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Thermal leptogenesis and gauge mediation

M. Fujii and M. lbe
Department of Physics, University of Tokyo, Tokyo 113-0033, Japan

T. Yanagida
Department of Physics, University of Tokyo, Tokyo 113-0033, Japan
and Research Center for the Early Universe, University of Tokyo, Tokyo 113-0033, Japan
(Received 14 September 2003; published 27 January)2004

We show that a minithermal inflation occurs naturally in a class of gauge mediation models of supersym-
metry (SUSY) breaking, provided that the reheating temperafligeof the primary inflation is much higher
than the SUSY-breaking scale, séy>10'"° GeV. The reheating process of the thermal inflation produces an
amount of entropy, which dilutes the number density of relic gravitinos. This dilution renders the gravitino to
be the dark matter in the present Universe. The abundance of the gravitinos is independent of the reheating
temperaturel g, once the gravitinos are thermally produced after the reheating of the primary inflation. We
find that the thermal leptogenesis takes placE at 10>~10'* GeV for m,,,=100 keV—10 MeV without any
gravitino problem.
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I. INTRODUCTION The required dilution factol, to explain the observed
dark matter abundance by gravitinos is given[BY
The baryon-number asymmetry in the Universe is one of

the fundamental parameters in cosmology. A number of 350 011
mechanisms have been proposed for producing the baryon A.~3.0x10° May2 )( ) : (1)
asymmetry in the early Universe. Among them, leptogenesis ' 1 MeV/\g.(T)/\ Qpyh?/’

[1] is the most attractive and fruitful mechanism, since it

may have a connection to low-energy observations, that is hereT. denotes th itino f tt t 0
neutrino masses and mixings. In fact, a detailed analysis o ere 1 denotes the graviino ireeze-out temperature. Unce

thermal leptogenesfg] gives an upper bound on all neutrino the above dilution factor is provided, the baryon asymmetry
masses of 0.1 eV, which is consistent with data of neutrin@roduced by the thermal leptogenef§ is estimated as
oscillation experiments. Thermal leptogenesis requires a re-
heating temperatur@z=10'° GeV, which, however, leads
to the overproduction of unstable gravitinos. The decays of
gravitinos produced after inflation destroy the success of nu-
cleosynthesi$3,4]. This problem is not solved even if one
raises the gravitino magsss, up to 30 TeV[5] and hence
thermal leptogenesis seems to conflict with the gravity me-
diation model of supersymmetr{SUSY) breaking. In the
gauge mediation mod¢6], on the other hand, the gravitino HereMg; is a mass of the lightest heavy right-handed Ma-
is the lightest SUSY particld.SP) and one does not need to jorana neutringand henceTg must be higher tham g, for
worry about gravitino decay. However, we have an everthe thermal leptogenesis to worlend m,; a mass of the
stronger constraint on the reheating temperatifg  heaviest left-handed Majorana neutrino. The coefficigt
=10° GeV for my,=<1 GeV to avoid the overproduction of =0O(1) is an effective CP-violating phase and «
the gravitinog 8] (otherwise, the stable gravitinos overclose =0.05—-0.3 denotes the fraction of the produced asymmetry
the present Univerge that survives washout processes by lepton-number-violating
It has been recently pointed o] that the above prob- interactions after the decay of the right-handed neutrino. As
lem is naturally solved in the gauge mediation model. Thecan be seen, the thermal Ileptogenesis &g
crucial observation is that the gravitinos are in the thermak=10'2-10'* GeV for mg,~=100 keV—10 MeV naturally ex-
equilibrium at high temperatures such Bg=10 GeV for  plains the observed baryon asymmeflyh?=0.02 without
mg;»<1 GeV. Thus, the number density of gravitinos is in- any gravitino problem.
dependent of the reheating temperature once they are in ther- Reference[9] shows that the required entropy given in
mal equilibrium, while the maximal leptotbaryon asym-  Eg. (1) is naturally supplied by decays of messenger particles
metry depends linearly og. Therefore, if a suitable in the gauge mediation model if the SUSY-breaking trans-
amount of entropy is provided at later time to dilute themission to the SUSY standard-mod&SM) sector is direct.
number density of gravitinos, one may account for both thdn this paper we show that the late-time entropy production
dark matter abundance and the baryon asymmetry in thikes place even if the mediation of SUSY breaking is not of
present Universe. the direct type. This is because the gauge mediation model
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TABLE I. R charges of the fields in the DSB, the messenger and 10
the SSM sectors.
8
Fields z" Q S B dy.fy dy.ty d ¢ :\j; g
R charges 2 0 283 23 -1 7/3 1 1 Z:SE 4
. . . . - 2
we discuss in this paper has a flat potential and a minithermal
inflation occurs naturally producing the required amount of ;

entropy. 9 9.5 10 10.5 11
Log o [/ GeV]

Il. THE GAUGE MEDIATION MODEL ] )
FIG. 1. The running of gauge coupling constant. u denotes

We consider an extension of the gauge mediation modehe renormalization point. Here, we assumg=3, Mg,
proposed if10]. The reason why we take this model is that = 10°° GeV anda(Mg) =0.25. The vertical dashed line denotes
it has the unique true vacuum of SUSY breaking. Otherwisethe mass scal#, .
it seems very difficult to choose a SUSY-breaking false

vacuum in the evolution of the Universe, since we assum?11 122 The condensation d@Q does not break thR sym-
the reheating temperatufg much higher than the SUSY- metry, but causes the breaking of the discigtesymmetry

breaking scale. . : :
; . . down to a discreteZ,. This breaking generates unwanted
Su-gf g)()nz;mlct?l SUS\I(-breakn@tShB) sectqtrr:sfbas%d OB|at domain walls and hence we should introduce explicit break-
. ( )* ypi)erco or gauge theory with four double ing terms of theZ,. Here, we introduce a nonrenormalizable
cri}lral suj[i)erfleldsQ called hyperqu_arks and six singlet ONes,; o action in the Kahler potentiaKz(k/Mé)QQZZT to
éU?Z_) Zongilgaln% t;':rii,di(t;h?'lelcesazgrzeflg\e/g(r)tgnéze eliminate the domain walls before they dominate the early
<M d Ihé Iindicesj=4, ..., ~>"universe® where Mg is the gravitational scaleMg
We impose, for simplicity, a flavor symmetry 8pand write  _, . 1 18 Gey e see that this nonrenormalizable inter-

the superpotential as action does not affect the dynamics of SUSY breaking.
—a We now introduce B, massive hypercolor quarks
Wiree= A Z(QQ) +N'Z%(QQ)a, 3 Qa0 (j=1,...n,) and assume that each pair of the
Q.20 form doublets 4=1,2) of a new gauge group
whereZ and QQ) are singlets of the flavor $® andZ®  sSuU(2),,. Namely, the massive hyperquarks ag&2| repre-
and QQ), are5 representations of the $9." It should be  sentations of SU(2)x SU(2),,. In the original model in
noted here that we have a global UY(1)g in additionto  [10] a U(1),, subgroup of the SB) is gauged. The reason
the flavor SP4) at the classical level, where the Ugldep-  why we introduce the SU(2) gauge interaction becomes
resents éR symmetry. We choosB-charges of relevant su- clear in the next section. Notice that the introduction of the
perfields so that the U(k)has no SU(2) gauge anomaly. above massive hyperquarks does not affect the dynamics of
The R-charges for th®), andZ, are given in Table |. The the SUSY breaking14]. The SU(2), gauge interaction and
flavor U(1) breaks down to a discrete, symmetry at the the massive hyperquark3/®!) play a role of transmitting
quantum level, under whic®, transforms a®!,—iQ!, and  the SUSY breaking effects to the messenger sector. In the

Za) 8SZ(ay— —Z(a) - present analysis we take the masbgg of the hyperquarks
We show that fol\” >\ the low-energy effective super- Q&a(l) at the dynamical scale of the hypercolor SU(2)
potential is approximately given by gauge interaction, that il o =A . As we see from Fig. 1,
\ this assumption is natural since the running of the gauge
Weﬁecﬁve:—zAﬁZ, (4 coupling constantay becomes very fast below the mass
(4m) scaleMq . '
The messenger sector consists afc¢hiral superfield€}
where Ay, is a dynamical scale of the SU(2)gauge inter-  with i=1, ... ,Z which are doublets of the SU(2) a sin-
action and glet superfields, and vector-like messenger quark and lepton

superfields,dy, dy, €m, and €y, . The messenger fields,
1 Ay\?
<<QQ)>E<§<Q1Q2+Q3Q4)>:(ﬁ). (5)
2The integration of the hypercolor sector induces a nonminimal
. . Kahler potential of theZ superfield, which determines the vacuum-
The Zsuperflzeld Z has a nonvanishingF term (Fz)  gypectation value of th field. However, one cannot calculate the
=MA{/(4m)° and hence SUSY is spontaneously brokenkahler potential due to the strong hypercolor gauge interaction.
Thus, we postulatéZ)=0, for simplicity.
3We find that this breaking term witk=0O(1) is strong enough to
17 andZ? are linear combinations of the originZl'. eliminate the unwanted domain wallsee[13]).
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FIG. 2. Atypical example of the Feynman diagrams which give
the soft SUSY-breaking masses fé.

(dy ,€m) and dy ,€y) transform as* and5 of the grand
unification group SU(5]Jyr, respectively. Forn<2, the
SU(2),, symmetry is broken after the DSB sector is inte-
grated out. On the other hand, fo<®1<6, the SU(2),

gauge theory is in the conformal window, and we cannot
discuss behaviors of the fields of the messenger sector

around origin. Thus, we take=23 in the present analysfs.
Other cases will be discussed elsewttere.

The most general superpotential for the messenger sector

without any dimensional parameters is

. f — —
Wmesszz kijSEE]+§Sg+kdsq\/|dM+k€S€M€M,
1#]

(6)

wherek;;=—k;; (i,j=1,...,6), and wenave omitted indi-
ces of the messenger gauge SU{2)his W,,ssiS natural,
since we have & symmetry that forbids other possible terms
in the superpotentiaR charges for relevant superfields are
given in Table I. It is clear that the superpotentiéd,css
possesses a discrefg symmetry whereS, E, dy, and{y
have theZ; charge+ 1.

The SU(2), gauge interactioitogether with the hyper-
color SU(2), interactior transmits the SUSY-breaking ef-

PHYSICAL REVIEW D69, 015006 (2004

to a negative soft SUSY-breaking mass squaredjé, for
the singlet superfiel& The mé is estimated as

16
m3=

Ay
= 1o 2 Ki(mEY 2 in

1#] ME (8)

where Mg is a SUSY-invariant mass for the superfiels
which is given by the condensation of the superfigitsee
the following discussion

Now we have a potential for the scalar fields in the mes-
senger sector,

2
iE:&j kij E'E! + £S2+ Kqdmdy + Koy

Vmesenger:

2
+|kgSdul >+ [kaSd|?

i=1

> ki ;SE

j#I

+|ki Sty %+ ki St|?
6

(g, |E?-mysf?, 9

where all fields represent corresponding scalar boson fields.
We see that this potential has a global minimum at

2

($9)= 22, (E)=(ch) = (dh)={w) = () =0,
(IFd)=%, (10

for k4,k,>f. We show in Sec. IV that this condition for the
Yukawa coupling constants is naturally realized. The super-
fields E', dy (dy), and ly (ly) have SUSY-invariant
masses asMg=2k;;(S), My=Kky(S), and M,=k(S), re-
spectively. The SUSY-breaking effects are transmitted to the

fects of the DSB sector to the messenger sector and generaf@§ssenger quark and lepton superfields thro(igl) and

softy 2

soft SUSY-breaking masses for ti&, superfields, g
(for an example of Feynman diagrams see FjgAZtraight-
forward calculatior{10] shows(see alsd14])

e B

where am=g§1/47r with g, being the SU(2) gauge cou-
pling constant. As shown ifL0], effects ofE' loops give rise

)\2
1672

\F;
An

Am

41

Om

4

soft__
Mg =

(@)

H»

“For nq=4 the SU(2), gauge interaction becomes nonasymptotic

Yukawa coupling in Eq(6).

The condensation of th8& field, (S)#0, breaks theR
symmetry which generatesRiaxion (the phase component
of the complexS bosorn. The axion mass is usually induced
by a constant term in the superpotential, since the constant
term breaks theR symmetry explicitly. However, in the
present model the induced axion mass vanishes at the tree
level, and hence we need another explicit breaking term of
the R symmetry to give a sufficiently large mass to tRe
axion. We introduce a nonrenormalizable interaction
in the superpotential Wiese= (1/Mg)QQS.8 This new
term induces the R axion mass as Mgy,
=10 GeW/(mg,/MeV)(mg/10°> GeV). Notice that this non-

free. We prefer to use rather strong coupling constant at around tH&nOfma|iZ§1*?'e interaction breaks also the discﬂ%iesym-
gauge-mediation scale in order to make the DSB scale low enougetry explicitly and hence we have no domain-wall problem.
which leads to rather light gravitino. Thus, we regard the case

with ny<4 is preferable.

?It is an interesting possibility to take=5, since one may assign
E!, (i=1~10) to be5+5* of the SU(5)yr- In this case one does
not need to introduce the messenger quarks and leptons.

%We assume, throughout this paper, thatRhgymmetry is explic-
itly broken by nonrenormalizable interactions suppressed by the
gravitational scale.

015006-3



FUJII, IBE, AND YANAGIDA PHYSICAL REVIEW D 69, 015006 (2004

Q' — @ Q__,
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FIG. 3. The super Feymnan diagrams for decay processg$,ofQQ), (Q'Q’) and QQ’).

Q
Q

The SSM gauginos acquire soft SUSY-breaking massegreaking masses foE!, and S m®"=10*-1¢° GeV and

through messenger loop diagrams, and at the one-loop Ievg{sx 10¢—1F GeV. We should note here that the SUSY-

they can be written af] invariant masses for messenger quarks, leptons,Erate

o about 16—10" GeV (see the discussion in Sec.)IV
|
mai =G 4 M mess (1)

I1l. DECAY PROCESSES OF THE QUASISTABLE STATES

wherec,=5/3, c;=C3=1, andmy (i=1,2,3) denote the \ya are now at the point to discuss decays of all quasi-
B-ino, W-ino, and gluino masses, respectively. Similarly, thestable particles in the DSB and the messenger sectors and
soft SUSY-breaking masses for the squarks, sleptons, anghow that their lifetimes are short enough not to produce
Higgs bosonsf, in the SSM sector are generated at theextra entropy at the decay timésxcept for theR axion). We

2-loop level ag6]

2 2 2
2_ 2 a3 @2)" S ol
”W_ZMmeS£C3(4w) +CZ(477) 34

12

where C3=4/3 for color triplets and zero for singlet§,
=3/4 for weak doublets and zero for singlets, anis the
SM hyperchargeY = Q.,— T3. Here,MossiS an effective
messenger scale defined as

C(Fd) ms
Mmess_ <S> _\/5’

and in terms of SUSY-breaking scalé=-, it can be written
as

13

2y3n A
— > k2% In——F.

H
(4m?® "N & Me 19

mess$™

To have the SSM gaugino and sfermion masses at the ele

troweak scale, the effective messenger sdélg..smust be
~10*-10 GeV. Then, the SUSY-breaking scalf, be-

comes =10'-1C° GeV for ap(Au)=0.5, A==, k]

=0(1), and VInA,/Mg=0(1).” This corresponds to the

gravitino mass,

=100 keV-10 MeV. (15

Fs
Majp=~ ———
32 \3MG

first consider the quasistable particles in the DSB sector, that
are the fieldsz", the lightest bound state®'Q!, Q''Q’!,

andQ'Q’J.

A. The DSB sector

The SU(2), singletsZ'! may decay into pairs of the
SU(2),, doubletsE™+E'" through nonrenormalizable inter-
actions in the Kahler potentialk=(h/Mg)Z'i(E'E™)
+H.c., withi,j=1,...,4and,m=1,...,6(Fig. 3, where
h is of order of unity. The decay rates are estimated as
~62(h%/4m)(hMg/Mg)2M, and M,=(\/4m)Ay is a
mas$ of theZ andQQ. Notice that the bound stat€¥Q form
massive multiplets together with the [see Eq.(3)]. The
decay temperature i§§zO(100) GeV forMg=10" GeV
and A;=10° GeV.? The QQ bound states which are mass
partners of theZ" fields decay similarly. On the other hand,
they decouple from the thermal bath when the rate of the
annihilation(ov)n; drops below the Hubble expansion rate
H, where(ov) is a thermally averaged annihilation cross
section andh, a number density o' and QQ. Thus, the
relic abundance of'" andQQ is n,=H/(ov) after the de-
coupling from the thermal bath, and the total energy density
of the universe is given by

2

a
p= %9*(T)T4+ Mznz(T), (16)

whereg, (T) is the degree of freedoms of effective massless
particles at a temperatuie Then, if they were stable, they

Thus, we consider that the dynamical scale of hypercolor——

gauge interaction,Ay=10%-1CF GeV, and the SUSY-

"The SU(2), gauge coupling constant at=M¢g is estimated as

8We use a naive dimensional analysis for the hypercolor dynamics
[7]. Therefore, we may have @(1) ambiguity in the estimations
on masses and couplings of composite bound states.

%The scalar component of the flat directidnreceives a SUSY-

am(Mg)/(47)=0.2 for a,(Ay)=0.5 and hence the perturbative breaking mass of the order df,/4= through one-loop corrections

calculation for the SU(2) gauge interaction ak=M¢ is valid.

in the Kahler potential and decays also into a paiEe6fE'. On the

The dynamical scale of the SU(2)gauge interaction is estimated contrary, its fermion partner is nothing but the Goldstino component

asA,=10°-10 GeV=Mg .

of the gravitino.
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FIG. 4. The super Feymnan diagrams for decay processes & Eiebound states and the $Jm glue balls.

could dominate the energy density of the Universe In the original model in10], the E' particles overclose

((7%30)g, (T) T*<M,n,(T)) at the temperature the Universe, since they are stable particles. In the present

model, however, they have no cosmological problem, since

the E' particles form necessarily bound states owing to the

iy ~ non-Abelian gauge dynamics and the bound states can decay

As (ov)MgTiAs AraiMgAg' sufficiently fast as we see above. This is the main reason why
17 we adopt the non-Abelian SU(R)instead of the U(1).

The Sfermion and the radial component of the comp&x
where s(T) = (2m2/45)g, (T)T® is an entropy densityAs boson(calle_d R saxion can decay into a pair of the SSM
~10P—10" the dilution factor which is discussed in the next 92uge multiplets through the messengerzqtqmﬂnor’b I(2)0ps,
section[Eq. (20)] and T; their freeze-out temperature. We and the decay rate i§=(1/8m)(as/4m)*(cms/(S))“cms
have used ov)=4ma2/M2 and T;=M,/30.° We can see (¢~ 1/§/_§ for Sfermion andc= /2 for R saxion (see Fig. 5.
thatTg is much lower thaﬁ'ﬁ, and henc& andQQ decay In addmlon to the gbove Qecay modes, Bisaxions can also
before they dominate the Universe producing no significanfjecay Into R ax;on pairs W'th .the decay .ratdfz(l/
entropy,. 647)(V2ms/(S)) ﬁms, which is the dominant decay

The SU(2), singlet bound stateQ'Q’ decay into moo!e of theR saxion [16]. Thus, the decay rates of _those
QQ'+E, and then the doublet bound statedQ’ particles are sufficiently I.arge a.nd hen_ce tBefermlon
decay into QQ+E' through the Kahler potential causes no entropy production, while, as dlsgussed in the next
K=(h/Mg)(Q'QNE'" (Fig. 3. The decay rates are given _sectlpn, theR' saxion plays a role of “flaton” in the thermal'
by thperz(h2/877)(AH/MG)2AH for both decays and the inflation, wr_uch produces a large entropy at the rgheatlng
corresponding decay temperature Tg=0(10) TeV for epoch despite the large decay rate. Rxion decays into a

Ap=10° GeV. When they were stable, the bound statesQCD gluon pair through the diagram in Fig. 5, and the

o~ p : . decay rate is estimated aB=(1/4m)(as/4m)*(Mayion!
Q'Q’" and QQ’ could dominate the energy density at the o ; 2 v axion
temperatureTf in Eq. (17), since their annihilation cross (S))"Maxion- Thus, their decay temperature is given by

, 4 nz |1 M; 30M2
Te=3Mz
3 7\s(Ty)

sections and masses are about the same as tho§Eof _ M 32010 GeV ¢
bound states. We can see thift is much lower than the TE =1 Ge\r( il ( ) - 3).
decay temperatures @' Q' andQQ’ and hence they also 10 GeV| Ms 10

produce no extra entropy. (18)

As discussed in the next section, tReaxion produces a
small but non-negligible amount of entropy at its decay time

~We turn to the messenger sector. First of all, the lightesind the dilution factor from th&® axion decay is about 10
E'E! bound states can decay into a pairSfields through [see Eq(21)].
the diagrams in Fig. 4, and decay rates are givenIby  The remaining stable particles are now messenger quarks
=(Kj/4m)M. The SU(2), glue balls decay into a pair & g leptons. They can mix with the SSM quarksind lep-
andS' through 1-loop diagrams of intermedictg, particles tons ¢ through nonrenormalizable  interaction%y= (1/
(Fig . o ek oy e ro USRS 5wt AW, w1 3

) \ constant term in the superpotential which is needed to tune

rates of theE'E! bound states and SU(2)glue balls are  he yacuum energy vanishing. TiRecharges of messenger
large enough not to produce extra entropy at their decaye|gs can be chosen so that these interactions are allowed.
times. The messenger quarks and leptons decay into the SSM par-
ticles through the mixingg9]. The decay rate is estimated as

B. The messenger sector

%The QQ bound states can annihilate into a pair of the SU(2)
gauge multiplets throug’Q’ loop diagrams. Th&'l which are dm SSM gauge multiplet
mass partners ddQ also annihilate into a pair of the SU(2pauge
multiplets through their mass terms. Thus, annihilation cross section S (S>
is given by (ov)=(7%4m)(a’/M2), where 7 is a factor which
comes from the strong dynamics and naturally expected to be CZM
O(1). Even if  is much smaller tha®(1) for some reasons, the
following discussion does not change fgp0.01. FIG. 5. The super Feymnan diagrams for decay processes of S.

SSM gauge multiplet
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I'=(a3 447)(Mgp/Mg)?My4 and the resultant decay tem- heated[16]. Although the decay of the “flaton’S occurs
perature  is TI%=10 GeV (/107 3)(ky/10 Y)(mg,/  sufficiently fast in the vacuum, the reheating temperaliye
MeV). As discussed in the next section, the relic abundancef R axion cannot exceed the mass of the “flatog”and
of the messenger quarks and leptons are given by(Z9). hence the reheating temperatdrg is fixed by the mass of
after the reheating of the thermal inflation. Then the temperathe “flaton” S field, that is Ty,= \J2mg [17]. The resultant
ture at which the messenger quarks and leptons could begirield of the gravitino is given by

to dominate the energy density if they were stable is given by

it bef
4 ngﬁler Yaf‘ter= nglzef: 1 pafter before._ §T ghefore ng;ezore
TES=My 3 s 812 7 after gafter phefore 32~ 4 'th —pbefore <oefore
S(TZ®%
3 71_Zgbefor
~104 Ge M d,l 10° GeV) f ~ ( 3—’69) (4 \/EfZ)Yg;aZfore' (20)
10’ GeV Mg 1073 !

(19 whereYglsrbeoeare the yields of the gravitino after/before

after the decay of the “flaton”S, n3ie Pe"the number densities

whereng ™ are the number density ofnfgscz messenger quark%]c the gravitino,p®™be0rethe energy densities arsdfterberore

and leﬁgsnisee Eq(29)]. We see thal ;™*"is much smaller the entropy densitie¥. Here we have used the fact that the
thanTy™™, and hence the messenger quarks and leptons propiverse is matter dominated during the decay of the “fla-
duce no significant entropy in the present scenario. ton” S pafteysater= (3/4)T,,, sPefore=(2 ﬂ_ngefore/45)mg and

’ *

We conclude that none of the quasistable partiGssept pbefore_ m‘s‘/4f2. After the decay of the “flaton’S, the R

IJOJC?SG Zit);:n)elgtsggy[)if?e?n?htehefrrgSZ?L?tertisnfgtogsf ptrr(])eaxions dominate the energy Qensity of the Universe and
gravitino ! when the temperature of thieaxion cools down to its decay

' temperatureT§®", they decay into pairs of SM gluons.
Then, the SM particles are reheated up and the yield of the

IV. A MINITHERMAL INFLATION gravitino is further diluted as

AND THE ENTROPY PRODUCTION

In this section we discuss the thermal history of the af.decay
present system. We consider the reheating temperayie ng-zdecaé—‘( P ) bef.decay
much higher than the DSB scala,,~10®-10 GeV, and al.decay| pbef.deca
all particles in the DSB and the messenger sectors as well as bef deca
the SSM sector including the gravitino are in the thermal — = axion bef.decay
bath. Then, the expectation value of the fi€is set at the 44 (pbef-decaj 32
origin by the thermal effects. When the temperattireools .

. axion

down to the messenger scale, the radial component of the 3 T4 bef.decay
scalar fieldS starts rolling down to the true minimum from T4 maxion\(axionY3/2 ’ (21)

the origin. We call it the “flaton”S. From Eq.(9) it is clear
that if the coupling constaritis small, the potential 0§ is
very flat and a thermal inflatiofiL5] takes place. We assume, ) Ao . .
for the time being, that it is the case and calculate how muclﬁhe R axion decay and aor=0.3 is a yield of ther axion.

the entropy is produced after the thermal inflation. And Wegoer;ei,n;l';/ee d wggn utf]?ag:g; :jheecau2“;?522??2&?3&%
show, later on, that the couplingis naturally small asf Y

_ cbef.deca . . i
=10"2-10 4, while other Yukawa coupling constants; , =S )Yax'onr.na%'on' From Egs.(20) arjq (21), we obtain
kg ki=0(1). the resultant dilution factor of the gravitino as

When the temperatur& reachesT=mg/(2/f), the en-

where superscript af.decay/bef.decay means the after/before

ergy density of the fiel®, pea=me/(4f2), begins to domi- ybefore pefore) [ y5eldeca
nate the total energy density of the Universe and the thermal =\ Yatdecay yafter | | yaf.decay
inflation starts. It ends when the temperature falls down to 812 82 812
T=mg, and the “flaton” S starts to oscillate around the B f MagiorY axion 30 1

minimum of the potential. The “flaton’S decays intdR ax- =
ions dominantly as explained in the preceding section. Thus,

the decay of “flaton”S only reheats up the temperature of

the R axion, while the temperature of the SSM sector unre-

12The g?*™™= 230 is the degree of freedoms of effective massless

particles just after the end of the thermal inflation, which corre-
1The next-to-lightest superparticlelLSP) is in the SSM sector.  sponds to the number of the SSM particles. On the other hand, we
Its decay process ends well before the big bang nucleosyntheshsegiﬁerzl for the degree of freedoms of massless particles in the

(BBN), and hence, the NLSP is cosmologically harmless. R axion (radiatior) dominated era.

(22)

3 Tgxion 77_2g’t:efore 4\/51:2’
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FIG. 6. The required coupling constahtwhich leads to the
sufficient thermal inflation making the gravitino densi€ysh? (26)
=0.11.
- . g [ 1 1\[ 2 3 2
where we have used3;; “*“®=Y55", since no extra entropy FITy7L DT A T e P Ry
for the SSM particles is produced when the “flatoB'de- Kla =
cays and the yield of the gravitino does not change inRhe 8 4 8
axion dominated era. +— al+ — > ak!
From Egs(1), (18), and(22), we find thatf is required to 27 (=] 27 {7
be 6 3
S
mao| 5120 m V4 h2\ 13 2wz 2w "
fq0-28 o s DM 293 "
MeV 10° GeV 011/ 4 & [ 6
+— E - 2 aLlg fm,mi
27 (F ] a'é m= (i E
to explain the mass density of the dark matter by the stable 6
gravitinos'® We show the requirefito realize the gravitino S ] )
dark matter as a function of the gravitino mass,, for met, VOE % YE (27)

ms=10° GeV in Fig. 6. We see that formg,
=100 keV-1 GeV we need=102-10*, which, as we
will see, is naturally obtained in the present gauge mediatiogvhere «;=f?/4mr, ad=k§/477, a|=k|2/477, and a‘EJ'
model. _ _ ~ =k2/4w. We can see that the RGE of the coupling constant

In the following, we show that the coupling constdns  f pas no effect from the gauge coupling constants which
naturally small at the messenger scalg. We assume that gjacken the speed of the Yukawa-coupling running. Thus, we
all Yukawa coupling constants in the messenger sector is gfgn expect that the coupling constahtbecomes much

order of unity at the gravitational scaMg andnq=3. All  smaller than the other Yukawa coupling constants at the low
Yukawa coupling constants includinfy at the messenger energy scale.

scalems are determined by solving the following renormal-  The result on the couplingjis shown in Fig. 7. Here we

ization group equationRGES: have assumed
G e R O ) I ki, kg, ke, f=03-3 28
onuplas) |27 27m\af) 2w\ a; o Rde R T ' 28)
24 aiEJ at the gravitational scal® ;. We find that the desired cou-
+ o & a_f ' (24 pling f=10"2 is obtained at the messenger scale mg.

We also show the obtained coupling Constants\fﬁq;&jkij,
kq,Ke in Fig. 7. We see that the assumptions on the Yukawa

13In the present scenario, the temperature where the gravitinos af‘é)l“'p“ng Con?’tants made in the preceding section are realized

thermalized is higher than the reheating temperafyref the ther-  naturally[for instance,y X jkjj=0(1) andky,k>f].

mal inflation. At temperature which is higher than the reheating Before closing this section, we should comment on the

temperatureT,,, the expectation value of the fiellis set at the ~ reproductions of gravitinos from the thermal background af-

origin, and the fields of the messenger sector are also massled€r the thermal inflation. We find that the gravitino reproduc-

Therefore, the degree of freedoms of the effective massless paiion rate from the thermaR axion bath is small enough not

ticles, g, (T;), is enhanced ag, (T;)=350 for T;>Ty,. to spoil the successful dilution of the gravitino. The

015006-7
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FIG. 7. The histograms for Yukawa coupling constants at the DSB scalenyitl3. We have varied the coupling constakis, kq, K,
andf from 0.3 to 3 with a logarithmic measure at the gravitational sééle. Here a,,(A)=0.5, and we have set all the; equal for
simplicity.

reheating temperature of the SSM sector -@an before their decay times, and hence they produce no extra

=1 GeV(m,,/10 GeVy”? and hence the gravitino repro- entropy:*
duction from the SSM background is also negligible.
Finally, we estimate the relic abundances of the messen-

ger quarks and leptons. When the “flato8"stay at the ori-

gin, the messenger quarks and leptons are massless, and theinwe assume, in this paper, that the reheating temperature

annihilation processes take place during the reheating epocty, of the primary inflation isTg>10'° GeV so that the ther-

of the thermal inflation. When the annihilation rates))ng;  mal leptogenesis takes place. With this reheating temperature

become smaller than the Hubble expansion Htéhe mes-  the gravitinos of maseg,<1 GeV are thermally produced

senger quarks and leptons are frozen out from the thermaind they overclose the Universe if there is no entropy pro-

bath with the number densit}{,',=Hf/(av), where(ov) is  duction after their freeze-out time. We find, however, that a

an annihilation cross section of the messenger quarks andinithermal inflation occurs naturally in a class of gauge

leptons and the susupejscript f denotes the “freeze-out” meditation models we discuss in this paper. The reheating

time. Since the annihilation processes are instantanébus, process of the thermal inflation produces an amount of en-

is estimated a$d;=p?*™9Ms. Thus, the resultant relic tropy, which dilutes the number density of the relic graviti-

abundances of the messenger quarks and leptons after thes avoiding the overclosure. This dilution makes the grav-

reheating process are given by itino to be the dark matter in the present Universe. The
dilution factor depends on a Yukawa coupling constant
From Fig. 6, we see that fons,,= 100 keV-1 GeV we need

V. CONCLUSIONS

pater g [ alter of 2fM2, f210‘2—1¢43 which is naturally obtained in the present
ter = atierl “hefore nd':<ov)M e 7 , gauge mediation model.
S S P cMs  4ma; Msms The abundance of the gravitino dark matter is independent

(29) of the reheating temperaturB; of the primary inflation,

Where we havg used the fact that the Unlversﬁe IS ﬁmatte”“The bound states of the hyperquarks are heavy even before the
dominated during the decay of the *flators, p™*/s™"  hermalinflation. Thus, their annihilation processes finish before the
=(3/4)Ty,, p™™=my4f? and (ov)=4ma5{Mj3,. AS  thermal inflation. Therefore, their relic abundances are diluted by
discussed in the preceding section, the messenger quarks afd thermal inflation as well as the relic abundance of the gravitino
leptons cannot dominate the energy density of the UniverséEq. (17)].
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