ boson, if it is the dark matter the elastic
and will not be broken,® will not develop a nonzero scattering cross section df from the nuclei of the detector
vacuum expectation valU®¥’EV). Therefore only théy lep-  is determined by this neutral current interaction. Not having
ton number is not broken, i.e., the neutrino does not obtaimbserved any signal of this reaction requires the mads tof
mass at this level. However with all the termslig and a  be at least a few TeY14]. On the other hand;i dark matter
term like A\(® ¢ ®)? in the potential, it is easy to check that is not constrained much from the direct dark matter search
the lepton number symmetry is not automatically conserve@xperiments. The relic abundancegf is controlled by its
anymore. In other words, the neutrino must develop a noninteraction with other light particles and the evolution of the
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Universe. We are going to estimate the relic densityfn  tion in the mixed cold dark matter model. In this case the
our model with and without a Majoron. v, mass is close to 1G eV andv, is very light as expected
First let us see the case without the Majoron. Most genfrom the seesaw mechanism. If the masg pfs a few times
erally the evolution ofvg is determined by the combined smaller than 102 eV, v, , Ve Oscillation may offer a solu-
evolution equations ofr and®. The equations include the tion to the solar neutrlno problem through the Mikheyev-
contributions fromyrvg annihilation,®® annihilation, and  Smirnov-WolfensteifMSW) mechanism. If it is a few times
the decay fromb to vg. If ® is not almost degenerate with larger, the mass square difference for these two neutrino spe-
VR, i.e., the mass differenc&M is significantly larger than cies is just what is needed for the atmospheric neutrino prob-
the freezeout temperature of,, one may neglect the pres- lem. Because all three light neutrino masses are very small,
ence of®. Then only thevgrg annihilation cross section the constrain from the baryogenesis of the Universe, which
(oav) determines the relic density of,. Approximately the requires that the primordial baryon asymmetry not be
contribution of the thermal relics of a massive cold darkwashed out by the coexistence of e L violation process
matter particle to mass density of the Universe can be exfor neutrino mass generation and gau@etlL violation pro-
pressed a$)h?~10"%" cm?/(oav) [15]. To be the candi- cess, is satisfied. The second choice is to have the mass of
date of the cold dark matter, its annihilation cross sectiorw, around 0.1 eV, and the mass of around 3x10°8
should be roughly as large as T8 cn?. And the freezeout and v, much lighter. In this case three neutrino oscnlat|ons
temperaturd p(vg) at whichvg decouples from the thermal can possibly explain both solar and atmospheric neutrino
equilibrium is abouM ¢/20. ForvRVR annihilation the domi- problems, but no candidate of hot dark matter is provided.

nant channel isgvg— v v;, €7e .- -, which is related to  The third choice is with three neutrinos as heavy as about 1
the light neutrino mass generation. The cross section for thikeV, 5 eV, and 10* eV. With these neutrino masses,
channel is estimated as may serve as the candidate of hot dark matter and the oscil-
lation betweerv,, and v, can explain the Liquid Scintillation
)\’Zm‘é Neutrino DetectoLSND) neutrino oscillation experimental
(oav)~ M data[17]. However the keVr neutrino must decay fast
enough in order not to delay the beginning of the matter
a9 A2 mp 41100 GeV|® 7 dominated epoch of the Universe too much. This demands
=10 15 |17 Gev Me SULE the lifetime r(v,)<2x10°(1keV/m,)? yr [18]. In our

5) model the dominant decay modes fow, are
vT—>v(M,e)+(,u,e)i. Its lifetime is therefore estimated as

where\’ represents all possible contribution from the scalarq-(v,)z1012(keV/mVT)5 yr. We see that this constrain rules
potential including thex term. Since is related to the lep-  gut the third choice.
ton number violation\’ can be naturally much larger than Now we proceed to discuss the Majoron model. In the

- In fact with the parameters chosen reasonably as in th§ajoron model the relic density ofy is not only determined
above equation, the annihilation cross section is muclyy the annihilation processesvgr— v, e“e”, ... but
smaller than that needed feg being the cold dark matter, galso by the processgrr— drdr, heredg is the Majoron
the vg contribution overcloses the Universe. On the othergssociated with spontaneous lepton number breaking. The
hand, however, ifAM is much smaller thamp(vg), the  coupling betweenpr and other standard model particles is
density of® and vy are both determined by the annihilation only induced by the loop effect and proportional to some
processb® — light standard model particles. The cross sec-power of Yukawa coupling, so it is negligible in considering

tion is estimated as of the relic density ofvg. We estimate the cross section for
the second annihilation proces as
ma? | 100 Gey® A Procesgrr— drédr
(ov)=yz = Mg e © h* (P)Z h*T ,
(o)~ 5omz E) =am3 0

where « is the fine structure constant. At this extreme situ-
ation with the parameters chosen as in Ej, the annihila-
tion process is too strong, it contributes only a small portion
of needed dark matter density. Although faM between
these two extreme situations one needs to solve the co
bined evolution equations, one can certainly expect a certai
range ofAM from Ty(vg) to Mg, the relicvg is able to
contribute a closure density to the Universe. A similar case i
investigated quantitatively but in a different modab]. Its

in terms of the energi and three-momenturR of vy in the
center-of-mass frame, and is the temperature of the Uni-
pyerse. It is noticed that for this process itpswave domi-
pa ated. Thes-wave contribution is forbidden as a result of
momentum andCP conservation as well as the statistics.
él'h|s is roughly a weak interaction cross sectionhifis
around the order of 1 anill; at weak scale. Since the sec-

numerical calculation supports this expectation in our model®"d Process dominates over the first annihilation process, it

As we already mentioned the light neutrino mass depend the second annihilation cross section that determines the
on the parametex. With \<1, one obtainsn, <100 keV, relic density ofvy at presgnt. To get a feeling of the num-
P bers, (o) ~10"¥ cm? with h~0.1 andMg~100 GeV.

m, <300 eV,m, <10"? eV. We investigate three possible Since ¢ decouples from the standard model particles at a
ch0|ces for neutrmo mass, which are interesting in neutrmq"gh energy scale-Mg/20 larger than a few GeV, the Ma-

physics. The first isn, =5 eV, thenv, can be the hot dark joron contributes to the effective number of light neutrino
matter component needed for the large scale structure formapeciesN, less than 0.1 when primordial nucleosynthesis
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commences. Hence the conditib=<3.3 at the time of nu- for the large scale structure formation of the Universe in the
cleosynthesi§19] is satisfied. Other restrictions from cos- cold dark matter moddl18]. Nevertheless at the same time
mology and astrophysics can also be easily obeyed. Th&e have to require the, to be lighter than a few eV in order
strongest one is due to the cooling of red giants. It requiresot to violate the same requirement. The mass hierarchy be-
that the coupling between the electron pair and the Majoromween v, and v, is about 1 order of magnitude larger than
is weaker than 10'* [20]. In our model this coupling is that expected from the above-mentioned seesaw relation

safely smaller than this number because this coupling is i”fnf/mz , though we think it is still reasonable. Here again we

duced through a one-loop diagram and is proportional t0 thgge the advantage of the radiative seesaw model. Even if the
square of the electron mass.

AT . . ..m fo_i mall 10 k n round 1
The distinguished feature of the Majoron model is that it ass ofv, is as small as 10 keWM can be around 100
L . GeV due to the loop factor, so that can decay fast.
offers new decay channels for the heavier light neutrino. In . . X
In conclusion, we discussed a version of the seesaw

our modelv,. can decay to other two lighter neutrinos plus a : o ) o
Majoron. We consider one interesting situation here, thénechanlsm which is realized radiatively and gave a concrete

. : model to exhibit its interesting new features. Generally
mass ofv, is about the order of 10 ke, is a few V. In speaking, in this mechanism the constrains from cosmology
a previous model without a Majoron this possibility is ruled '

out. However due to the new decay channel to Majoron th@nd astrophysics are relaxed com.pared with that in the tree-
lifetime of v, can be much shorter. The dominant decay'@vel seesaw model. We emphasize and focus on the weak

channel is tov,, plus a Majoron. We estimate the lifetime of scale seesaw mechanism in our model. The most interesting

v, as application of this new mechanism is on cosmology and neu-
trino physics. We pointed out that the lightest right-handed

m.\ 4 neutrino vg can be a good candidate of cold dark matter.

7( ,,T):lew(_”) m; And at the same time the light neutrino may provide a hot
Mg T dark matter or late decaying particle for large scale structure

5 4 formation, or offer solutions to other problems in neutrino

:103( 10 kev) ( Mr \) yr. (8) physics. Finally we would like to point out that ifg is the

m,_ 100 Ge dark matter of the Universe, there are two possible ways to

find out its signal. The first is through the high energy col-

Its dependence on the light neutrino mass is similar to that iHde" €xperiment. Thevg pair can be produced through a
the original singlet majoron model, though the decay mechaProcess likee"e” —vgur. Sincevg is invisible and a Ma-
nism is different, in our model the nonvanishing contributioniorana particle, the best signal is to search for a like sign
to this decay occurs at a two-loop level. To see what kingEharged lepton pair. Another way is to look for the annihila-
role the neutrino can play in the cosmology, we need to belion productsu™ u — of a dark matten pair in the indirect
more specific. We tak#g=50 GeV andm, =30 keV and dark matter search experiments.

find the lifetime 7=0.2 yr. A neutrino with this mass and This work was supported by the National Science Foun-
lifetime can just be a late decaying particle which is requireddation of China(NSFO.
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