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Neutrino mass, dark matter, and inflation
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We show that spontaneous breaking of gldBalL symmetry responsible for small neutrino masses via the
seesaw mechanism provides a unified picture of hybrid inflation and dark matter if the sBatd_dbreaking
is close to the GUT scale. The Majoron, which acquires a small mass due to Planck scale bredking of
—L, is the dark matter candidate. The coupling of the Majoron field to the neutrino induces a small violation
of CPT and Lorentz invariance at the present epoch. We discuss some of the phenomenological and cosmo-
logical implications of the model.
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[. INTRODUCTION are broken by nonperturbative gravitatiorial stringy) ef-
fects, we will parameterize these symmetry breaking effects
While a nonzero neutrino mass is at the moment the onlyoy nonrenormalizable terms in the effective Lagrangian
experimental evidence for physics beyond the standardvhich are suppressed by the Planck scMe,. These
model, as far as particle physics is concerned, in the domaiRlanck scaleB—L breaking effects then give a tiny mass to
of cosmology, several other questions remain unanswereghe Majoron[6].
within the standard model framework and also cry out for |n this paper we show that this model leadgidca picture
new physics. They are(i) particle physics candidates for of hybrid inflation of the universe that links the neutrino
dark matter(ii) a deeper understanding of the mechanism Ofmass (more precisely the seesaw &—L scale of order
inflation [1], (i) the nature of matter-antimatter asymmetry 115 GeV) to inflation with all the desired features afi
responsible for the observable Univef2¢ as well agiv) an  pjanck scaleB—L breaking effects that lead to a mass for
explana_tion of dark energy. Thgre are many intergsting a.nﬂwe Majoron in the milli-electron-volt range and make it a
compelling models of new physics that can explain the dIf'candidate for dark matter of the Universe in the same way as

ferent cos_rnqloglcal phenomena listed .above IndlV'dl.Jally‘the familiar axion, even though the parameters of the model
However, it is always much more desirable that a single . . : . .

: . are very different. It is, of course, interesting that this model
model explain more than one phenomen@deally, of

course, all of them In this paper we discuss a mod&.4] ties the neutrino mass and the scale of inflation to the scale

originally designed to explain neutrino masses via the see?f gauge coupllng un||.f|ca't|on.f h lis that it |
saw mechanism that seems to provide, after supersymmetri- AN interesting implication of the model is that it leads to

zation, an explanation of both inflation and dark matter in a& cosmologically induced Lorentz violation for neutrinos. We
rather novel manner. The model has other desirable featurédSO find that the superpartners of the Majoron must be in the
such as gauge coupling unification, stable dark matter, stabfd€V range in order to be compatible with the successes of
proton due toR-parity conservation, etc. big bang nucleosynthesi8BN).

We use the supersymmetric singlet MajorpH model
described in Ref[3] where the seesaw mechani$bi for
small neutrino masses is implemented by breaking a global
B—L symmetry. The idea is to extend the standard model by Il. THE MODEL
the addition of one right handed neutrino per family and

three standard model singlet superfieRia\, andA. Of the As already noted, the supersymmetric singlet Majoron

. : N B — model[3] consists of the following superfields in addition to
new Higgs fieldsShasB—L=0, A hasB—L=-2 andA 4,0 6|l known quark, lepton, Higgs, and gauge fields of the

has_B—L= +.2' The theoretical Ta“ona'.e fC_B‘L SYMME- ~ minimal supersymmetric standard mod8SSM): a right
try is rooted in the present neutrino oscillation results, Wh|chg<

) A o
require that the seesaw scale be much lower than the Plan gnded neutan) field\;” (i is the generation indexnew
scale. It is therefore natural to think that it is protected byHiggs fieldsA,A, which carry lepton numbeB—L==*2,
some symmetry. The simplest symmetry that does this is thand a singlet fieldS, which isB—L neutral. We will show
B—L symmetryB—L symmetry could be a global or a local below that this model with an appropriate choice of the su-
symmetry. If we take it to be a global symmetry, its sponta-perpotential given below leads to F-term inflation as well as
neous breaking leads to a Nambu-Goldstone boson, the Mae the Majoron as the dark matter candidate. We require the
joron. Since it is natural to expect that all global symmetriesrenormalizable part of the theory to be invariant under global
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U(1)g__ or an effective global symmetry that contaiBs Once theB—L symmetry is broken, this leads to the see-

—L as a subgroup. saw mechanism for small neutrino masses. Typically, a neu-
The superpotential for the model can be written as a sunkino mass has the formm,= miD/MR, wherem,p is of the

of three terms: same order as a typical fermion mass of the standard model

andMg=fuvg with f=1. If we assume that the atmospheric
neutrino oscillation is linked to the third generation quarks
(as would it be plausible in a quark-lepton symmetric
theory), then the Dirac mass would be about 100 GeV and
this would givevg, =10" GeV, which is close to the value
preferred by the inflation picture discussed below.
Wo=h,LH,N+ fNNA+)\S(AK—szL). 2 Because the vevs df andA break the globaB—L sym-
metry, in the absence of explidB—L breaking termgde-
We assume that nonperturbative Planck scale effects induge®ted byVpanc=0), we have a massless particle in the
nonrenormalizable terms in the potential and since we expegheory, the Majoron, given byj,E(X_;)/\/E, where we
them to vanish in the limit of vanishing Newton’s constant, ;. o parameterizedA = (1/\2) (vg, + p)eX’eL and A
they should be suppressed by powerd,. We arrange =(1/\/§)(vB,_+;)e‘X’”BL. The potential forg is flat due to

our theory such that the leading Planck scale induced ter ; .
y g the shift symmetry under whicth— ¢+ «. Once the Planck
has the form . .
scale terms are turned on, the potentigkp) loses its flat-
ness and can generate a rolling behavior forgheeld as we

W:WMSSM+WO+W1' (1)

whereW sgy is the familiar superpotential for the MSSM,;
W, is the renormalizable part involving the new fields of the
model and has the following form:

A
le—; (HyHa)2(A)2 (3)  see below.
Mp
At the nonrenormalizable level, there are many terms that A. Inflation

one could write but we find this to provide a good descrip- Thi del has the ability t te inflation i |
tion of physics of interest here and such a form could be IS modet has the ability to generate inflation in early
guaranteed by additional discrete symmetries. For instance,s'attages of the. Universe. This comes about dug to_ the |r.1terplay
symmetry under whict6—S; A—e3™A: A—e 374y, among th_e fieldsS and A a_nd A. The potential |_nvoly|ng
Hy—H,: Hd—>ei ”/4Hd§ Voo | emiml) . gl them is given by Eq(2), which has the form required in the

€% d°—e~'™d° allows all the required terms for MSSM hybrid inflation scenario. To see this note that ®&vg,

except thew term. We include thex term in the superpoten- the minimum of the potential correspondsfe=A=0. We
tial since it is a lower dimensional term and it will break the 8SSume thak (vs/Mp()>(ms/vg,). The potential is then
symmetry softly. dominated by the teriv,=\%v3, and the Universe under-
This superpotential leads to a potential involving thegoes an inflationary phase. Tidield keeps rolling towards
fieldsS A, andA with the following form: the potential minimum and inflation ends when the figld
' ' reaches the valu8=uvg, . However, it is necessary for the
V(A A S)=N2[AA - 02 2472 S2(|A|2+]A]2) + Veep, potential to have small tilt to drive the field toward its global
( )=\ Vol ISIECAF Al 355(4) minimum. This is the hybrid inflation picturig—10].

One way to generate a slope along the inflationary trajec-
where Vggg stands for the supersymmetry breaking termstory (i.e., the S directiohis to include the one loop radiative
such asm§| S|2 and |m§|A|2+m§|K|2 etc.. where these su- correction to the tree level potentid]. This arises because
persymmetry breaking mass parameters are all in the Teupersymmetry is broken during inflation and there will be a
range. We have ignored the Planck scBle L breaking mass splitting between the components in the chiral multip-
terms since they are small and not relevant to the discussidfit- The effective one loop radiative correction is
of inflation given in the next section. The minimum of this

M$<S>)
— -
AR

potential corresponds ) =(A)=vg, . Av=S
i
®)

(—1)2(23;+1)MK(S)In

1
64>
IFor instance one could have a lo@at L model like a supersym-
metric model based on the gauge grOLﬁiJ(Z)LxU(l)I3R
XU(1)g_, and have locaB—L symmetry be broken by a multip-
let () with B—L=6. The effective low energy theory in this case \Where the sum extends over all the spin statewith field

has a global (L) symmetry which behaves like globBI—L. One  dependent mashl; and Ay is a renormalization scale. The
can construct a D-term inflatiofl2] model based on this model Fs=dW/9S#0 term splits the components of the chiral

ith ir ofA fiel hei j if h . —. . . .
:é':mafgflrt:e sianE Olteegtsi;;?it\ Se(lg?fjl\ljl%?tfi' )\év;; Zrc:ze: multiplets A and A into a pair of two real scalar fields with
perp = vl massesm> = (\?/2)(S?+2v3,) and a Dirac fermion with

Fayet-llliopoulos term for the gaugead(1)g_, . We do not elabo- 2 2 > e . . .
rate on this model here. It has all the properties of the model prema_SS squaredng = (\“/2)S". Since during the inflation\

sented here, with somewhat different parameters. =A=0, the effective potential reads
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A2 N2(SP—202) The A field plays the role of the inflaton field, which then
Veri=N2 vg + > (S2=203)%In —ZB" oscillates and reheats the Universe via the production of neu-
128w A trinos due toNNA coupling. The density fluctuations lead to

given by

+(S?+203,)%n

strong constraints on the parameters of the model and are
A? A? ]

2/Q2 2 2Q2
A(S +2uBL)>_ZS4|n<>\ s)

3 2
©) % )3 @( &) (% exp(—607). (14)

MP€ S

For Smuch larger than theB—L) symmetry breaking scale

- 4 - 10-45
the above potential becomes Forvg =2x 10" GeV, mg=2 TeV, and\~10 *5 we get

Splp=10"°. It is interesting that the value farg, required

2 for understanding neutrino masses also gives the correct or-
V=224 {1+ Ini . (7) der of magnitude for density fluctuations generated by infla-
¢ Bl 1672 UsL tion.

Let us now discuss the consistency of our model with the
The log term will provide the driving force for the fielfito =~ WMAP observationg11]. According to their Table 3row
roll down the potential. In this case the slow roll parameterd), which gives the best fit values for different inflation

are given by parameters, the value efcan be extremely small, which is
therefore consistent with the prediction of this model.
1 N2 1 Finally, we discuss the question of reheating after inflation
|| = 2N(S) >e= 3272 N(S)”’ 8 ends. The reheating can be assumed to be caused by the

decay of the fieldS when it starts oscillating around the
minimum. The reheating temperature is given by the ap-
proximate formulaTg~+Mp,I's where I'g is the decay
3 width of the inflaton. To obtain the decay width &f we
N(S)= 32m 3 (9) have to isolate the decay modes. We expect thaitleeu-
A2M32, pling in the renormalizable part of the superpotential will

whereN is the number of e-foldings and is given by

give the dominant contribution to the decay width.
Density perturbations in aboligy= 60 e-foldings before the T see this in detail, note that if both andA have equal
end of inflation are estimated as vacuum expectation value§/EVs)?> the combinationy
5 =(1/\2) (5 — ¢73) is the fermionic partner of the Majoron
@21677 /Neo ﬂ) (10) field (denoted bye) and is therefore light, whereas (@)
p 3 \Mp/ ° X (a+ by) is the fermionic partner of the superheavy su-
permultiplet and therefore has same masSfsld. However
Fluctuations with amplitude-10~° can obtained iy g, =6 one can see from the superpotential tBdttas a coupling to
X 10'° GeV. Yy and can therefore decay to these states. The decay width
Another way to generate a slope to the potential is to adds then given byl's~ (A 2/47)ms=10"% g, . Note that the
soft supersymmetry breaking massg to the inflaton field inflaton gets its dominant mass from tBe- L breaking VEV

[9]. In this case the slow roll parameters are given by vg. and a smaller mass from supersymmetry breaking.
2 2 e ThereforeM g=wvg, . This leads to a reheating temperature of
_ Mpms/msS Tr=10° GeV. In this case a gravitino with masss,
e=4m Vo Vo | ~100 GeV does not spoil the success of big bang nucleo-
synthesis.
M§(m§ It is also wor_th poin_ting out _that the supergravity
n=8mw v >e. (1)  (SUGRA) embedding of this model is free of thgproblem
0 that is generic to F-term SUGRA modé¢s2].

The requirement thay<<1 (say 0.0] gives
B. Nonrenormalizable terms, Majoron mass, and Majoron

7\:103/2( M P{;) (E) as the ultralight dark matter

(12) In the presence of the nonrenormalizable terms, the Ma-
joron picks up a nonzero mass. If we choose the leading

In order for the soft supersymmetry breaking to dominateorder nonrenormalizable term to beH(Hq)?(A%)/M3,

over the one loop radiative correction the paramatenust  (which can be done by a judicious choice of discrete sym-

be smaller than 10 °. The value ofS after suffering

Ngo=60 e-foldings between the horizon exit and the end of —

UL/ \UBL

inflation is given by 2These VEVs will differ by a small amount proportional to the
supersymmetry breaking, which can therefore be neglected for large
Sso=vgLEXP(607). (13 values ofvg, that we are interested in.
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metries as discussed abgythen we get the Majoron mass
M= pvpd M= (10" eV)2.3
In order to discuss how massive Majorons constitute the = 4.0e-4f ]
dark matter of the Universe, let us discuss the evolution of __
the Majoron field¢ as the Universe evolves. The Majoron EE
potential, which arises solely from thie—L breaking terms, = 8.0e-4 |
can be written using Eq3) in the form 5
. | _
V(g)=N A% 1+cos—>, A=1 (15  §
UL %
= 1.0e-4 1
where N A*=m7v ~(1.7x10 % GeV)*. We have added
a constant term, akin to a cosmological constant, so that afte , F i
the amplitude for thep field oscillation damps to its mini-

11.0 10.5 10.0 9.5

Log Temperature (degrees)

mum at¢= wv g, the value of the potential is zero. The field
¢ and the radiation energy densipy satisfy the coupled

scalar field—Einstein-Friedman equations . . ] .
FIG. 1. The evolution of the Majoron fiel@n units of M) as

a function of temperature for the initial value of the fiede(0)

H+3Hp=—V'() (16 =10"5. The field settles down to the valug=mvg ; vg.
=10"*Mp,, driven by the first minimum of the potential. The loga-
and rithm is with respect to base 10 aed* in the ordinate stands for
104
87Gy 1. 2.2 3
H?= 3 |PT §¢2+V(¢)}- 7 Q,~ TevsL (E ~0.1 (18)
¢ H2M2 )\ T, T
oVipe ' 1

In the early Universe, clearly thé’ term is negligible. The
Hubble parameteH is then dominated either by the kinetic
energy of ¢ or the relativistic energy density in radiation.

Solving Eq.(16), one finds thatp=R 3, whereRis the scale
factor. So regardless of whatever initialthe field starts out

with, it completely damps down to a very small value as the

Universe expands. Thus the valuedfreezes over for most
of the early Universe at some random value. Whap
=3H, the potential term will dominate E¢16) and the field
will oscillate around its minimum value ap= mvg, . These
oscillations, which do not damp, behave like maftet] and

The ratio of the Majorondark mattey to the radiation en-
ergy density at their equipartition temperatiigy~1 eV is
given by

A*TS

Tt (19
P&O)TEQT?

Pe

PR( EQ
where T;=2.4x10"* eV and p®"'~2x 1015 eV* are the
temperature and the energy density of the photons today. For

N A%=1 MeV*and T;~1 MeV one obtainsg,/pr)(Teq)
~1. Hence the Universe remains radiation dominated until

contribute to the dark matter density. Below, we calculatethe temperature drops bt_’-.‘lowl eV_. _
this contribution and find that for the range of parameters of Thus we see that Majoron oscillations can act as a non-

interest, it gives the right order of magnitude 1r, e,

As noted already, the value of thg field remains frozen
at its initial value (taken to bevg,) until the epoch when
m,=3H=3T?/Mp, at which time the¢ field starts to os-
cillate. The temperature at which it does this is givenThy
~\Mp,m,/3=10"2 GeV. As it oscillates, it is easy to show

relativistic dark matter with the right order of magnitude for

Q natter- We therefore conclude that the same range of pa-

rameters that gave the neutrino mass values in the right order
and also the density fluctuations required by cosmic micro-

wave backgroundCMB) measurements also seems enable

the Majoron to play the role of dark matter.

that it acts like a pressureless gas and thus can be treated as'0 Make these ideas concrete, we have solved numerically

an ensemble of nonrelativistic particle4]. The contribu-
tion of the Majoron to the energy density now is given by

3If this was the only term present then there would be domain

the coupled equation€l6) and (17) in the regime prior to
and after the Majoron field begins oscillating. That is the
region in which the Hubble parameter, which includes the
sum of radiation, matter and the Majoron field energies, in
the second term in the right hand side of Ef6), has de-

walls in the theory since this nonrenormalizable term breaks th&r€ased to the point that the right hand side has become
symmetry down to &,. They would have cosmological implica- appreciable in comparison with that term. For natural choices
tions[13]. However, consistent with our softly broken discrete sym-Of the parameters discussed abovg (anduvy 10 *Mp,
metry we are allowed to write down other terms that break thisand 100 GeV, respectivelyhe coefficientA* in the Eq.(15)
symmetry completely and we do not have domain walls in thebecomes (10* GeV)*. In Figs. 1 and 2, we plot the solution
theory. for the Majoron field¢ for two initial ¢ values: ¢/vg.
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-6.0T 4 ]
=1 M
4.00e-4 | 1 $(0) =10 My,
,\E ,65 - -
% 3.00e-4 | 3
= o
= &0 -
L 2.00e-4| o
(o]
g =
8 75F .
© ;
< 1.00e-4
80l 1
0.00e0 | . . . . . . .
105 103 101 9.9 9.7 9.5 9.3

11I_0 1(;_5 1(;_0 9_|5 Log Temperature (degrees)
Log Temperature (degrees) .
FIG. 4. The ratio of energy density in the fielt, p,= 212
FIG. 2. The evolution of the Majoron fiel@in units of M) as  +V(¢) over the radiation energy density,q as a function of the
a function of temperature for the initial value of the fiefd(0) temperature of the Universe for initial value @¢{0)=10"*Mp, .
=10"%. In this case also, the field settles down to the same valudfter the field begins oscillating it behaves just like matter, as it can
d=1vg.; va =10"*Mp,, driven by the first minimum of the be seen from the above ratio which increases Tike
potential. The notation is same as in Fig. 1. Note that the amplitude
of oscillation is smaller than that in Fig. 1 by about a factor of half. linearly with decreasing temperature, as is appropriate for
pressureless matter. One can find today’s valuepfptp,,
=0.17 and /3. We note that the amplitude of the final field simply by multiplying the values read-off the figure ByT,,.
oscillation is less in the second case. For still larger initialThese numerical computations confirm that our parameter
values of ¢, the amplitude falls off more sharply. On the choice leads to the correct order of magnitude for today’s
other hand, both for smaller initiah values and over a wide ratio (that is, oscillatinge field giving Qpy~0.3).
range of¢ values, the final result for the Majoron oscillation ~ Finally we note that the frequency of the Majoron field
amplitudes are the same. oscillation is given byw=(\;A*v3,)¥?>=0.2 sec’. The
In Figs. 3 and 4 we plot the resulting ratig,/p,, for the  oscillations begin around the epoch of nucleosynthesis. The
same choice of parameters as in Figs. 1 and 2, respectivelgnergy in these oscillations around this epoch is very small
over a broad region in which the oscillatory frequency is notcompared to that ip, so that it does not affect the BBN
too large compared to the expansion rate so that numericabnsiderations. Furthermore it is worth noting that the fre-
computations with a reasonable number of steps can be cagjuencyw is independent of the value of;, .
ried out and are reliable. One sees that this ratio increases

50 IIl. OTHER CONSEQUENCES OF THE MODEL

$(0) = 1075 Mp, Some consequences of the superlight Majoron for cos-
mology has recently been discussed in Réb]. We con-
55F ] sider other implications that particularly relate to the model
in this paper in this section.

A. Cosmologically induced Lorentz violation for neutrinos

One important implication of our proposal is that it leads
| | to a cosmologically induced violation of Lorentz invariance.
3 This comes about because in our model the Majoron field

has a derivative coupling of the form ()1;{,_)7‘}/#1/&“4{). In

LOg (P/Praa)

7ok ] the late Universe whem# 0, this leads to an effective Lor-
) ) ) ) ) , ) entz violating term of the form¢/vg, ) v'v in the effective
10.5 10.3 101 9.9 9.7 9.5 9.3 low energy Lagrangian. This effect is Lorentz violating and
Log Temperature (degrees) will manifest itself in the neutrino oscillation procegkg].

The maximum value of the parametéfvg, in our model is
o / : m4=10"?*~10 2* GeV. However, since the Lorentz violat-
V() overthe radlatu_on energy d_e_nsq,tyad asa f“”“‘?@ of the ing term is family universal, it will most likely manifest itself
temperature of the Universe for initial value ¢{0)=10""My,. . . — .
After the field begins oscillating it behaves just like matter, as it can'l @ transition fromv, to vz. So the only way to detect this
be seen from the above ratio which increases Tike will be to measurd®(v,— vz) —P(vz—v,). In the Lorentz

FIG. 3. The ratio of energy density in the fielg, p¢=¢2/2
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invariant case, such effects are generally suppressed by ti8iccess of BBN requires thay, , ,/p,, should be much less
mass of the neutrinpl7] and are therefore likely to be very than one. Since, (Tggn)/0« (Tp) =100, we therefore must
small. The detailed experimental implications of such Lor—havem0’¢< 100 MeV.

entz ViOIating effects are CUrrentIy under inveStigation. We further note that since these particbsj-,w are sin-
glets under the standard model, they are not in conflict with
B. BBN constraints on Majoron superpartners any known low energy observations despite their small mass.

A second phenomenological implication is that if we ig-
nore the supersymmetry breaking effects, then Majoron be-
longs to a supermultiplet together with a scalar parf{tebe
called sMajoronand a fermion, Majorino, both of which are  Finally, we wish to comment that in this model one can
massless. In the presence of supersymmetry breaking effectsmploy the mechanism of leptogene$is] to understand
the sMajoron ¢) and Majorino ¢) pick up mass in the the origin of matter in the Universe. One can have a right
MeV to GeV range. The precise values of these masses afgynded neutring19] at the intermediate scale range of
however cons_trained by _cosmological_ con_sidera_tion for the ® gev range(or even a pair of them nearly degenerate
mode_l to be ylable. We_ discuss _them in this section. [20]), whose decay would produce a lepton asymmetry,

This quesnon was dlscgsged in ReH] for the case where which via the sphaleron interactions would get converted to
the B__ L breaking scale is in the TeV range. _It was found baryons. The only new aspect of our model is the presence of
:gi;'en ?ﬁtsck?s%sthssn;gﬁsezsfinfg éznv b?n'r;lj?ecgsg/ the Majoron at very low energies. In principle its interactions

' 5 L ) . ' can erase the baryon asymmetry since its interactions violate
howeverpg, = 10; Gev. We will therefore err:d up with the lepton number. However, in our case since the segleis
sMajoron ) and Majorino ¢/) masses in the 10 MeV or very high, as noted already, the Majorons decouple around

lower range. ot q herefore “i " as f heir off
The primary goal is to make sure that the new particles dd¥  G€V and are therefore “impotent” as far as their effect
on lepton asymmetry is concerned. If for instance the

not affect big bang nucleosynthesBBN). Since the cou- :
plings of the, &, andy to standard model particles are all Scale was in the range below*1GeV, we would have no
suppressed byg, , the lifetimes ofo andy are much longer  leftover lepton asymmetry at the weak scale to be converted
than one second, the BBN epoch. Therefore if they are heap baryons. It is therefore interesting that the high scale of
and their abundances at the BBN epoch are not suppressets. iS required from various considerations.
then they will have adverse effect on nucleosynthesis. We In conclusion, we have presented a simple model for neu-
therefore have to calculate their abundance at the BBN ep¥inos using the supersymmetric extension of the singlet Ma-
och. joron model that provides a unified framework for under-
Due to the suppressed couplingsfafo, andy, they will  standing inflation and dark matter for the same set of
decouple in the very early stage of the Universe. To calculatparameters required by neutrino masses. We find thatghe
the decoupling temperature, we note that the typical annihiscale is constrained from various considerations to be around

C. Implications for leptogenesis

lation rates are fokp, o, and ¢ are given byR=T%/vg, .  the conventional grand unification scale10'® GeV. We
Using the decoupling conditioR(Tp)<H(Tp), we get have checked our results using a numerical solution of the
4 evolution equation for the Majoron field. The high, scale
UBL i i i invisible i
T%:gi’Z(TD)M , (20) makes the ngoron and its superpartners highly invisible in
P collider experiments.

which leads toTp=10 tvg, , which is of order 18* GeV.
After decoupling thep, o, andys densities simply dilute due
to the expansion of the Universe. Their contribution to the The works of R. N. M. and S. N. are supported by the
energy density of the Universe at the BBN epoch is given byNational Science Foundation Grant No. PHY-0099544. The
works of D. K. and V. L. T. are supported by NASA. We
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