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Leptogenesis in a realistic supersymmetric model of inflation with a low reheat temperature
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We discuss leptogenesis in a realistic supersymmetric model of inflation with a low reheat temperature 1-10
GeV. The lepton asymmetry is generated by a decaying right-handed sneutrino, which is produced after
inflation during preheating. The inflationary model is based on a simple variant of the next-to-minimal super-
symmetric standard modéNMSSM) which solves theuw problem, calledpNMSSM, where the additional
singlet¢ plays the role of the inflaton in hybrigr inverted hybrigl type models. The model is invariant under
an approximate Peccei-Quinn symmetry which also solves the s€éhgroblem, and leads to an invisible
axion with interesting cosmological consequences. We show how the baryon number of the universe and the
nature of cold dark matter are determined by the same parameters controlling theGRgrgblem, thew
problem, and the neutrino masses and mixing angles.
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I. INTRODUCTION [9]. On the other hand, ifTxu<Mg the right-handed
(s)neutrinos would have to be produéelly the out-of-
Leptogenesis is an attractive mechanism which has beegquilibrium inflaton decay, either in perturbative decfi/3]
proposed to generate the observed baryon asymmetry of thg by parametric resonandé&3] during preheating. In this
Universe(BAU) [1,2]. The mechanism involves the out-of- way, the out-of-equilibrium condition for baryogenesis or
equilibrium decay of a heavy right-handed neutrifdg (or  |eptogenesis is automatically satisfied. The other two re-
sheutrinoNg [3,4]). The net lepton numbér produced in the quirements, baryon number violation a@dand CP viola-
decay is then reprocessed into baryon nunibéy anoma-  tion, will be provided by the sphaleron interactions and com-
lous (B+L) violating sphaleron interactions, which other- plex phases in the neutrino Yukawa couplings, respectively.
wise conserveB—L) [6]. The same physics that allows the  |n this paper we shall extend the model for inflation pro-
right-handed neutrinos to decay into light leptons is also reposed in Ref[14] in order to include neutrino masses and
sponsible for a seesaw neutrino mass matrix. Combining thenplement leptogenesis. The inflation model is based on the
seesaw mechanism with the latest experimental data on negaxt-to-minimal supersymmetric model and provides an in-
trino masse$7] seems to favor a scale for the right-handediermediate scale solution to the problem, and the strong

. : 4
neutrino masy in the range 10-10' GeV. _ CP problem via the Peccei-Quinn mechanifi4]. The su-
What mainly distinguishes the different scenarios of lep-

. . : ) M pergravity version of the mod¢lL5] solves then problem
togenesis that can be found in the literature is the produchoBia the implementation of a no-scale mechanism. It provides

mechanism for the heawlr (or Ng). The lepton(baryon)  F term inflation from the moduli fields which are stabilized
asymmetry has to be produced at some early stage in thgefore and after inflation and for which there is no moduli
cosmological evolution of the Universe at some point afterproblem or gravitino problem. The inflationary model is of
inflation ends and before the time of nucleosynthesis. In gne hybrid type, characterized by a not too large scale for the
sense, leptogenesis or baryogenesis is closely related to thgcyum energy/(0)/4=10® GeV and a very low reheating
inflationary dynamics and the post-inflationary reheating eraiemperatured(1 Ge\). It is interesting to study leptogenesis
The right-handed sneutrino could be itself the inflaf8h  \yithin models with such a low reheat temperature since in
with L generated during the reheating period. If this is notsych models thermal production of Majorana neutrinos dur-
the case, and the reheating temperatdigj after inflation  jng or after reheating is impossible, so the production mecha-

is larger thanM, the heavy(s)neutrinos can be thermally nism will rely on preheating the fields which occurs during
produced after reheating and the final lepton asymmetry will

depend on the out-of-equilibrium conditions at the time they——
decay[1,2,8. However, in supersymmetric models such a
large Try may be in conflict with the standard boufig

<10’ GeV in order to avoid an overabundance of gravitinos

2strictly speaking, the conditior ;< Mg does not rule out ther-
mal production of heavy neutrinos. In most inflationary models re-
heating is not instantaneous, and the maximum temperdttif&
reached is usually much larger thapy [10], and we could have
Tru<Mg<T™2 Like in grand unified theoryGUT) baryogenesis,

IModels of leptogenesis based instead in the cosmological evolithere could be models where the decay of the inflaton into heavy
tion of flat directions which carry lepton number can be found, forneutrinos may be suppressed or forbidden, but still they could be
example, in Refg4,5]. thermally produced during the long period of reheafibg].
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the oscillatory period following the end of inflation. This operators, so the superpotential in Ef). should be viewed
model is particularly interesting since the oscillating inflatonas an effective superpotential which originates from some
fields at the end of inflation do not couple directly to theintermediate scale solution to the problem, as discussed
sheutrinos, but only indirectly via a coupling to the Higgs elsewherd 14]. Because of the smallness of theffective
doublets. Thus the production of sneutrinos during preheateouplings, the fieldsp andN are very long-lived, decaying
ing is linked also to the production of Higgs scalars, andmainly into axions with a decay rate,~ 101" GeV. Con-
since the Higgs scalars decay into both radiation and newsidering only the standard perturbative reheating period fol-
tralinos it becomes possible to relate the relic density of théowing inflation, this will give rise to a reheating temperature
lightest neutralinos to the baryon number of the Universeof order a few GeVs, much below the electroweak scale.
Relativistic axions are also produced during reheating but Right-handed majorana neutrinos are introduced in the
these are redshifted away, although later on nonrelativistiecnodel with the usual superpotential
axions are additionally produced by the usual misalignment
mechanism and will contribute to cold dark matter. W=MgNgNg + Mg, LiH2Ng;, ()

The main advantage of studying a realistic supersymmet- , , ) ,
ric particle physics model of inflation is that questions suchitten in the eigenstate basis for the . The right-handed
as the nature of cold dark matter and baryogenesis via legreutrino masses and Yukawa couplings; has to be such
togenesis are related and determined by the same paramet#at they reproduced the observed properties of the light neu-
which control the particle physics questions of theprob-  trino spectrum. The recent data from Super-Kamiokande
lem, the strongCP problem, and neutrino masses although,supports v« v, oscillations with sih26,;>0.88 and a
as we shall see, there are many uncertainties at present anthss squared splittingm§3~—~(1.5— 5)x10 2 eV2. It also
many of our estimates will have errors of one or two orderdavors the large mixing angle solution for solar neutrino mix-
of magnitude. ing, with sirf 26,,~0.75 and Am2,~2.5x10"° eV?, al-

The layout of the rest of the paper is as follows. In Sec. lithough other solutions are not excluded. For numerical esti-
we summarize the main properties of the model, and intromations, and as a working example, we will use the results of
duce the right-handed neutrinos with the usual superpotential recent estimate of all quark and lepton masses and mixing
suitable for neutrino physics and leptogenesis. An estimatioangles based on a string-inspired Pati-Salam mi&]| al-
of the lepton asymmetry produced is given in Sec. Ill. Be-though we shall only be concerned with the leptonic part of
cause the right-handed neutrinos will decay in less than éis model. Because of the gauged SU{Zymmetry the
Hubble time, much before the inflaton has time to decay, wénodel predicts three right-handed neutrinos, and the heaviest
need to check how much of the asymmetry survive the reene is the one associated with the third family with a mass of
heating era. This is done in Sec. IV. In Sec. V we present out 0™ GeV. Although this is the heaviest it nevertheless plays

conclusions. the dominant role in generating the atmospheric masses and
mixing angle, due to the Yukawa structure of the model,
Il. A MODEL FOR INFLATION AND LEPTOGENESIS leading to an automatic neutrino mass hierarchy according to

) . . the single right-handed neutrino dominance mechanisi)
The model of inflation we have proposed is based on thehq himaximal mixing. In terms of the heaviest right-handed
superpotential 1] scale of the ordeMg =10 GeV and the Wolfenstein ex-

W=X\NH;H,+ k pN2, (1)  Pansion parameterA=0.22, the right-handed neutrino
masses and couplings are given by

whereH,, H, are the Higgs doublets and, N are gauge 419 15 0 4
singlets. The superpotential is invariant undetU4l)pq MRi~101 (A%, 2% 1) Gev~(10%, 10°, 10%) GeV, (4)
Peccei-Quinn symmetry, which is broken during and after 8 4 .2
inflation by the vacuum expectation valu@&Vs) of ¢ and AN
N. The vacuum energy(0), needed during inflation, origi- AR~ DD S W (5)
nates from arF term of the effective sugra theof¢5]. The A a4
Higgs doublets play no role during inflatiog, is the infla-
ton, andN is the second singlet needed to end hybrid infla-Note that the lightest right-handed neutrino of massGeVv
tion. Imposing the slow-rolling and Cosmic Background Ex-is significantly lighter than 1 GeV but does not give the
plorer (COBE) constraints for inflation gives the order of dominant contribution to physical neutrino masses due to its

magnitude results suppressed Yukawa couplings, although it is light enough to
1o 3 be produced through preheating.
k~1071%  ($)~(N)~10"GeV, Given that in the inflationary moddlg<V(0)"*<Mg,
V(0)Y4~ 108 GeV, H(0)~O(MeV), 2) the NRr (NRi) fields cannot be produced thermally at any

stage, nor in the perturbative decay#®fndN fields. There-
with H(0) as the Hubble parameter during inflation. In orderfore, we depend upon preheating for that.
to have an effective. term in the Higgs sector of the correct  Because of the lack in the superpotential of a direct
order of magnitude, we requine~ k. The smallness of the Yukawa coupling between the singlets superfieldsN, and
couplings is accounted for by the use of higher dimensionaNg, preheating of the right-handed neutrinos does not look
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possible. The situation is different for the scalar components, |)\LR|§3 Mg, 9
because of the coupling, g with the Higgs doubletH, and eg~———~—~107-10"8, (10
the leptond_; . This will induce a term in the scalar potential 87 Mg, 8w
of the form ALgl2 M .
- )\LR 33 Ry A 4 5
V='-'+|7\LR|§;|H2|2NRJ.NEK+'-'- (6) 62~WM—R3~§~10 —107, 11

Large oscillations in the Higgs fields will be induced through

; : : - : INrlI5 MR, 213
their coupling to the singlets in E¢l), and in turn we expect €~ LRIs2 ™2 2 10 1_10°1L
this to trigger the preheating of the sneutrinos. The lepton 87 Mg, 8w
asymmetry will be generated by the decay of the sneutrinos (12

instead of that of the neutrinos. We notice also that the maxi-

mum possibleT that we can reach during reheating is going\We remark again that these are only order of magnitudes

to be smaller than théVl, masses(at most T"®*~10®  estimations, with large uncertainties in their values. In addi-
' tion, the values ofe; are model dependent. Other texture

models with values of the Yukawas conistent with the ex-

perimental data on neutrinos, and similar hierarchy among

the right-handed neutrino masses, could give rise to a larger

IIl. LEPTON AND BARYON ASYMMETRY asymmetry such a51~10—6 [20].
Preheating of right-handed sneutrinos provides the seed The decay of the sneutrinos occurs fast enough to neglect

we need for leptogenesis, i.e., a nonzero number density Gy effect due to the expansion of the Universe, and the
the order lepton asymmetry is then given by

GeV~MR1), so once produced, the sneutrinos will remain
out of equilibrium and will decay faster than the inflaton.

V(0 . V(0)
nNRiNCi N(lR-), (7) nB_L:einNRiNEiCiM_Ri' (13

wherec; parametrizes the fraction of the total vacuum en-The decay of the heaviest right-handed sneutiificoro-
ergy which is transferred to the sneutrinos during preheatingduced will give rise to a negligible lepton asymmetry, whilst
Given the hierarchy in masses, it is not unreasonable to ashat generated in the decay qul and NRz are comparable
sume C3<C;, €;, whilst we will take c;~¢;~c~O(1  becausee; /Mg ~€,/Mg,~1/Mg_. This is then converted
—0.1). CP violation in the decay oNg comes from the into a baryon number b+ L violating sphalerons interac-
interference between the tree level and one-loop amplitudetsons (which are in equilibrium for temperatures in the inter-
[2,8,18,19. The CP asymmetries given by the interference val ~[200,13?] GeV[21]),

with the one-loop vertex amplitude aj®,8]

8
I(Ng—T+Hp) ~T(NE—T"+H)) Ng=—53MB-L. (14)
€= Py ~ ~ ~

[(Ng—T+Hp)+T(NE—T"+H)) and finally at the time of nucleosynthesis we will have

Ng 8 [cV(O)]™ vy [cV(0)]H

= > M\ Ry 1D (MEIME), 2l o~y ~ o N RlRe—

SW(AER}\LR)n;( [N r LR)l]] )( R Ri) S| 237| MRi 237T| LR|33 MR3

(15

tS)
where we have usesk (272/45)g, T° evaluated at the time
the leptons are produced, i.éf=0.3cV(0)]¥4 with the
effective number of relativistic degrees of freedogg

9 ~100. The factory accounts for the dilution due to possible
entropy production during reheating. Substituting the values

The interference with the absorptive part of the one—loopOf V_(O) andMRa of Egs. (2) and (4) with Mrg=1, we
self-energy also gives a contribution to the asymmetryobtain
which in general is the same order as those given above,
unless the(s)neutrinos were almost degenerate, in which Ng ~cY% 10785, (16)
case it could be much larggt8,19.

As an example in order to estimate the values;gfwe
will consider the model given in Eq¢4) and(5). Assuming In order to explain the observed baryon asymmetgy/s

where

+X

f(x)=1x

X

1
1—(1+x)log(

nucl.

maximal CP violation (Im - - -]2~|- - -]?), we can see that ~10 °[22] we cannot allow much entropyadiation pro-
the asymmetries will be dominated by the larger couplings taluction during the reheating era. In the next section, we will
the third generation of leptons, with try to estimate the factoy based on simple assumptions.
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IV. PREHEATING AND REHEATING 92
) o i I'y=-—My=~0(10) GeV, (21
During the oscillations of the background fieldsandN, i 8m
particles can be produced by parametric resondpieheat-
ing) [23—29 much before the inflaton has time to decay K2
perturbatively, being in general a more efficient mechanism I y= ﬁMqﬁo(lO_”) GeV, (22)

of particle production than standard perturbative decay.

Even if the couplings are very small, the amplitude of the i )
oscillations is large enough to preheat the modes of the sci!hereg is the electroweak coupling constant, and the mass
lar fields andN. In addition, the value of Hubble parameter ©f the Higgs fields areM,, =0(100 GeVv-1 TeV). The
is small in the model, which allows for a large number of sneutrinosNR2 will tend to decay immediately after they are
oscillations in a Hubble time, before they start to feel th
effect of the expansion. Because hybrid inflation ends in
phase transition, with the effective squared mass ofNhe thermalize by scattering from each otlj@g], given that,
field changing sign, production ap and N quanta is very
efficient during the first few oscillations of the background Anyjog>H (23
fields [26]. Due to the coupling. between the Higgs fields

and theN field, we also expect to preheat the Higgs fietls  \here An, is the number density of the light degrees of

in a similar way. The evolution equations for the HiggsfreedomAn =nR., oec*Mz2, andH is the Hubble param-

guantum fluctuations are indeed analogous to those of the 7 Nor #sct TR, ¢ L

singlets, and we can assume similar number densities fdit€" Of the orderO(MeV). No back reaction is expected
rom them, except that part of the vacuum energy is con-

e&)roduced,F§:<Atpreh, and its decay products quickly

both. The sn_eutrlno_ fleldsNBi are therefore preheated verted into radiation with a temperatu‘r@:0.3c§’4V(0)1’4.
through the Higgs, with the lightest one more likely to be

produced, and they will be clearly out of equilibrium. We The fieldsH; anq Ng, do not decay beforétpen. There-
may also preheat axions, fermions, etc., but with mucHore, back reaction effects due not only to the singlets but

smaller number densitiés. also to the Higgs fieldsand eventuaIIyN\lRl) will soon slow

Preheating is efficient only in producing very low fre- down and suppress the rate of the production of particles
quency modes. Nevertheless, rescattering effects will allowjuring preheating in less than a Hubble tifde . At this
to excite higher frequency modes and redistribute the energyoint we can consider that the Universe has been reheated up
density. Based on the results for the single26], we may  to a temperatur@,~O(10° GeV), but with a nonnegligible
estimate that after just 3 to 4 oscillations a fraction of thefraction of the energy still in the form of cold oscillations

vacuum energy has been transferred to the singlets and the singlets, Higgs andly . The right-handed sneutrinos
other fields, quanta, with more or less equal energy densities, 1

crer . . . -1
The typical time scale for this to happen is given by Ng, also decay out-of-equilibrium in a timeSt=I'g"

<H™ 1, transferring its energy to the thermal bath. On the

2mANose ., 1 other hand, the decay rate of the Higgs fields will now be
Mg ~107°GeV™, 17) suppressed by the factdi /Ty, rendering it quite ineffi-

cient. Therefore, after preheating becomes inefficient, back

where AN, counts the number of oscillations, aii, is reaction and rescattering effects take place, and Egghand

the mass of the fieldg andN in the global minimum(and Ng, decay, we are left with the vacuum energy distributed
therefore the typical frequency of their oscillatigns among the singlets, Higgs fields, and radiation.

Preheating can become very inefficient, but will not nec-
Mg=r(N)=0(1 TeV). (18)  cessarily stop as long as andN continue to oscillatéthat
is, there is some energy density left in these figldmd
The decay rates of the fields involveﬁIRl , Hi, and production of Higgs fields from the singlets might continue

. . in a very narrow resonance regif#3] at the same time than
singlets$ andN, can be estimated as standard reheating. On the other hand, we do not expect this

effect to be enough to further induce the production of the

Atpreh:

|MR|§1 much heavier right-handed sneutrinos. The preheating or re-
FNRlz 8m M R1%O(0'01) GeV, (19 heating era will end when the singlets finally decay, at a time
t=I".
¢
I |2 If the masses of the singlets are smaller than the lightest
N, = 8L_R22MR2~0(104) GeV, (200  Higgs boson mass, the fields andN decay predominantly
2 a

into axions, with the branching ratio into other particles be-
ing much smaller. The axions behave as relativistic particles,
but they do not thermalizE80], that is, their interaction rate

3Because of the smallness of the couplings, nonthermal produdlways remains smaller than the Hubble expansion param-
tion of gravitinos[27] is not a problenj28]. eter. The axion interaction ralé,, is given by

123509-4



LEPTOGENESIS IN A REALISTIC SUPERSYMMETRIC . .. PHYSICAL REVIEW B3 123509

[a={c4lv])ng (24)  the energy density of the oscillating inflaton fieldg, the
number density of Higgs fields,, the energy of the axion
whereng is the radiation number densitg=T%/72, ando,  fields p.yion, and the energy density in radiatigy. We
is the axion cross section for scattering off the thermalizeshall model this as followsp, will be steadily reduced due
radiation. On dimensional grounds, the cross section can b® continual production of axionghrough the standard per-
written a o,=a,/f2, f, being the axion decay constant turbative ratd” ,,) and Higgs fieldgthrough inefficient pre-
10'%—10'3 GeV. heating. The axions behave as relativistic matter, but they
Let us defing, as the initial time after the initial burst of stay out of equilibrium. Higgs fields are created and annihi-
radiation produced by the sneutrinos decay. At this time, théate into radiation with a thermal-averaged crossed section
Universe is at a temperatufB,~O(10® GeV) but still H  (onlv|) and decay ratél'y,). Therefore, the radiation den-

~V(0)1’2/\/§|\/|P_ The ratiol’,/H is then sity pr receive contributions from the Higgs fields but not
from the singlets. On the other hand, among the decay prod-
Tal ay TS \3Mp 4 10°2GeVv) 2 ucts of the Higgs fields we will find also neutralinos, the
al S 2uans a — <1. lightest of them being a candidate for cold dark matter. The
to fa 7 V(0) a standard calculation of their relic abundari@d] depends

(25 mostly on their freezeout temperature, the temperature at

) o ) which they decouple from the plasma, and it is usually as-
After the Universe becomes radiation dominated at a temMg,med that this happens while the Universe is radiation

peratureTgp we will have instead dominated. That is the case when the reheating temperature
is much larger than the typical mass scale of the particle, that

1/2

Pal aa 1l 90 ™ is, reheating ended much before they freezeout. However, as

H| 2 ;2| 52 P shown in Ref[32], the situation changes in a scenario with a

to a gr .

low reheating temperature, such that freezeout takes place

102GeV\ 2 when the Universe is still matter dominated. In fact it is

<10_5aa(f—) RD shown that, for aB-ino like lightest neutralino, the cosmo-
a

logical constraints on thB-ino mass and/or the right-handed
<1, (26) slepton mass are relaxed and even disappear once a reheating
temperature below thB-ino mass is allowed. In our type of
where we have usebl=(72g/90)T?/Mp, andgy is the  scenario, moreover, the Higgs fields will be kept for a while
effective number of relativistic degrees of freedonTafhe  out-of-equilibrium, due to preheating, and therefore neutrali-
last inequality in Eq(26) follows because the factar, be- nos will be produced also out-of-equilibrium, initially most
comesO(1) only whenT~O(1 GeV). If radiation is being likely in a matter dominated universe. If they do not re-enter
produced while the Universe is matter dominated, the numequilibrium before reheating is complete, their relic abun-
ber density and Hubble parameter evolvenasca*? and ~ dance may be different than that obtained in other scenarios.
Hoca %2 with a the scale factor, so the ratib,,/H in- Under the above assumptions, the evolution of the energy
creases in time. In a radiation dominated Universe they wildensities(singlets, axions, and radiatipand number densi-
both scale as~ 2 In either case, Eq$25) and(26) ensure ties (Higgs fields and neutralinpsluring reheating can be
that the axions never come into equilibrium. This means tha@lescribed by a simple set of equatidi®,11,32:
we do not expect radiation to be produced from the singlets
(inflaton), contrary to most models of inflation. Any extra

radiation will come eventually from the Higgs bosons decay. Po==3Hpy=Tgaps=Tpren s, @7
Let us now briefly summarize the above discussion. We
have argued that right-handed sneutrinos are produced dur- b= :
ing the initial perioéJ of preheating, but they dgcay rapidly Paxion=~ AHpaxion™ L'gaPs @8
into leptons and Higgs bosons. We are now interested in the
evolution of the Universe from this time until the time of ny= —3Hny— (1B )(T'y)(ny—ng?H
reheatingry, defined as the time at which the singlets com-
pletely decay:. In this interval there is an interplay between BT nf( eq)
- ny— n
AL Ny @z H

“The couplin is either due to tree level interactions, and there- 2 p
fore furtherr) sm?gp?ressed by a factér > when the temperature is —<0H|v|>(nﬁ—nﬁq )+FprehM_i* (29
larger than the typical mass scale of the particle exchanged, or due
to loops effects, which are suppressed by a factor4#}8. There-
fore, until the temperature drops ne@&(1 GeV) we have a, . n2
~1074. nX=—3HnX+BX<FH>(nH—T’;2naq)

Sn general, the reheating time will coincide with the time at n,
which the Universe becomes radiation domindiggl. However in 2 e
the present context this may not be the case, see below. —(0X|v|>(nX— n, )s (30
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pr=—4Hpg+(1- B (T ){Em)(ny—ni)

2 |
+2(oulo [ Ew) (M~ ngT) +2(a o)) ‘ .y

2 e
X(E)(ny—n5T), (31) -~

whereI' .., models the rate of production of Higgs fields 5@
through “inefficient” preheating{Ey) and(E,) are the av- k=4
erage energy per Higgs field and neutralino, respectively, &
with

(Ey=\m?+ T2 i=H,y, (32) 10°

and in the numerical calculations we have set the masses

mH = m¢: 1mX: 1 Tev’ and 107 18 = = =5 = =] = = = 3 2
10" 107 10™ 10™ 10™ 10° 10° 10* 107 10° 10
(Ty)=aymy[1—exp—my/T)], (33) Lt
2 FIG. 1. Evolution of the energy densities of the singlets ),
% 2, 2 axions, Higgs fields, radiatiodashed lingand neutralinoglong-
(ailv))= (1= exp=T*/mD)], (3% dashed ling when I'prer(to) =10 2 GeV, andb=1C°T . We

have takerB,=0.5. We have also included the factpr'=S,/S
with ay=a, =102 The preheating period would set the (dotted ling.
initial conditions to solve these equations, and@at0 we

will take that allowing the standard perturbative decay of the singlets
into Higgs fields does not solve the problem of axion domi-
V(0) nance, since one expects the respective branching ratios into
po=pr=(Ep)Ny= 3 (35 axions and Higgs fields to be at most of the same order. We

need some extra effect apart from perturbative decay. How-
When reheating ends &ttgy, the temperature of the Uni- €ver, if we takel'p.c, @s a constant parameter, and larger
verse will beTgy \T' ;M p, whereM p is the reduced Planck hanT g, we are forcing the singlets to decay completely
mass and’ ,=T 4.+ pren the total decay rate of the sin- through preheating, which in a realistic scenario is unlikely
glets. to happen. Itis more reasonable to consider this parameter as
To start with, the Higgs fields will soon approach equilib- & decreasing function of time: as the energy density of the
rium due to scattering process, withry|v|)nS4>H(to). If OSCIIIatlpg sm_glets de_cr_eqses, the rate of productl_on through
T pren<T4, N0 appreciable amount of Higgs fields/radiation preheating will also diminish. We W|II_ consider a simple an-
is further produced and the Higgs fields will later dec?y inSatz wherd'; e, follows an exponential law,
equilibrium. This means thaig will be redshifted asa™*, _ —bt
fa?ster than the axions whicﬁtgre produced in singlets decay, Foren(t)=Tpren(to)e =, 38
paxion@ 2% and when reheating ends we will have anwith b a constant such that<T yer(to) "~ We can imagine
axion-dominated universe. Given that the entropy would behis like [ pren(t) being switched on for a while, until the
conserved, and thatyion(trn) = p4(trr), ONe can estimate energy density,, diminishes enough to make the parametric
the final ratio of the energy density of axions to radiation asesonance completely negligibletatb~?, whenl pen(t) is
switched off.
Paxion( TrH) _ Palto) (l)wlog (36) The situation now is as follows: the Higgs fields start
Pr(TrH)  pr(to) | TrH ' decaying at a timé;<tgy, which can be estimated as

The relativistic axions will behave as an extra generation of ps(t) Toren(te) T

. . on -1 ¢\t1) 1 prenlto 0
neutrinos at the time of nucleosynthesis, with the number of ty ~H(t)~ ~ M—Tpreh(to), (39
extra generations constraint k3N, <1.8 [22]. This trans- : H

lates into a bound for the energy density of axions relative taand given that until this time the entropy is constant, and
that in radiation: «a~! we have

Z Paxion
8 pr

2/3

<18. (37) Tl~(0_1$) To 2%~ (10PT ) 2 GeV. (40)

nucl. H

Comparing this bound with Eq36), it is clear that we need Higgs fields/radiation production stops qtzl“p,eh(to)‘l.

the Higgs fields out of equilibrium and start decaying intolnmediately after, the Higgs bosons decay. Therefore, en-
radiation at some timg, much before reheating is complete. tropy is only released betwed@n andT,, and in that interval
This will be achieved takind’,,.,>T" 4,. This also means the ratiop..ion/pr is frozen. Aftert, we are left still with
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the singlets producing more axions, so the ratio of axions to . a(ty)\3 pa(to) 312 po(to) 312

radiation again increases untgy is frozen again. Y = alty) 2( (t )) ~10°x (t )) . (43
This can be seen in Fig. 1, where we have plotted the 0 Prito Prito

evolution of the energy densities for the caBgen(to) Due to entropy production, the final ratio of axions to

=10 '*>T , andb=10°T , as an example. The time scale is radiation given in Eq(36) is also diluted, such that

given in units ofl',. The singlets start decaying through

[ pren at t=ty, but still we have assumed that they initially  Paxion(Trr) _ py(to) (h) p[—F Fpreh(tO)H
d_omln_at_e_d the energy _d_en_sny of the Universe. Th_e I-!lggs pr(TrR) pr(tO) Tru b '

fields initially are in equilibrium, but due to the contribution (44)
from ', they start to decay into radiation and neutralinos. ) o _
At this point the ratioS; /S; starts to increase as can be seen!he last factor in the above equation is due to the partial
in the figure. Entropy production stops @t when the sin- d_eplet|on in the_einer_gy density of the singlets around the
glets energy density is partially depleted dueltge,. The — timet=Ipren(to) =, with

Universe becomes radiation dominated at a temperdatpre Cura

=Trp=10° GeV; this is larger than the lower reheating tem- FIx]=x[1=exp(1k)]. (45)

perature we would expect only froi,. Soon after, inef- To summarize, in order to avoid axion dominance at the
ficient preheating is swichted off and the Higgs bosons deang of the reheating period, we have allowed the singlets to
cay. Until I" st=0(1) we still produced more axions from gecay into Higgs fields through inefficient preheating, which
the remaining singlets. The final ratio of the axions to radiay;| decay into radiation. The effect on the final ratio of
tion is paxion/pr~10"%, which is consistent with nucleosyn- axjons to radiation is twofold: on one hand it reduces the
thesis. The neutralinos follow the same evolution than thgatio because part of the singlets have been converted into
Higgs fields as far as both are relativistic. Once the Higgs4iggs fields instead of axions; on the other hand, the final
bosons decay, they go into equilibrium and when they beratio also gets diluted by a factor due to entropy produc-
come nonrelativistic the ratio, /s freezes out. Allg,; W& tion. However, the same facterwill dilute the initial lepton
have (1, /s)[ry=4x 10", which would imply a relic abun-  assymmetry produced in ttig)-neutrinos decays, which was
dance of neutralinos of order one today; they would domi-gyr main concern. The lower dilution factor is obtained when
nate the dark matter in the Universe. We notice that in thisyhat we have called reheating starts directly with a radiation
example the neutralinos enter into equilibrium and freezeoUgominated universe instead of the usual matter-inflaton

in a radiation dominated UniVerse, SO the Calculation Of theiaominated universe. Based on the Simp'est assumptionsy we
relic abundance would not differ from the standard one, anghaye obtained an upper bound gn

the usual bounds would apply.

In the above example, the Universe becomes radiation 4 Pr(to)
dominated at a temperatufe<T;,. However, from Eq(40) y~10 Xp (1o)
we see that had we takéh)reh(to)zlo‘s, thenT,~Tg, and oo
the Universe would be radiation dominated indeed during thgvhich means that the baryon asymmetry at the end of reheat-
whole period of what we call reheating, that is to say, untiling will be at most
the singlets completely disappear.

, (46)

With this in mind, we now turn to the calculation of the : 10- 1222 4
entropy dilution factory: s : (47)
L, STy [T, 3la(ty))3 a couple of orders of magnitude below the observational
v =S(T )= I, aty) (42) data. Given that we have only considered a kind of toy
1 1 1

model to study reheating and the uncertainties in it, we re-
, , o gard this result as quite promising. In particular, we remark
which will depend on the initial Va'”efgfpreh(to)’ but not  34ain that the value of pren is @an unknown in the model,
on its time dependence. I, er(to) <10"°, then the value of  conirolled by the physics of preheating. Moreover, we have
T2 is given by the conditiop ,(t;)=pr(t2), and we obtain, takenpg(to) =p4(to), but it may happen that we could pro-
duce more radiation than expected before reheating starts.
. T2\ 3p4(t) To Finally, we have considered a particular model for neutrinos
Y *0-4( —) ~ <10°. (42  masses as a working example, such that the values of the
Ti) Pr(t2) T preneyMp )
0 Yukawa couplings generate an asymmetry of the order
~10 8. Other texture models with values of the Yukawas
The smaller the value oF ,,¢x(to), the larger the dilution consistent with the experimental data on neutrinos, and simi-
becomes. On the other hand, for large valued"gf.i(to), lar hierarchy among the right-handed neutrinos, could give
entropy production takes place when the Universe is alreadsise to a larger asymmetry such ag~10 ® [20], which
radiation dominated, the radiation energy density scales asould give then the correct order of magnitude for the
xa~ !, and the timet, is given by the conditionp 4(t,) baryon asymmetry. In any case, the less dilution we can
~py(t,) instead. In this casey tends to a constant value, have, the better, and this translates into the Universe becom-
given by ing radiation dominated as soon as possible. In general, this
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means that neutralino freezeout will take place in a radiatiorio the Higgs doublets. It€ P-violating decay gives rise to a
dominated universe, and the standard bound on their reliepton asymmetry, later converted by sphalerons into baryon
abundance will apply. number. Note that the right-handed sneutrinos do not couple
Finally, we mention that we could also avoid axion domi- directly to the oscillating inflaton fields, but rather indirectly
nance, allowing the singlets to decay into other light degreegia the Higgs doublets. Thus Higgs scalars are also expected
of freedom apart from axions. However, if the singlets decayg pe produced during reheating, and since these decay into
into radiation this will imply a too large dilution factor, with  ,5diation and neutralinos we may estimate the amount of
[10] neutralinos and entropy that is produced during preheating as
shown in Fig. 1. Note that relativistic axions are also pro-

s VF¢MP~10_8 (48) duced during reheating but these are redshifted away, al-
L ps(0) ’ though later on nonrelativistic axions are additionally pro-

duced by the usual misalignment mechanism and these will

where the entropy density B@~T8, and the energy density contribute to cold dark matter.
in singletsp, are taken as the initial values gt Because the heavy sneutrinos decay long before reheating
is completed, the lepton asymmetry will be subsequently di-
luted by the entropy produced in the decays of singlets and
Higgs fields, before the time of nucleosynthesis. In order to
avoid too much dilution, we first required the singlets to

In this paper we have discussed a realistic supersymmetridecay only into axions, which do not thermalize and do not
model of inflation[14] which couples the inflaton to the contribute to the radiation energy. The radiation energy den-
Higgs field, and when enlarged to include right-handed neusity has its origin in the out-of-equilibrium decay of Higgs
trinos, allows leptogenesis as the mechanism to generate tl®sons and sneutrinos, which have been previously produced
observed baryon asymmetry of the Universe. From the parduring preheating. If no more radiation is produced, by the
ticle physics point of view, the model is an extension of thetime the singlets completely decay the Universe becomes
next-to-minimal supersymmetric model and solves fhe axion-dominated, violating by many orders of the magnitude
problem via an intermediate scale which generates the vethe bound on the number of extra relativistic neutrinolike
for the singlets. The interaction between the singlets andpecies at nucleosynthesis. We argue then that inefficient
matter fields are dictated by an approximétél) Peccei- preheating of the Higgs fields is required in order to allow
Quinn symmetry, providing also a solution for the str€®g  their out-of-equilibrium decay and some extra production of
problem, and the axions as a candidate for dark matter. As diation. Because of the long lifetime of the singlets, it is
hybrid inflationary model, it has a quite low scale for infla- possible that, while they are oscillating, they could preheat
tion O(10® GeV), and it predicts a spectral index=1 con-  other fields at a rate similar or even larger than the perturba-
sistent with the recent Boomerang and Maxima-1 da8j, tive decay rate. To illustrate this point we have presented a
and in principle a very low reheating temperature of the orsimplified analysis of the reheating period, parametrizing in-
der of a few GeV, barring the possibility of both GUT and efficient preheating by a raté,., in order to compare it
electroweak baryogenesis. Therefore we have extended tigth the perturbative decay rate,, and it is the result of
model to include right handed neutrinos, and have appealethis simplified analysis which is presented in Fig. 1. The
to preheating to produce the lightest right handed sneutrinonain qualitative conclusion is that in order to avoid axion
so that baryogenesis may proceed via leptogenesis. dominance we would requir¢’,.,>1",. Therefore, the

Extending the model to include heavy right-handed neusmain parameter controlling the analyses is the ratio of these
trinos is one of the preferred solutions not only for the sakedecay ratesthe perturbative one and through inefficient pre-
of leptogenesis, but in order to generate a light neutrino madseating, which will also depend to some extent on the ratio
spectrum through the seesaw mechanism, given the stroraf the Higgs boson and singlets masses. Note that the lighter
evidence from experiments in support of such light massethe Higgs fields are, the easier they will be produced. How-
and mixings. In this paper we have used as an example ever, this may modify the period of preheating following the
realistic model of all quark and lepton masses and mixingend of inflation. The more radiation which is produced the
angleq 16] based on single right-handed neutrino dominancdess the dilution we will have latdiEq. (46)].
[17]. We have chosen this particular example because it pre- To summarize, we have presented a semi-quantitative sce-
dicts not only a hierarchical spectrum for the light neutrinosnario for leptogenesis in the context of a realistic supersym-
but also for the heavy right-handed neutrinos/sneutrino andnetric low scale hybrid inflationary model. A novelty of the
in particular, involves a relatively light right-handed state model is that during the reheating period, the dilution of the
which is available for preheating, although we emphasizdepton-baryon asymmetry is not due to entropy produced in
that this spectrum came out of an analysis of neutrino massébe inflaton decays but due to Higgs boson decay. This in
and mixing angles which was not performed with leptogen-urn is controlled by how many Higgs fields we are able to
esis in mind. The right-handed neutrinos and sneutrinos arpreheat from the singlets before reheating is finally com-
too heavy to be produced thermally at any stage in our inflapleted, and it will help to avoid an axion-dominated universe
tionary model. However, we have argued that at least that the end of reheating. In a model with a hierarchy in the
lightest right-handed sneutrino can be produced througimasses of the heavy right-handed neutrinos, the combination
parametric resonance during preheating, due to its couplingsf the small asymmetry with some later dilution could give

V. CONCLUSION
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