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We argue that an extension of the minimal supersymmetric standard M88IM) that gives rise to viable
thermal inflation, and so does not suffer from a Polonyi or moduli problem, should contain right-handed
neutrinos which acquire their masses due to the vacuum expectation value of the flaton that drives thermal
inflation. This strongly disfavors S@0) grand unified theories. The term of the MSSM should also arise due
to the VEV of the flaton. With the extra assumption tht— mﬁu<0, but, of coursem?— mﬁu+ |u|?>0, we
show that a complicated Affleck-Dine-type baryogenesis employing ldp D-flat direction can naturally
generate the baryon asymmetry of the Univef$8556-282(96)00822-3

PACS numbe(s): 98.80.Cq, 11.30.Fs, 12.60.Jv, 14.60.St

. INTRODUCTION the range 18 Gev=M =10 GeV, the lower bound com-
Thermal inflation[1—3] provides the most compelling so- ing from the requirement that thermal inflation sufficiently

lution to the moduliPolony) problem[4—6]. However, for a dilutes the moduli, and the upper bound from the require-

theory of the early Universe to be viable it must be capablénent that the final reheat temperature after thermal inflation

; T be high enough to thermalize the lightest supersymmetric
of producing a baryon asymmet f
P g 4 B y FZE particles(LSP’s) produced in the flaton’s decay and so avoid
< ~3%10 (1) an excess of LSP’s.
. . . . Also, in order for¢ to be held sufficiently strongfyat
by the time of nucleosynthesis. Thermal inflation probably¢:0 by the finite temperature during thermal inflatiaf,

dilutes any preexisting baryon asymmetry 1o negllglblemust have unsuppressed couplings to at least one other field,

amounts, and the final reheat temperature after thermal inﬂ%’ay;p that is light whend=0. We, therefore, either require
tion (T;~ few GeV) is probably too low even for elec- . term\ 44?2 with [\ 4|~1 in the superpotential, or re-

troweak baryogenesis. Thus, if thermal inflation really is the_ . . )
solution of the moduli problem, then it is likely also to be quire ¢ to spontaneously break a continuous gauge symme

. . try with gauge coupling,~1 (with ¢ being the gauge field
responsible for baryoggness. . . in this cas@ One reason to prefer the Yukawa coupling over
In Sec. Il we explain why the flaton that gives rise to

thermal inflation probably also generates the masses of righ}he gauge coupling is that the renormalization gro8ef-

handed neutrinos as well as theterm of the minimal su- ect of the Yukawa c_ouplmg would be to dr|.ve the soft
persymmetric standard modéMSSM). We also note the supersymmetry-breaking mass squaredbaiegative at low

various ways in which a potential domain wall problem Canenergies as is required for a flaton, while the gauge coupling
Y P P would have the opposite effect. Another reason is that the

ggtzgoffﬁg'cg[)siﬁglt”' évemiishcg:qbi;:()g;r? ig$?;v"hat gggglt" auge symmetry has no independent motivation, while, as
yp y 9 e shall see, the Yukawa coupling is very well motivated.

the required 'baryon asymmetry after thermal inflation. InWe will, therefore, focus on the case of the Yukawa cou-
Sec. IV we give our conclusions.

pling.
Il. THERMAL INFLATION, RIGHT-HANDED After ¢ acquires its vacuum expectation valMe ¢ will
NEUTRINOS, AND THE pu TERM acquire a masp\ 4/ M ~10'° GeV-102 GeV and so is not a

MSSM field. In order for¢ to be coupled to the thermal
bath, which is presumably composed of MSSM fields, we,
The superpotential of the MSSM 8] therefore, requires to couple to the MSSM. We, therefote,

WMSSM: )\tQ Hut+ )\bQHdb+ )\TLHdT+ lu‘HHqu . (2)

A. Thermal inflation and right-handed neutrinos

Thermal inflation[1] requires that there is, in addition, at 2Note the strong dependence ®g in Eq. (35) of Ref.[1].

least one flatorp with vacuum expectation valueb| =M in 3Assumingy is not charged with respect to the MSSM continuous
gauge symmetries as this would, in general, destroy SUSY GUT
gauge coupling unification. However, if is a complete SU(5)

'Here and throughout most of this paper, all indi¢d®e usual multiplet the unification of the gauge couplings will be unaffected.

gauge and generation indices, as well as any singlet indimese  For example, one could ha\)e¢¢z//2:)\¢,¢55. Alternatively, ap-

been suppressed. We will for the most part be focusing on the thirgiropriate choices of representations could shift the unification scale

generation as is suggested by our notation. to the string scal¢9].
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require at least orfeof the termsLH ¢ or ¢H Hy in the
superpotential, as these are the only possible renormalizable
couplings of a singlet to the MSSM.

The former is the standard couplingLH v of a right- g
handed neutrin@s/= v to the MSSM, and furthermore, au- 2 2 2 2. 2. 2 2
tomatically acquires a massM,=|\,4|M~10" GeV- 16m EmL_ZMV' (ML 10, My [ A [+
102 GeV in the right range for the seesaw mechanja® (10
to generate a left-handedneutrino mass

d
16772&/‘LH:|)\V|2/‘LH+'..' €)

d
16m?—mi =2\ [2(m{+mZ+mi +|ALy )+,

2 .
_mp I\ |%(174 GeVsint B @ gt
(11

M=, M

3x10% Gev)( 1 )(sinzﬁ)

Sz )\ 05

I\ gl (12)

2 d 2
167 thQHut:2|)\V| ALHUV+ ey
4

suitable for the mixed dark matter scenario for the formation
of the large-scale structure of the Univefdd].
The latter coupling/H H4 does not have any good inde-

pendent motivation, apart from the fact that it is possible. We

; d
will, therefore, focus on the former case. Later though, we 1672 —
shall make use of this possibility for coupling to the MSSM dt
in a different context.

16772£A =2|NPAL L+ (13
dt LHy47 v LH, v ’

A =2\ ALt (14

syHHg

wheret is the logarithm of the renormalization scale, the
m’s are the soft supersymmetry-breaking massesAthare
the soft supersymmetry-breaking parameters in the terms in
. . . the scalar potential of the forAW+c.c., them’'s and the
of mzmgt‘g;we have a more precise picture of the COuplmgsmagnitudes of theA’'s are of the order of the soft

’ supersymmetry-breaking scata,~10°—10° GeV, and the
ellipsis stands for other terms independent of the right-
handed neutrinog¢| sets the threshold for the right-handed
neutrinos, and so writingip| =M + 8¢, /2 we get the ef-

. . fectiv lin
we can hope to make a more precise estimate of the decaga/Ct € coupiings

rate of the flaton and so the final reheat temperature after

B. The final reheat temperature after thermal inflation
and the p term

1
Wso fa= Wussmt N LH v+ E)\¢¢V2, 5

thermal inflationT; . INI2
We first note that the effective superpotential coupling, ~ Weft= 2 (MQHUEHALH 7+ upyHHg) 6,
16\/577 M
15
(ALHy)? 19
Wseesair — 2)\¢¢ ) (6) and
obtained by integrating out, i.e., eliminatingy via the con- VE
straint JW/dv=0, will give a decay rate of order _ v m2+m2+m2 +|A 2
T'~m®M?* which is negligible. soft eff 8\/§W2M( LHm+my + A%
The ¢ dependence of the low energy renormalized cou-
pling constants will give larger decay rates. To estimate 2 ) IN,|2
these we first need to know the contributions of the right- X(ILI*+[Hy[*) o+ 8\272M
handed neutrinos to the renormalization group equations.
They are[12] XALn (MQHt+ N LHg7+ uyH Hg) 66, .
d (16)
16772a)\t=|)\,,|2)\t+-~-, (7)
From these couplings we estimate the total decay rate to be
2 d 2 4.3
167 g h =[NP ) IN|*mg 1
10mﬂ2' ( n

“4If we have both then we need two differapis, one charged and This would give a final reheat temperature after thermal in-

the other neutral under parity.

flation of



6034 E. D. STEWART, M. KAWASAKI, AND T. YANAGIDA 54

Tf:g;ml“l’zM %42! (18) We thus expect the flaton to have the following couplings

to the MSSM:
oM 3x10' GeV ms |32 19
M—mmz /\z00Gey ¢+ 19

1 N, $°HH
Weoupings= N oL Hyvt 5 X pbv? + % (26)
where the first pair of brackets is constrained to be of order Pl
one, or perhaps less, by E@l). However, in order not to
overproduce LSP’s we requifd3] C. The flaton potential and domain walls
m, 1572 In this section we consider the self-couplings of the flaton.
Ti=1 Ge\/(m) (200  The flaton(or, in the case of a multicomponent flaton, at

least one component of the flajoshould have a negative

Thus, our model seems to be in trouble unless we can adgPft Supersymmetry-breaking mass squaredhy||” to
some extra coupling that gives a stronger decay rate. Thdrive it away from¢$_=_0 a_fter thermal |nf!at|on. It will also
only possibility is to couplep to H H in the superpotential. need a term to stabilize its pogentlazl at its vacuum expecta-
A term ¢H ,H4 would require a very small coupling constant tion value (VEV) |¢|=M~10'-10* GeV. The simplest

to avoid generating too largea term, but a term possibility i’
4
N, p*H Hgy Ao
decay:% (21) WVEV_—4M -, (27)
is not only allowed but could naturally generatg.aerm and this is what we shall assume. In the case of a multicom-
N 2 ponent flaton this could be interpreted as, for example,
d):M (22) Am®1AMp), A\yd1d3/Mp, or a sum of such terms. See
Mp) Ref.[15] for an explicit multicomponent example. Here, for

simplicity, we will focus on the case of a single-component
flaton, though it should be borne in mind that a multicompo-
nent flaton might be preferable from the model-building
point of view.

We then get the following scalar potential:

of the required sizg14]. For example, foM = 10* GeV and
IN,|=0.1 we getuy/=400 GeV. From now on we will as-
sume that theu term is generated in this way so that
un=0, or at leastuy|=<|uy|, and|wm 4| ~ms.

Writing ~ ¢=M+656¢p, where |[M|=M  and
M¢=)\MM2/MP|, we get the relatively unsuppressed cou-

- Avhm ¢’ Ml ¢l°
plings V(¢)=Vo—mfﬁ|¢|2+ MAM M

56 6 e e -
Edecayz 2M¢HquM - 2|/L¢|2(|Hu|2+ | Hd|2)_

+c.c.|+

I3
M

where m,~|Ay|~ms. This potential has four degenerate
minima with || =M, where

o¢
+A,HHg) = +cc, (23 M2_2m¢Mpl |AM|+ /|AM|2+3 29
~ 3l | my ms, 4

where a tilde denotes the fermionic component of the super- ¢
field, a bar denotes the Hermitian conjugate, @ndis the
soft  supersymmetry-breaking  parameter  inVgyg O examplle, form, = |Ay|=300 GeV and/\y|=0.1, we

=A,p4H Hg+c.c.and S9A | ~ms. The decay rate is then getM = 10" GeV. The eigenvalues of the mass squared ma-

— 2 5(\QtHg+ NpQbH,+ X\ ,L7H,,

#|~

estimated to be trix at the minima are
3
My 16my|Aul [ 1Av] |Aul? 3
r~ ; (29 2 _ M M M S
10°M2 Mg, 3 m, + m? *t7 (30)
where we have roughly assumet,~ | 4| ~|A [ ~ms. We,
therefore, get a reheat temperature and
10" GeV ms |32
Tr~(1-10Gey M 300 GeV (25 ®As mentioned beforey , $°H,H4/M3 1 is a possible alternative

to X, ¢?H Hg/Mp.
which is sufficiently high. Wyev=Au#*MZ,; would be an alternative if
M=3x 10" GeV. Again, we assume the displayed case for sim-
plicity. One might even be able to use the renormalization group
A term )\M¢>3Hqu/MéUT would be an alternative if running of m, to stabilize the potential but then one would not
M=3x 10" GeV. We assume the displayed case for simplicity. automatically get a value fdvl in the correct range.
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4| Ayl ken down to the standard matter parity of the MS&ihich
m§¢r:4m(2ﬁ+ m§¢8=4m§) 1+ 3 is equivalent to theR parity of the MSSM by the vacuum
4 expectation value of.

(31)  metry can be extended to a continuous symmetry which may
or may not be gauged. In the case of a continuous global
symmetry, for example, the Peccei-Quinn symmetry of Ref.

<|A|v|| [Aul? 3” In the case of a multicomponent flaton the discrete sym-
>< —_

2

and the flatino mass squared is [15], the Goldstone bosons may prove troubles¢h@. One
also has more freedom to satisfy the anomaly cancellation
2 o ; :
2 3 |Awl |Aw|® 3 conditions in the case of a multicomponent flaton.
— 2m?2 2 _ g2
ms , =3mj+ -ms, =4my| —— —+—
¢ ¢ 2 %% 2\ 'm, m 4
¢ (32) D. Summary

An extension of the MSSM that gives rise to viable ther-
Requiring zero cosmological constant at the minima gives mal inflation, and so does not suffer from a moduli problem,
should have the following terms in its superpotential:

2 2|Aul (1A Avl> 3
Vo=5mM? 1+3| M'(' M|+\/| le +3l- ©3 1
my \ My my Wi=AQH t+N,QHgb+ N LHy7+\ LH v+ §x¢¢v2
With four degenerate minima we clearly have to worry N, PHHy Ao
about a potential domain wall problem. The simplest way to + £ . M (36

eliminate the domain walls is to add a small term which Mepi 4Mp; -

breaks the degeneracy of the vacua, the difference in pres-

sure exerted on the walls causing the domains with greater ll. LH, AFFLECK-DINE BARYOGENESIS AFTER
vacuum energy to collapse. They collapse before the domain THERMAL INFLATION

walls come to dominate the energy density if the difference A. Outline

in vacuum energies satisfiese=o?/M32,, whereo is the
energy per unit area of the domain walls6]. For flaton
domain wallso~msM? and so we require

To orientate the reader we will first sketch the basic idea
we have in mind before plunging into the details.
The D-flat direction parametrized by H, provides an
m2Mm 4 ideal Affleck-Dine field19,20,3. In order for it to behave as
62_52__ (34) an Affleck-Dine field we must first get it away from zero.
Mpy We, therefore, require its mass squared at the end of thermal
inflation, (m?— mﬁu+|,uH|2)/2, to be negative. It is simplest

to assume that it rolls away from zero befapedoes. How-
ever, wheng =0 the right-handed neutrinos are light, and so
5 (35) LH, is notF flat (it has a quartic term in its potential coming
Mp from the superpotential LH, will thus be stabilized at a
modest value.
with n odd would be sufficient to eliminate the domain  Next, ¢ will roll away from zero. The right-handed neu-
walls. A term with n=2mod4, for example W,,s trinos become heavy and so can be integrated out leaving the
~ $8/M3, would reduce theZ, domain walls toZ, domain  effective seesaw couplin/seesangiven in Eq.(6). This is
walls. Note thatW,,,s can be extremely small, and hence now the term that stabilizes tHeH, direction and we see
have a negligible effect on the dynamics to be discussed ithat it gets smaller, and so theH , direction gets flatter, as
the next section, but still solve the domain wall problem. ¢ gets larger. Thus, as rolls away from zerol.H,, will roll
Another way to avoid a domain wall problem is to gaugefurther away from zero. Furthermore, the soft
the discrete symmetry so that there is really only onesupersymmetry-breaking term derived frakfy g, Will cor-
vacuum. However, nontrivial anomaly cancellation condi-relate the phases @f andLH,.
tions must be satisfied17]. In the case of a single- When ¢ becomes sufficiently large, it will start to feel the
component flaton with the superpotential of E86), and no  basin of attraction of one of the minima of its potential, and
extra light SU3) multiplets, the mixed discrete-38)  so will start curving in towards that minimum, i.e., its phase
anomaly cancellation condition requirg to be neutral un-  will be roughly determined modula/2. The phase ofLH,
der any unbrokéhanomaly free discrete gauge symmetry. will then be roughly determined module/4 by the soft
We, therefore, cannot use a discrete gauge symmetry to rgupersymmetry-breaking term derived frofyesaw
move theZ, domain walls. However, the anomaly fr&g When | ¢| becomes of ordeM, a cross term from the
subgroup of U(13_ 4y, under which¢ has charge 2, can supersymmetric part of the potential becomes significant and
be used to gauge away thg&, domain walls left by changes the correlation between the phases ahdLH,,
Wiais~ /M3, above. Furthermore, this symmetry is bro- and so gives the phase bH,, a kick. The direction of the
kick is determined by the parameters in the Lagrangihis
is our CP violation) and so gives a nonzero net contribution
®R symmetries are broken down Zg by hidden sector supersym- when averaged over different spatial locations, unlike the
metry breaking. rest of the angular momentum that is flying around. Further-

Therefore, a term in the superpotential of the form

4—n 4n
msM* "¢
Wwallsz
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FIG. 1. Numerical simulation to illustrate the dynamics @f
and LH,= ¢?/2 after thermal inflation. The potential of E8)
was used with the parametersag=a,=a,=pBy=1,
lam|=B,=2, y=10"3, and argyy=3.1. The initial conditions
were | ¢|=|¢|=10"3, argp=1, and argy=0.25. A friction term
Féj) with I'=0.75 was added to the equation of motion ¢fto

crudely simulate the effects of parametric resonance. A friction

term was not added fap because it would obscure the total lepton

number generated which in reality is contained in both the homo-

geneousy field and its decay productsuch as the inhomogeneous
s modes produced by parametric resonance

more, as this is happeninye.c./[see Eq(21)] starts to give
a significant contribution to the mass &f, and hence
LH,. Formg—mg +|uu+uyl?>0 this gives thelH,, di-
rection an overall positive mass squafes it must because
LH, has a positive mass squared in the true vaguamd so
sendsLH,, spiralling back in towards zero.

The effective friction on the motion op andLH, com-
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efficient because the mass squareds are now always positive.
LH,’s potential neat. H,=0 conserves angular momentum,

or in other words, lepton number, and kél,'s newly ac-
quired lepton number is conserved. The dynamics outlined
above is illustrated in Fig. 1.

The decay of theH,, Affleck-Dine condensate will gen-
erate enough partial reheating to restore the electroweak
symmetry, and so its lepton number can be converted to
baryon number by the usual electroweak effd@2|. Note
that the energy density is still dominated by the flaton and
the reheating in the Affleck-Dine sector has a negligible ef-
fect on the now decoupled flaton. Finally, after the tempera-
ture has dropped to a few GeV, the flaton decay will com-
plete, releasing substantial entropy.

B. Estimating the baryon asymmetry
Our basic model is 1
W= N QHyt+XpQHgb+ N LHy7+ X\ LH v+ §x¢¢v2

A ¢°HuHg
Mep

Avo?
4Mp,

(37

The squark fields have no linear terms in their potential
and have positive mass squareds. They will, therefore, be
held at zero apart from thermal fluctuations, and so can be
ignored apart from their contribution to the finite temperature
effective potential. The zero temperature potential for the
other fields is

V=|NLHgl?+ [N LH+ X g2+ |\ Hyr+ N Hyp|?

N d*Hg N HPH,
Mp, Mp,

A dHHg  Ayo®|?
p + +D terms
Mp Mp

2
+

2

+|\, Lyt N L7+

1 2
E)\¢,V +

J’_

+{ AN LHgm+A N LH v+ A\ 412

AN, ¢"H Hg

+AM)\M¢4
Mp

+
Mp

+

C.C.

+mz| {2+ mi| |2+ mg L |2

—m [Hyl*+m [Hql?—m[ 2, (38)

where them'’s and the magnitudes of th&’s are of order
mg. We assume

1
M2y, g=0=5 (ME—m3 ) <0 (39

ing from the Hubble expansion is negligible. However, theg, that theD-flat direction parametrized byH, is also un-

effective mass squareds of both and LH, have been

changing sign during the above dynamics and so one woulg
expect them both to decay via broad parametric resonance
[21]. This will lead to approximately critical damping, and so

it seems reasonable to expect that bgttand LH,, will be

trapped near their vacuum expectation values essentially im-
mediately after the dynamics described above has occurred.
Once they are trapped, parametric resonance becomes less

stable, in addition to the flatog#. Note that aftef$ acquires
s vacuum expectation valud ~ ymgM p/|\ |, it will give
an extra contributior{x ,|2M#/M3, to H,’s mass squared.
This will be of ordermZ if |\ ,|~[\y|. We assume

2014
2 IR N A i 4
mLHu||¢\=M—§ mp—my + ME >0 (40
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We assume th® terms constrairL andH,, to the D-flat

A rigorous study of the dynamics of this model is beyonddirectionLH,. Then, writingLH = ¢?/2, we get

the scope of this paper. Instead, we will make some simpli-

fying assumptions in order to illustrate how the Affleck-Dine
mechanism might be implemented after thermal inflation an
to crudely estimate the resultant baryon asymmetry.

We assume that all fields are initially held at zero by the
finite temperature during thermal inflation. We assume that

the LH, direction rolls away from zero first. It will be
quickly stabilized by the term|\,LH,? at a value
|LHu|~meu/|)\V|2. The termA,\ ,LH, v+c.c. then causes

to roll away from zero. Then, the term

N LH A 4vé+c.c. causesp to roll away from zerdin the
direction

14

argp=arg A 4A,(\,LH,)2]. (42)

For simplicity, we will assume that andH, remain at zero,

)\12} 312 LEDY 2 2 A 312
V:M—EL 2|t ‘ M gm0l
d'|2n40| 2] My Mp,
7\_M$) Nyt Aywe?
+ | Ay— A+ +c.c.|, (45
¢ 2¢ | ANyo M p, (45

where mj=(mf, —m{)/2. To make this potential more
transparent, we make the following change of variables:

V=mM, ¢=M¢, y=My,

or at least that any expectation values they acquire can be

neglected. With this assumption, ongeand LH, escape

beyond the reach of the temperature, their dynamics will be

governed by the zero temperature potential
N H7H, |2
Mp

V=N, LHy+N v+ N Hyv |2+ N Ly|?+

2

Y 3
ué +D terms

+
Mp

1
2
E)\(Zﬂ/ +

Auiyo*

+(AV)\VLHUV+A¢)\¢¢V2+
Mp)

+C.C.)

+mg|v[2+ mE|L[2—m} [Hy[?—m[ ¢l (42)

As |¢| increases,v will quickly acquire a large mass
~|\4¢|, and so will be constrained to the minimum of its
potential

N LHy

~— ) 43
I, (43)
The effective potential then becomes
NLHG [P [ NPHG [P [ awe®|?
V=(I\ Hy2+ N L2 | =—= e
(| U| | | ) )\¢¢ MP| MP|
X&éﬁ)<xyLHuf
+D termst+| | A,—A,+
( ? 2¢ | Nyo
Ayino?
BT mRIL - 2 [H 2 2 2
Mp u
(44)

%0One might imagine that our Affleck-Dine-type mechanism could
also be implemented using say the right-handed electron sneutrin
which could plausibly have a small quartic coupliag, , instead of
LH,. However, unlikeLH,,, if it was unstable it would roll away

mg=mg,, mM,=msa,, (46)
msMp,
A,,—Ad,:msa,,, AM=mSaM, )\’uz M2 wo
MM p, )\¢ M
)\M:W M s )\_3: HS% (47)

where thea’'s and the magnitudes of the's and 8’s are of
order one and we assumg|<1. We then get

2

+ 2

V=—aﬁ¢F+wMﬂ¢P+(—ai

+ %|B#|Z|E|4>|Z|2+ OZM/;M:J;4
anBud'| ¥

- ( M amdl? ) 4y

When'qvﬁ<1, E’s potential is stabilized at

+c.c.] . (48)

2~/ 4| (49)
while its phase is coupled to that gf by the term?®
— 74\ T4
_( a,— ay aMBM(ﬁZ ) ¢~ +c.c., (50
2land|® | 4y¢

the second term in the brackets being negligible at this stage.

When ;7)32 v, the potential for the phase af will be
dominated by the term

CZMBM?‘Z4+ C.C.

and so in some sense we can regard the phageasf being
determined modular/2. Put in a different wayg will be
pulled towards one of the minima of its potential and so its
phase will be strongly biased towards

(51)

o,
1%The correlation induced by this term is different from that of Eq.
(41) and so the phase ofs will get a kick in the direction

from zero at some early time because all its couplings would besin(argA,—argA,) while the phase of¢ will get a kick in the

small. The terrm(ﬁx(ﬁvzdwr c.c. would then cause to roll away
from zero causing a premature end to thermal inflation.

opposite direction. This may contribute to the net lepton number
generated, in addition to the similar effect to be described below.
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Zz

50 e T T T T ( )

—aj+

4
2y¢

40

1 ~ |~
2+ Elﬁﬁlzlqsl“) |yl? (53)

30

TOTTTIT AT,

100

20 becomes of order one giving a net positive mass squared

and so causing it to spiral back in tb=0.

Assuming the expected broad parametric resonédte
provides enough damping, bo¢hand should then become
trapped near their vacuum expectation values, after which
the parametric resonance becomes less efficigstpoten-
tial near ¢=0 conserves angular momentum, or in other
words lepton number, and s¢’s lepton number is con-

served.

-850 e ‘071‘ S ‘0'_2' E— 'Og A The Affleck-Dine condensatgé will decay well before the
(a) Initial Phase of ¥ Hubble expansion reduces its amplitude to the electroweak
scale, and so will release enough thermal energy to restore
the electroweak symmetry. The lepton asymmetry will then
be converted into a baryon asymmetry
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by the usual electroweak effecf&2,23. Finally, after the
temperature has dropped to a few GeV, the flaton decay will
complete, releasing substantial entropy.

The baryon asymmetry generated in this way is roughly
estimated to be
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FIG. 2. Numerical simulation to show the nonzero net lepton
number generated. The same parameters as in Fig. 1 were used 10, 10€ T 10* GeV)?
except for the following. Motivated by E@41), the initial phase of ~10 7 m GeV M ’ (56)
¢ was taken to be random while the initial phasefofvas taken to L
be given by arg$) =4arg(y) + C. The lepton number produced, as
measured by agg(t=100)—arg/(t=0), is plotted against the ini- Where we have used Eqgl9) and (3). ¢ is defined by this
tial phase ofy. The dotted line gives the average value. The plotsequation and will depend on the phase difference between
correspond to the following values of the parametd@a a, and a), as well as the detailed dynamics.

argay, = 7 (which is CP conserving and C=0, (b) argey,=3.1 As discussed in Sec. I, we expe€tt~1-10 GeV and
andC=0. M ~10°-10"? GeV. Neutrino phenomenologyl 1,24 sug-
gestsm, ~5 eV, mVML~10‘2—1O‘3 ev, andm, =<m, .
~a_ _ e 52 Therefore, in order for Eq:56) to give the baryon asymme-
amBu |amBu 'l 62 try of Eq. (1), we requireé to be roughly*
—~ — —4_
The phase off is then determined module/8 by the term 6.~10""-10, (57)
in Eq. (50).
When ¢ becomes of order one, two things happen. First, fe=<06,~10'-1072, (58)

the second term in the brackets in E§0) becomes of order

one and gives the phase af a kick in the direction depending on which generations make up the Affleck-Dine
sin(argy,—argay). Note that even before thig; will have ~ LH, direction. The eventual measurement of the Higgs bo-
had some angular momentum abakit=0, but it averages SOn and slepton masses should help to determine which of
out to zero in the Universe as a whole, as is shown in Figthese ranges is the appropriate dioe rule out the whole
2(a). This new contribution has a direction determined by thescenario, and a measurement of,  would narrow the un-
parameters of the Lagrangian and so will give a nonzero netertainty iné,.

contribution, as is shown in Fig.(). Put another way, the

difference in phase betweed, and «y, is our source of

CP violation. Second, the last term in the brackets in 19=1 corresponds to the scenario being unviable.



54 AFFLECK-DINE BARYOGENESIS AFTER THERMAL INFLATION 6039

V. CONCLUSIONS where 6 is the lepton asymmetry per Affleck-Dine particle.

Right-handed neutrinos should acquire their masses du% depends on the difference in phase between the soft

to the vacuum expectation value of the flaton that gives risf u?eésym?etryébgeaklng palrlamettrt]-:‘rs d\NtEeFi‘S%V gnd Wy
to thermal inflation, not some composite GUT operator. Thi ¢l qsl.( ) ank( r?]’ as (\jl\'/e' as the detarled dynamics.
will have important implications for GUT model building. In We also make the prediction

particular, SO(10) GUT'’s are strongly disfavored because
the flaton would have to be in E26 representation which is
difficult to derive from superstrings and one would have a o 5 .
flaton-125 splitting problem, in addition to the usual doublet-mOOIUIO renormalization effects, where M, 1S the soft

my<my (60)

triplet splitting problem. supersymmetry-breaking mass squaredtgf andmf is the
The u term of the MSSM should also be generated by thesoft supersymmetry-breaking mass squared of a lepton dou-
VEV of the flaton. blet.

Our Affleck-Dine-type mechanism generates a baryon

o . E.D.S. thanks B. de Carlos and D. H. Lyth for helpful
asymmetry which is roughly estimated to be

discussions. E.D.S. was supported by the Royal Society at

10 e T, | /10" GeV|?2 Lancaster University during the early stages of this work and

\/) ( ) ( ) , (59 by the JSPS at RESCEU. The work of E.D.S. was supported
GeV M by Monbusho Grant-in-Aid No. 95209.

E~1o—1°0(
S m,,

[1] D. H. Lyth and E. D. Stewart, Phys. Rev. %3, 1784(1996. Sawada and A. SugamoftKEK, Tsukuba, 1978 M. Gell-

[2] L. Kofman, A. Linde, and A. A. Starobinsky, Phys. Rev. Lett. Mann, P. Ramond, and R. Slansky,Suipergravity edited by
76, 1011(1996; T. Barreiro, E. J. Copeland, D. H. Lyth, and P. van Nieuwenhuizen and D. Z. Freedm@orth-Holland,
T. Prokopec, Phys. Rev. B4, 1379(1996. Amsterdam, 1979

[3] For earlier related work see Ré1] and P. Bineruy and M. K. [11] K. S. Babu, R. K. Schaefer, and Q. Shafi, Phys. Re&3P606
Gaillard, Phys. Rev. (34, 3069(1986); G. Lazarides and Q. (1996.
Shafi, Nucl. PhysB392, 61 (1993. [12] K. Inoue, A. Kakuto, H. Komatsu, and S. Takeshita, Prog.

[4] G. D. Coughlaret al, Phys. Lett131B, 59 (1983; J. Eliis, D. Theor. Phys68, 927(1982; S. P. Martin and M. T. Vaughn,
V. Nanopoulos, and M. Quiros, Phys. Lett.184, 176(1986; Phys. Rev. D50, 2282(1994); B. de Carlos and P. L. White,

T. Banks, D. B. Kaplan, and A. E. Nelson, Phys. Rev4®) 13 I'I?I?\/I 54"3I\4/I27Y(1996. hi and T. Y ida. Phvs. Lett3
779 (1994; B. de Carlos, J. A. Casas, F. Quevedo, and E.[ ]165 flrggS' .M a?;v?lggaltiatll M.orglinz%da'l,' Y)a/;é iedaib?o%
Roulet, Phys. Lett. BB18 447(1993; L. Randall and S. Tho- V- o ' : giaabid.

370, 52 (1996.
mas, Nucl. PhysB449, 229 (1995; T. Banks, M. Berkooz, [14] J. E. Kim and H. P. Nilles, Phys. Lett388, 150 (1984,
and P. J. Steinhardt, Phys. Rev.5R, 705(1995. !

51 M. Di L Randall d4s Th Phve. R L8 398 [15] H. Murayama, H. Suzuki, and T. Yanagida, Phys. LetR®,
[5] M. Dine, L. Randall, and S. Thomas, Phys. Rev. Le§,. 418(1992.

(1995; Nucl. Phys.B458 291 (1996. [16] A. Vilenkin, Phys. Rev. D23, 852 (1981).
[6] A. Linde, Phys. Rev. LTz?B, 4129(1996; T. Banks, Report No. [17] L. E. Ibanez and G. G. Ross, Phys. Lett. 0, 291 (1991);
hep-th/960115 unpublished Nucl. PhysB368 3(1992; T. Banks and M. Dine, Phys. Rev.
[7] B. D. Fields, K. Kainulainen, K. A. Olive, and D. Thomas, D 45, 1424 (1992; L. E. Ibanez, Nucl. Phys.B398 301
Report No. astro-ph/960300@npublishegl (1993.

[8] For reviews of supersymmetry, see H. P. Nilles, Phys. Rep[18] D. H. Lyth (in preparatioi
110, 1 (1984; D. Bailin and A. Love,Supersymmetric Gauge [19] I. Affleck and M. Dine, Nucl. PhysB249, 361 (1985.

Field Theory and String TheorfOP, Bristol, 1994. [20] H. Murayama and T. Yanagida, Phys. Lett3B2, 349(1994).
[9] C. Bachas, C. Fabre, and T. Yanagida, Phys. Let87B 49 [21] L. Kofman, A. Linde, and A. A. Starobinsky, Phys. Rev. Lett.

(1996; K. R. Dienes, Report No. hep-th/9602046npub- 73, 3195(19949.

lished. [22] M. Fukugita and T. Yanagida, Phys. Lett.1B4, 45 (1986.

[10] T. Yanagida, inProceedings of the Workshop on the Unified [23] K. A. Olive, Report No. hep-ph/940435&npublishegl
Theory and the Baryon Number in the Univeredited by O.  [24] J. W. F. Valle, Nucl. Phys. B Proc. Sup@i8, 137 (1996.



