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Supersymmetric inflation with constraints on superheavy neutrino masses

G. Lazarides
Physics Division, School of Technology, University of Thessaloniki, Thessaloniki, Greece

R. K. Schaefer and Q. Shafi
Bartol Research Institute, University of Delaware, Newark, Delaware 19716

(Received 3 February 1997

We consider a supersymmetric model of inflation in which the primordial density fluctuations are nearly
scale invariantspectral indexn~0.98) with an amplitude proportional t&A/M pjaned 2, WhereM ~ 106 GeV
denotes the scale of the gauge symmetry breaking associated with inflation. The G®fotdings take place
when all relevant scales are close Nb, which helps suppress supergravity corrections. The gravitino and
baryogenesigvia leptogenesjsconstraints help determine the two heaviest right-handed neutrino masses to be
~2x 10" GeV and 6x<10° GeV.[S0556-282(97)06512-0

PACS numbsg(s): 98.80.Cq, 12.10.Dm, 12.60.Jv, 95.3%l

The apparent existence of the supersymmetric grand ungu(2) g x U(1)g_, to U(1)y. We will explore, in particular,
fication scale ofM gur(~10'® GeV), which is hinted at by the “reheat” phase that follows inflation. The gravitino con-
both theory and an extrapolation of the data from the CERNstraint on the “reheat” temperatury leads to important
e'e” collider LEP, suggests that the “small” ratio constraints on the masses of the heavy “right-handed” neu-
Mgyur/Mp~10"° (where Mp=1.22<10" GeV is the yinos. In turn, light neutrino massem, ~4 eV and

Planck massmay play an important role in particle physics 55 - .
and cosmology. From the viewpoint of inflationary cosmol-mmw10 eV fit nicely into the scheme, and the observed

ogy, in particular, it seems desirable to have a scenario iRaryon asymmetry of the Universe can be produced via a

which primordial density fluctuations could be related to theprimordial lepton asymmetry resulting from the decay of

above ratio. Moreover, if all scales associated with the relright-handed neutrinos. We end with a brief comparison of

evant inflationary phase are close kbg 7, then we are the resulting cold plus hot dark matter scenario with obser-

(more or lesp assured that the supergravity corrections arevations.

adequately suppressed. We begin with the following globally supersymmetric
A step in this direction was recently takgl] when itwas  renormalizable superpotentia [3]:

realized that, within the framework of relatively simple su-

persymmetric models, a “hybrid” inflationary scenaii@]

can be implemented with a number of remarkable features. L Cph 2

In particular, the primordial density fluctuations are essen- W=xS¢p=u'S (x>0, u=0), @

tially scale invariant(scalar spectral index=0.98) with

magnitude proportional toM/M )2, whereM denotes the — )

mass scale of the associated gauge Symmetry breakirY{f}here‘ﬁj 1) denqte the standard model singlet components

(G—H). Cosmic background temperature anisotropy dat! & conjugate pair of S(2) gX U(1)g -, doublet left-handed

constrain this scale to bél~(5-6)x10® GeV which superfields, ané is a gauge singlet left-handed superfield.

strongly suggests embedding the model in a suitable grandn R symmetry, under whichS—e'®S, ¢¢p— ¢¢, and

unified schemdsee remarks belowTwo other features of W-—e'“W, can ensure that the rest of the renormalizable

this scheme are worth emphasizing) The inflationary terms are either absent or irrelevant. Note that the gauge

phase is “driven” by radiative corrections which result from guantum numbers Qf) are preci5e|y the same as the ones of

supersymmetry breaking in the very early UniveréB;the  the “matter” right-handed neutrinos. But they are distinct

phase transition fronG—H occurs at the end of the infla- syperfields and, in particular, the latter do not have the con-

tionary epoch so that this symmetry b_rea'lking'should not PrOjugate partners. Froi, one writes down the potenti® as
duce monopoles. In other words, this inflationary scenario

will not work for the minimal SW5) model, even if the scale a function of the scalar fields, 4,S:

M had turned out to be precisely the supersymmetric

(SUSY) grand unified theoryGUT) scale. _ .
In this report we want to be quite specific about wkat V(¢,6,9) =S| ¢|*+|¢|*]

andH are, although a detailed discussion on how they are

embedded in a supersymmetric grand unified theory such as

SO10) or SU3) X SU(3). X SU(3)g ([SU(3)]? for shorh

will not be attempted. We will také& to be the subgroup e

SU(3) X SU(2), X SU(2)gx U(1)g_, of these two groups, TheD terms vanish along thB-flat direction¢= ¢* which

such that the scal# is associated with the breaking of contains the supersymmetric minimum

+|kpp—u??+D terms. 2
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(S)=0, handed neutrino permitted by phase spdgée fieldS can
(3 rapidly decay into Higgsinos through the renormalizable su-
()= (8] = w/ V=M. perpotential terméSHYh(?) allowed by the gauge symme-

try, whereh® h(® denote the electroweak Higgs doublets
Using an appropriat® transformationS can be brought to  which couple to the up- and down-type quarks, respectively,
the real axis, i.e.S=o/\/2, whereo is a normalized real and¢ is a suitable coupling constant. Note that after super-
scalar field. symmetry breaking,S)~Mg, whereM g~ TeV denotes the
The important point now is that in the early Universe themagnitude of the breaking.
scalar fields are displaced from the above minimum. In par- Following standard procedurése will soon comment on
ticular, for S>S.=M, the potentialV is minimized by the issue of parametric resonapcand assuming the mini-

#=¢4=0. The energy density is dominated ly# which, mal supersymmetric standard modMSSM) spectrum, the

therefore, leads to an exponentially expanding inflationary™eneat’ temperaturd, is given by

phase(hybrid inflation. As emphasized ifl], there are im- Te~1(I'Mp)12 (6)
portant radiative corrections under these conditiptls At R OTRS

one loop, and fofs sufficiently larger tharg;, the inflation- wherel ,~ (1/16m) (\2M ,c/M)2y2«M is the decay rate of

ary potential is given by 6. Substitutingx as a function oNg, yo, andM, we find
o, [ (<), 3 S 1/56\14
Vel =r 17 162 M A7 | T2 T T ) Te~1s N—Q) WoM,e. @)

4
) ) ) ) Several comments are in order.

Using Eg. (4), one finds[5] that the cosmic micro- (i) For xq on the order of unity the “reheat” temperature
wave quadrupole anisotropy amplitude, ATUT)q s essentially determined by the mass of the heaviest right-
7877(NQ/45_)1/2(XQ/VQ)(M/MP)Z' and the primordial den-  panded neutrino the inflaton can decay into.
sity fluctuation spectral index=0.98. HereNo~ 50-60 (i) The well-known gravitino problem requires thB lie
denotes the relevant nur_nbereofoldmgs experienced b)_/ the pelow 1G—10° GeV, unless a source of late stage entropy
Universe between the time the quadrupole scale exited thgroduction is available. Given the uncertainties, we will in-
horizon and the end of inflation, yo=xo[1=7/ " terpret the gravitino constraint as the requirement that
(12¢g) + - - -] with Xq=Sg/M, and S, is the value of the T.<10° GeV.
scalar fieldS when the scale which evolved to the present (i) In deriving Eq.(7) we have ignored the phenomenon
horizon size crossed outside the de Sitter horizon during inof parametric resonance. This is justified because the oscil-
flation. Also from Eqg. (4), one finds x~(87%%  I|ation amplitude is of ordeM (not Mp), such that the in-
VNg)Yo(M/Mp). duced scalar mass<(M ,c) is smaller than the inflaton mass

The inflationary phase ends & approachesS; from  \2«M. Note that hereM ,c denotes the mass of the heaviest
above. WriteS=xS;, wherex=1 corresponds to the phase right-handed neutrino supermultiplet the inflaton can decay
transition fromG—H which, it turns out, more or less coin- nto.
cides with the end of the inflationary phaghis is checked To proceed further we will need some details from the
by noting the amplitude of the quantitieg=(M3/  seesaw mechanism for the generation of light neutrino
167)(V'/V)? and nz(M%/STr)(V”/V), where the prime re- masses. For simplicity, we will ignore the first family of
fers to derivatives with respect to the fiedd. Indeed, the quarks and leptons. The Majorana mass matrix of the right-
50-60e foldings needed for the inflationary scenario can behanded neutrinos can then be broughy an appropriate
realized even witlx~2. An important consequence of this is unitary transformation on the right-handed neutrjnsthe
that with S~ 10'® GeV, the supergravity corrections are neg- diagonal form with real positive entries
ligible [6].

In order to estimate the “reheat” temperature we take _ M
account of the fact that the inflaton consists of the two com- “lo

plex scalar fields S and 6=(d¢+ 5¢T)/\/§, where
Sp=¢p—M, 5p=¢p—M, with massmi,;=+2«kM. We

mainly concentrate on the decay@flts relevant coupling to ) ) ) e
“matter” is provided by the nonrenormalizable superpoten-Mat® seesaw light neutrino mass matiip M™"mp , Mp

0
Mz) (M1,M,>0). ®

An appropriate unitary rotation can then be further per-
formed on the left-handed neutrinos so that thgproxi-

tial coupling(in symbolic form: being the neutrino Dirac matrix, takes the diagonal form
1M\ —— 1 m, 0

whereM ¢ denotes the Majorana mass of the relevant right{M1,M, are, in general, complex7]. In this basis of right-

handed neutrina®. Without loss of generality we assume and left-handed neutrinos, the elements of

that the Majorana mass matrix of the right-handed neutrinos

has been brought to diagonal form with positive entries. a b) (10)
c d/’

) : X ) mp=
Clearly, # decays predominantly into the heaviest right- D
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are not all independent. They can be expressed in terms of My <M N 455\ 112 yé AT
only three complex parametera, d, and 7, where M= 5 = 52 NocMel T
n=—[M{/M,]¥4b/a)=[M,/M;]¥4c/d). V2 QXQ 0

We will now assume thanp coincides asymptoticallyat ~yéx511.2>< 108 GeV. (14)

the SUSY GUT scaléM g r=2x10'® GeV) with the up-
type quark mass matrix as is the case in many GUT model
Restricting ourselves, from now on, to the case wher

|7l~1 and M;/M,>1, we havel|a|>|b| and |c|>|d|. — ~ 8
Without much loss of generality we can further take®¢V°V/Mc, WhezreMc_MP/VS “2'4%3101 GeV and
A=<1, M;=2AM?M_=(yo/Xq)2.9x10" GeV [for

|c|<|a| so thata is the dominant element imp. In fact, Q4

one can numerically show that the primordial lepton asymNe=56, (AT/T)¢=6.6x10 "] Thus, from Eq. (14),
metry of the Universdsee below is maximized in this re- YQ=2:4 which impliesxq=2.6, agd restricts the relevant
gion of the parameter space. Under these assumptions tiR&' of inflation at values o8~ 10'° Gev.

asymptotic top and charm quark masses |ang~|a| and To maximize the pr|mor_d|al lepton asymmet(see be-
Im.|~|d||1+ 7?. Since|m,|<|m,|, we can make the fol- low) we choose the bound in E¢L4) to be saturated. Equa-

lowing identification of the light neutrino mass eigenstates 10N (13) then gives

Ytis interesting to note that since the right-handed neutrinos
eacquire their masses from superpotential terms

ATIT |71 Ng\¥*

2 2 —3/2 Q

a d Tr~XoYo7.6X 10° (—_) (—)

N R L A 66<10° |56

T Ml M M2
(11) me m; 2 m, mV_r -t
X — GeV,
0.24 GeV110 Ge 107“° eV 4 eV
We can then get the useful relations 15
m2m? L which satisfies conditiortii) for all allowed values ofyg .
My~ m,,m,. M’ |1+ 7%~ ﬁle' (120 Equation(12) implies

Mo~Xoyo 9X10° GeV,

We are now ready to draw some important conclusions
concerning neutrino masses that are more or less model in- |1+ 7% ~4 yéxal_ (16)
dependent. Assuming that the inflaton predominantly decays
to the heaviest right-handed neutrifiee., M,c=M, in EQ.  This implies that the errors in the asymptotic formulas for
(7)] and employing conditiorfii), we obtainM;<9.3x10°  the top and charm quark masses ar&%.
GeV for Ng~56 andxy~2. Equation(11) then implies an The observed baryon asymmetry of the Universe can be
unacceptably largen, for |7|~1. Thus, we are led to our generated by first producing a primordial lepton asymmetry
first important conclusion: the inflaton should decay to thevia the out-of-equilibrium decay of the right-handed neutri-
second heaviest right-handed neutrino and, consequentlpos, which emerge as decay products of the inflaton field at
M ,c=M, in Eq. (7). Combining this equation with Eq12)  “reheating” [9]. It is important though to ensure that the

we obtain lepton asymmetry is not erased by lepton number-violating
2-2 scatterings at all temperatures betwggrand 100 GeV
s 22 12 12 [10]. In our case this requirement is automatically satisfied
1(56]™ memi Yo 1 Y0 ince at t t bove’ BeV the lept t
Tr~ = = 2 29.2x10%1 X GeV. since at temperatures above’ 1Be e lepton asymmetry
12\ Ng m,, m,_ My M is protected 11] by supersymmetry, whereas at temperatures

(13)  between 10and 100 GeV, as one can easily show, these 2-2
scatterings are well out of equilibrium. The out-of-
Here we putNo=56 which is easily justifiable by standard equilib_rium cond_itipn fo_r the decay of the right-handed neu-
methods at the end of the calculation after having fixed thdrinos is also satisfied sindéd,>Tg, for all relevant values of
values of all relevant parameters. Also, we took=110 Xq. The primordial lepton asymmetry is estimated to[ &
GeV, m;=0.24 GeV, which are consistent with the assump- " (1212
tion that belowM gt the theory reduces to the minimal su- N9 Tr M Im(mpmp/|¢h™)[%)2 17
persymmetric standard mod@1SSM) with large targ [8]. s 87 My My (mimp/[(hD)]?),,
Moreover, we tookm, ~ 1028 eV which lies at the center
of the region consistent with the resolution of the neutrinoEquation(10) combined with the fact thdt||d| <[a|b| then
solar puzzle via the small angle Mikheyev-Smirnov- gives
Wolfenstein (MSW) mechanism. The vaIumVT~4 eV is )
consistent with the light neutrino playing an essential role M _ i Tr & m
in the formation of large scale structure in the Universe. s 8w My My [(h)|2
The value ofM is restricted by the fact that the inflaton

should not decay to the corresponding right-handed “ which, using Eqs(12—(16) and the fact tha(h')|~174
neutrino GeV for large tag, becomes

(18
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n ATIT | 74/ Ng\ 154 structure in the Universe, and was used to correctly predict
L 4. —15/ _9 Q . . . . .
?styQ %3.4x10 6610 56 [13] the primordial cosmic background radiation fluctuation

5 amplitude seen by the Cosmic Background Explorer satellite
mt 6 my,u. mV‘r [14]
110 Ge 10728 eV 4 eV To summarize, among the key features of the inflationary
models we have discussed one could list the role played by
radiative corrections in the early Universe, the realization of
gﬁlation at scales well below, so that the gravitational
corrections can be adequately suppressed, and the constraints
on the two heaviest right-handed neutrino masses. The re-
sulting cold plus hot dark matter combination which results
és an added bonus. One of the remaining challenges is to

mbed the scheme described here within a fully unified
framework.

X

m, 4
0.24 Ge

Forxo~2 (yo=~1.7), this givesn /s=<10 ? which is large
enough to account for the observed baryon asymmetry. Als
M~5.47x 10" GeV, Tr~6.8x10° GeV, M,;~1.75x 10'3
GeV,M,~6.2x 10° GeV, andm;,;~3.5x 10" GeV for the
same value okg .

In supersymmetric models the lightest supersymmetri
particle (LSP) is expected to be stable and is a leading col
dark matter candidate. If we couple this withraeutrino of
mass~ 2-6 eV we are led to the well-tested cold plus hot One of us(Q.S) would like to acknowledge the hospital-
dark mattefCHDM) model[12] of large scale structure for- ity of ICTP during completion of this work. The work re-
mation, with a spectral index ai=0.98. This mode[12]  ported here was supported in part by Grant No. DE-
provides a consistent picture for the formation of large scalé=G02-91 ER 40626 from the U.S. Department of Energy.
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