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We briefly review the present status of Affleck-Dine baryogenesis and leptogenesis scenarios in the minimal
supersymmetric standard mod®SSM) in the context of the gravity-mediated supersymmé8iySY) break-
ing, and show that there is a serious cosmological problem in the Affleck-Dine mechanism. That is, the late
decay of the associated lar@eballs leads to the over production of the lightest supersymmetric particles. Then
we point out that the minimal extension of the MSSM by introducing a galggdg_, symmetry naturally
solves this problem. Here, the breaking scale oftHd)g_, can be determined quite independently of the
reheating temperature from the required baryon asymmetry. It is extremely interesting that the obtained scale
of theU(1)g_, breaking is quite consistent with the one suggested from the seesaw mechanism to explain the
recent neutrino-oscillation experiments. We consider that the present scenario provides a new determination of
theU(1)g_, breaking scale fully independent of the neutrinos masses. We also comment on the viability of the
present scenario in anomaly mediated SUSY breaking models.
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[. INTRODUCTION leptogenesis scenarios in the context of the minimal SUSY
standard moddIMSSM) with R-parity conservation. The es-
The Affleck-Dine (AD) mechanism[1,2] is one of the sential ingredients for the Affleck-Dine mechanism to deter-
interesting possibilities for generating the present baryomine the resultant baryon asymmetry are the initial ampli-
(matter-antimattgrasymmetry in the early universe. This is tude of the AD field(more precisely, the amplitude when it
expected to work naturally in the supersymme(&JSY) starts the coherent oscillatiprand the size of operators
standard modésince it has a number of flat directions which kick this condensate to give it a phase rotational mo-
(complex scalar fieldq5] carrying baryon(B) or lepton(L)  tion. An important point in this regard is that during the
charges. A linear combination of squark and/or slepton fieldsipflation and in the epoch dominated by oscillations of the
which we will call an AD field, may have a large expectation inflaton, a large energy density of the universe violates
value along a flat direction during an inflationary stage in theSUSY, which induces a SUSY-breaking mass term of the
early universe. The AD field starts its coherent oscillationorder of the Hubble parametéd [2] (we will call it a
after the inflation ends and it creates a large net baryohlubble-mass terjnfor the AD field. In the cases where the
and/or lepton asymmetry, which is finally transferred to mat-AD field has the minimal Khler potential, the induced
ter particles when it eventually decays. Hubble-mass term is positive, which drives the AD field to-
In recent developments, however, there appear several serards the origin during the inflation, and hence the Affleck-
rious obstacles to the Affleck-Dine mechanism. In particularDine mechanism does not work. However, in general cases
the formation of &Q ball, which is a kind of a nontopological where the AD field has nonminimal couplings to the inflaton
soliton [6,7], is the most serious. Th® balls are likely field, the induced Hubble-mass term can be negative so that
formed due to spatial instabilities of the coherent oscillationthe AD field develops a large expectation value. This is cru-
of the AD field [8]. It has been, in fact, shown in detailed cial for the Affleck-Dine mechanism to work and we assume
numerical calculations that almost all the initial chargesthis is the case in the following discussion.
which the AD field carries are absorbed into the forntgd The initial amplitude and evolution of the AD field are
balls[9,10]. Thus, the resultant baryon asymmetry must bedetermined in a balance between the induced negative
provided by decay of the associat@dballs, not of the AD  Hubble-mass term and nonrenormalizable operators which
field. TheseQ balls have very significant consequences onlift the associated flat direction. In the case where all of the
Affleck-Dine baryogenesis and cosmolodyi,12. nonrenormalizable operators in the superpotential are forbid-
To show how the difficulty arises from th@-ball forma-  den by some chiral symmetries, such Rssymmetry, the
tion in the Affleck-Dine mechanism, let us briefly summarizeinitial amplitude of the AD field is naturally expected to be
the present status of the Affleck-Dine baryogenesisthe reduced Planck scaM, =2.4x 10'® GeV which is the
balance point between the induced negative Hubble-mass
term and nonrenormalizable interactions in thenkéa poten-
YIn most part of this paper, we assume the gravity-mediated SUSYial. The operators which kick the AD field to give it a phase
breaking. We note on the Affleck-Dine mechanism in the anomaly+otational motion are also provided by nonrenormalizable in-
mediated SUSY breakinig,4] in the last section. teractions in the Kaler potential. This is the simplest and a
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quite possible scenario, but it generally predicts too much amwashed out by the “sphaleron” effect$7]. Thus, the baryon
amount of baryon asymmetry. Furthermore, even if it is di-asymmetry in the present universe cannot be expldifida
luted by late-time entropy productions, the decay of the asalmost unique viable scenario among the cases in which the
sociatedQ balls causes a serious problem in the universeinitial amplitude of the AD field is fixed by the potential wall
This is because the decay temperature of@Heall, which is  of the dimension six operators is the Affleck-Dine leptogen-
inversely proportional to the square root of its charge, isesis [16] using theLH, flat direction! This scenario has
expected to be well below the freeze-out temperature of th€0me particularly interesting features. The resultant baryon
lightest SUSY particle(LSP),2 which invalidates this sce- asymmetry is almost independent of the reheating tempera-

nario by means of the following argument. ture of inflation[19,2Q and it is determined by only one
parameter, i.e., the lightest neutrino mass, which results in an

If the decay temperature of the associaf@dall is lower ! . ;
than the freeze-out temperature of the LSP, the resu|t(,jl?&rtnportant prediction on the rate of the neutrinoless double

baryon asymmetry and the abundance of the LSP cold da etgn?e%i)[ezgg.mainin ossibility in the presence of general
matter is related by the following equation; y 9p y b g

nonrenormalizable superpotential is to use the flat directions
N m which can escape .from.the small window. of the potential
Q :3(_X)fB<_X)QB, (1)  Wwall of the dimension six operators. In this case they are
X 3 my, lifted by dimension ten operators which d@eerm contribu-

tions of the dimension six superpotential. Here, all of the

whereN, is the number of LSP’s produced per one baryonassociated\ terms violateB— L and thus the present baryon
number, which is at least ¥g=1 is the fraction of baryon asymmetry might be accounted for by using these flat direc-
number stored in the form @ balls, andm, andm, are the  tions. Unfortunately, this is not a viable scenario in the

m,<16 GeV

nucleon mass and the neutraling) (LSP mass, respectively. MSSM. The effective cutoff scale governing the dimension
Q denotes the ratio of the energy densityXato the critical ~ six operators in the superpotential is naturally considered to
density of the present universe. Here we assume the case lo¢ the reduced Planck scale or higher. In this case the asso-
the standardB-ino—like LSP? Using the conservative con- ciatedQ balls are too large to decay above the freeze-out
straint on the baryon asymmetry from the big-bang nucleotemperature of the LSR21]. Even if we extend the MSSM
synthesis, 0.004 Qh?<0.023 [14], the above relation INto the SUSYSU(5) grand unified theoriesGUT), this
leads to a stringent constraint on the neutralino LSP mass d§0blem cannot be avoided. This is because all of the rel-
evant flat directions are singlets under the GUT gauge group
h\2/Q\/3)\/1 and the initial amplitude of the AD fielthence the size of
0—7) (0—2) (N_) (f— . (2)  theQ ball9), cannot be suppressed.
) ) x/ \'B In this paper, we consider a possibility to extend the
_The direct experimental Iower bound on the neutralino m_as%/;stﬁgﬂ gg;juggee grrgt:g 'i;— rt]g mgz;tt‘z%@g)r:ﬁ'rgﬁneéi?; on
is m,>32.3 GeV[15], and it excludes the above scenario. ,hich js supposed to be broken at a very high-energy scale
This is an inevitable consequence of a variety of Affleck-127] if this is the case, anomaly cancellation conditions au-
Dine baryogenesis scenarfosith the formation of largeQ  tomatically require the existence of three right-handed neu-
balls. Note that th&) balls are formed wheki~O(GeV)?  trino chiral superfields which are singlets under the MSSM
which is often the epoch dominated by the oscillating infla-gauge group and carrB—L charge+1. One can easily
ton, and the entropy productions which occur after this epoclimagine that these right-handed neutrinos acquire large Ma-
cannot change the size of tiballs, and hence their decay jorana masses of the order of th§1)g_, breaking scale.
temperature. As a big bonus, we can naturally obtain a realistic mass
On the other hand, if the general nonrenormalizable suspectrum for the lighter neutrinos via the so-called seesaw
perpotential which is consistent with the MSSM gauge sym-mechanism23]. We stress, as we will see later, that this
metries andR parity is present, most of the flat directions are Minimal and phenomenologically desirable extension of the
lifted by dimension six operators which afeterm contribu- MSSM indeed cures the Affleck-Dine baryogenesis/
tions from the dimension four superpotential, and their |eéPtogenesis scenarios.
phase rotational motions are caused by the associated
terms. Unfortunately, however, all of thegeterms, with
only one interesting exception using thél, flat direction
[16], preserveB—L and the resultar®B andL asymmetry are

81t might be possible to make larg@ balls in order to protect the
produced baryon asymmetry from the “sphaleron” effects. We find
that it requires the existence of an unnaturally large cutoff scale
M~10?® GeV. Furthermore, the size of ti@balls and the reheat-
ing temperature of inflation should be fine tuned so that one can

zSee the discussion in Sec. Ill and Appendix. _ avoid the above-mentioned LSP over-production problem.
As for the case of Higgino-like and/ino—like LSP which have  7In this scenario, the associatedalls are expected to evaporate
large annihilation cross sections, see R&8]. completely soon after their formation, or even not to be formed due

“4If we use purely leptonic flat directions such laise, the associ- to the strong thermal effects. Even if the the AD field starts its
ated leptonicQ balls (L ball must evaporate above the elec- coherent oscillation when it is decoupled from the surrounding
troweak scale to make the “sphalerons” effectively work, which plasma,L balls are not formed or are very small because of the
results in a more stringent constraint. See the discussion in Sec. llparticular behaviors of the soft SUSY-breaking mass of this flat

5See the discussion in Sec. III. direction under renormalization-group equati¢hs,18].

123526-2



AFFLECK-DINE BARYOGENESIS AND LEPTOGENES . . . PHYSICAL REVIEW D 64 123526

In the following part of this paper, we perform an analysisnario. We also comment here that these flat directions are
of the Affleck-Dine baryogenesis/leptogenesis scenari®U(5)gyr singlets, and hence tHgU(5) gyt D-term contri-
which uses the dimension six superpotential in the context dbution cannot lift them.
the minimal extension of the MSSM with a gaude¢il)s First, let us show the evolution of the AD fields during the
symmetry. Surprisingly enough, all of the relevant flat direc-inflation. Here, we see that their initial values are really of
tions which can pass through the small window of the potenthe order of the breaking scale of thg1)g_, . In the fol-
tial wall coming from the dimension four superpotential havelowing discussion, all of the superfields and their scalar com-
nonzeroB—L charges with the same sign. Thus, iiderm  ponents which parametrize the relevant flat directions will be
contribution of theU(1)g_, may stop the AD field to run represented symbolically by and treated as just a single
toward the Planck scale before the dimension ten operatoffgeld. This is not accurate in the case where there exist mul-
do so. This is a crucial point for our scenario. We find thattiple flat directions. However, it does not alter the following
the baryon asymmetry required from the big-bang nucleoerder estimation of the baryon asymmetry and hence we use
synthesis can be naturally obtained with relatively low re-this representation for simplicity.
heating temperatures enough to avoid a cosmological grav- If the Kahler potential for the associated flat directions is
itino problem[24]. Furthermore, the initial amplitude of AD in the minimal form (i.e., K=¢"¢), the induced SUSY-
field suppressed by tHd(1)g_, D-term contribution makes breaking mass for the AD field is positive as emphasized in
the expected balls small enough to decay well above the Ref.[2], and is given bysV=3H?|$|?. As described in the
freeze-out temperature of the LSP. We also emphasize th#ttroduction, in order to have a large expectation value of the
the breaking scale of thd(1)g_, is almost uniquely deter- AD field, nonminimal couplings for the AD field to the in-
mined to produce the required baryon asymmetry. We findlaton are required;
the breaking scale=(2—7)x 10" GeV. Note that the
U(1)g_, breaking scale is determined totally independently b
of the neutrino masses. It is very encouraging that the ob- K=g¢'p+1T1+ —(derd?”' +ee (4)
tained scale is quite consistent with the scale of the right- M
handed neutrino masses suggested from the seesaw mecha-

nism to explain the recent neutrino-oscillation experimentgvherel denotes the inflaton s_,uper_fiéidfhe_ induced SUSY-
[25]. breaking term from the couplings in E@) is approximately

given by

II. THE SCENARIO FOR BARYOGENESIS AND 5V23(1_b¢)H2|¢|2, (5)
LEPTOGENESIS

In this paper, we consider a minimal extension of theand We assume 3Hb¢)~_.1 for _simplic@ty. in contrast to

MSSM in which the gauge group is extended by introducingthe ordmarﬁ/ p_|c_t_ur|es del_scr(|jbedf ";1 the mf'gr(?gqctlon, ('jn our

only U(1)g_, , and assume this gauge symmetry is sponta>Ccnaro the initial amplitude of the AD field is not deter-
yU(L)s-1 gauge sy y 1S Sp ined in the balance between the negative Hubble-mass

neously broken at a very high-energy scale. We postulate th .
y yhig 9y P rm and nonrenormalizable operators. To demonstrate our

all renormalizable and nonrenormalizable operators allowed™. . )
by gauge symmetries aiiparity exist in the superpotential. point, let us consider, for example, the following superpoten-

The relevant flat directions which can pass through the smalfa’

chinks of the potential wall of the dimension six operators =

are labeled by the following monomials of chiral superfields W=AX(SS-v9), (6)
[5],

where A\=0(1) is a coupling constant; is the breaking

s . I el rpra scale of theU(1)g_,, and X,S, and S are chiral super-
udd, LLe, and alinear combination afudd, LLddd). fields which are singlets under the MSSM gauge group and

(3  carry 042,—2 of B—L charges, respectively. Then, the
relevant scalar potential to determine the initial amplitude of

Here, we mean that the flat directions labeled bythe AD field is given by

(udd,LLddd) can pass through the dimension six potential 4 2

wall with (uddLLddd)#0, butudd andLLe can do so VD:Egz 2ls 2_20__‘qH¢ 2] —H2 )2

only when{uddLLe)=0. From Eq.(3), we can see that all Z Ek

of the flat directions carry nonze®—L charges with the 4

same sign. Thus, the(1)g_, D-term contribution from the +3(1—bS)H2|S|2+3(1—b§)H2U—, )
relevant flat directions cannot be canceled out within them- |S|?

selves. Consequently, if the vacuum expectation values of

some fields to break th&l(1)g_, symmetry are stabilized

during the inflation and in the inflaton-dominated epoch, ®There might be three-point couplings of the inflaton to the AD
these flat directions can be lifted at the breaking scale of thand other fields in the Kder potential, however, they do not alter
U(1)g_, as shown later. This is a crucial point for our sce-the following discussion and we ignore them for simplicity.
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where g=0O(1) is the gauge coupling constant of the eter, and hence the above stabilization mechanism of the AD
U(1)g_L, 9(<0) is theB—L charge of the AD field, and field is not restricted to the specific form of the superpoten-
bs,bg are the nonminimal couplings for ti&S fields to the  tial as in Eq.(6). _

inflaton corresponding to the couplirim, in Eq. (4). In Eq. Here, let us make a brief comment on the effects of the
(7), we have eliminated ths field by minimizing theF term ~ honrenormalizable couplings of the AB, andS fields to the
from the superpotential in E@6); |S|=v?%/|S|, which can be inflaton in the Kaler potential. As can be seen from the
justified as long as the(1) , breaking scale is much d|scu53|onjust_de.scr|b§d befozrez, energy density coming from
larger than the Hubble parameter during the inflatidp,.  the AD, S andsS fields '25 Oz(H v?) and much smaller than
From Eq.(7), one can show that the minimum o8| is that of the inflaton®O(H“M ). Therefore such couplings do

given by not alter the dynamics of the inflaton, if there are no cou-
plings between the inflaton and the AR,andS fields in the
lql q] superpotential. Furthermore, such nonminimal couplings in
|S|%= |<¢>|2 ( ) || 8 the Kéhler potential are also desirable for a successful re-
heating.

_ Now, let us estimate the baryon asymmetry. The non-
and theS and S fields have masses-v>H;y around this  renormalizable operators in the superpotential which provide
minimum. Thus, theS andS fields faithfully track this mini-  the relevantA terms are given by
mum throughout the history of the universe, and the contri-
bution to the potential for the AD field from the first term in

Eq. (7) practically vanishe$16]. Then, from Eqs(7) and W= _1( S )(Ud-d)z ﬁ(i)(u_g)z (11)
(8), the relevant potential for the AD field in the initial stage M3\ M, ' M3\ M, '
is given by
Vo( ) where A, and N\, are O(1) coupling constants. One may
D wonder why thesd8—L conserving operators can produce
3|q] 2| 42 - nonzeroB—L charges, however, they actually do. It is clear
((1 bs)———1JH |p]*+ O H?v? 7 ) from the above arguments on the evolutions of the AD &nd
fields that theS field sits at theU(1)g_, breaking scale
for (M‘¢2>v2) throughout the history of the universe, and hence the
4 ' U(1)g_. symmetry is in fact spontaneously broken below
= Iq] H2 2 the scale ofv, where the AD field behaves nontrivially to
—| 1+ (bg— bj_q) H2| 4|2+ O _(_ ) produce present baryon asymmetry. In the following discus-
2\ 4 sion, we express these superpotential operators as
lal| |,
for(4‘¢<v). W 1<S)6 1
9 6M3\ M, 4

Thus, we see from Eq9) that the potential minimum of the ¢, i hjicity, whereM (=M, ) is the effective cutoff scale.
AD field and also those of th& and S are, in fact, of the  Then, the scalar potential for the AD field is given by
order of thev during the inflation, if the coupling constants

bs andbyg satisfy the following conditions:

2 2 6 S 10

bs<—-1 and bg—bg=<4, (10 V= m¢|¢| 6M3( (amé™+H.e)+ M6 ( ) 4]

where we have used the fact thigt — 1/3. During the infla- || . 13

tion, the AD field evolves exponentially to this minimum 36M M 2 D (13
*

since the effective mass of the AD field is of the order of the
Hubble parameter.

The evolution of the AD field after the inflation is very where|a,|=0O(1), andm, is the effective soft mass for the
simple. The AD field is frozen at this initial point|y,=v AD field which is expected to be of the order of the gravitino
until the Hubble parameter becomes smaller than the sofiassms,. There might exist anothek term induced by the
mass for the AD field in the true vacuum, and then, it startssnergy density of the universe dominated by the oscillating
the coherent oscillation. This is because the initial point ignflaton[2],
determined almost independently of the Hubble parameter,
as easily seen from Eq7). Note that a similar argument is
always possible as long as the superfields to break the

S
U(1)g_, have masses much lager than the Hubble param- 6M3(

(ap@®+H.c), (14)
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where|ay|=0(1). We cansafely neglect this term since it 48 My, |an|S6°
does not alter the order of the final baryon asymmeitje n(ty)= 9 H. AL 3 Oeff (20
require the initial amplitude of the AD fieldlg|o, and that of o MM

the Sfield, | Sy, satisfy the condition .
where dq.¢s=siMarg(@,,) +arg(S) +6 arg(¢)] represents an

1/4 effective CP violating phase and is expected to B¥1)

) o (mgM3M, )5, (150 unless the initial phase of the AD field is fine tuned. Then,
the ratio of the baryon or lepton number denSitio the

entropy density after the reheating process of the inflation is

given by

M
<| myM3 ==
o ma1g
Then, the third and fourth terms in E@l3) are always
smaller than the last onéy . Thus, these dimension 10 and
12 operators do not play any role in our scenario. If the

6
condition in Eq.(15) is not satisfied, the resultant baryon or = _ E|am|6effTRm3/2 1S¢°[o —2%10°19 TR
lepton number density when tiigballs are formed is larger s 9 HS Mi M3 10° GeV
than that in the case without a gaugedl)g_, symmetry, .
and hence the LSP over-production problem becomes even 1 Tev|? v M3/
Worse:.Lo X md’ 5% 1014 GeV m_¢
The evolution of the AD field is described by the follow-
ing equation. M.\ 3 |Sp®
X( M*> 54%o) o
v

$+3Hp+ —=0. (16) , _ o
apT whereTg is the reheating temperature of the inflation, and at
the second line, we have usth| = detr=1, Ho=my. This

The baryon or lepton number density is related to the numbeiatio stays constant unless additional entropy productions

density of the AD field as take place. Here, we stress that the breaking scale of the
U(1)g_, can be determined as=(2—7)x10* GeV al-
n=gi(¢"d— ¢'d) (17) most independently of the reheating temperature of the infla-

tion for 10° GeV=Tr=10" GeV (This parameter region
for the reheating temperatufg, should be taken to avoid the
LSP over production and the thermal effects, as we will see
below) We can see that the initial values of the AD a8d
fields satisfy the condition in Eq15) with | ¢|q,|S|o~v and
M=M, . One should note that, in the second line of Eq.
h+3Hn=2ﬁlm< Mg/, Mi(am¢6))- (18) (21), we have assumed the absence of the relevant thermal

where B is the baryon or lepton charge carried by the AD
field. From Eqs(16) and(17), the evolution of the baryon or
lepton number density is given by the following equation:

IVE effects which cause the early oscillation of the AD field. If
the induced thermal effects dominate the effective potential

By integrating Eq.(18), we can obtain the resultant baryon for the AD field and cause the early oscillation, i.élg
or lepton number density at tinteas >my, the resultant baryon/lepton asymmetry is strongly
suppressefl7], as easily seen from the first line of Hg1).
m . First, let us investigate the conditions to avoid the early
[R3n](t1)=28 3/2 J dt R¥Im(a,,S¢°), (19 oscillation due to the thermal mass terms. The field which
M3M, couples to the AD field through the coupling constgngets
an effective mas§;| ¢|. If this effective mass is smaller than
whereR denotes the scale factor of the universe. From Eqthe temperaturd, the thermal fluctuations of this field pro-
(19), one can easily see that the production of the baryon o#luces the thermal mass term fgf, which is given by
lepton number effectively terminates as soon as the AD fiele?f2T2| |, wherec; is a O(1) constant. If this thermal
¢ starts its coherent oscillations around the origin, since thenassc;f;T exceeds the Hubble parameter in the regirhe
integrand of the right-hand side of E.9) decreases as fast >m,, it causes the early oscillation of the AD field. Thus, to
asot~ 4. Then, at this time which is denoted by the subscriptavoid the early oscillation, the following two conditions
0, the baryon or lepton number density is given by should not be satisfied simultaneously during the regfine
>My;

9See the related discussion in REF9].

0n the cases without a gaugek{1)g_, symmetry, the baryon or  *'The lepton asymmetry is partially converted to the baryon asym-
lepton number density is M%2. If the condition in Eq.(15) is not metry due to the “sphaleron” effects and the baryon asymmetry is
satisfied, the resultant baryon or lepton number density whe®the given byng/s=8/23n, /s| [26]. In this case, the evaporation of the
balls are formed is enhanced by the factlt,(/|S|)¥>>1, com-  associated balls (L balls must be completed by the electroweak
pared with that in the case without a gaudé(dl)s_, . See also Eq. phase transition. This is possible, as we will see later, as long as
(37). Tr=10" GeV.
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fildlo<T, ¢fT>H. (22 instability band for the AD field can be obtained from the
equations for the linearized fluctuations and is giver] 1
When the energy density of the universe is dominated by the

oscillating inflaton, its decay produces the dilute plasma with k? 5
T=(HT3M, )4 [28]. This leads to the following sufficient 0<¥<3m¢|K|, (27)
condition to avoid the early oscillation of the AD field due to
the thermal mass terms: wherek is the comoving momentum of the fluctuations of
the AD field. The best amplified mode is given by the center
f; | ol 32 of the band,
C; * k2 3
. N o — | maxe=3 mj|K], (28)
This condition can be easily satisfied as long &g R? 2

=10’ GeV, even if the cases where the coupling constants . . . S .
f.=((10°%) are present. and it corresponds e)_<actly to t@-bz_ill size WhICh is esti-
Second, let us investigate another thermal effect which ignated analytically using the Gaussian profile of eall
pointed out in Ref[29]. The field, which has an effective L12] 8SRo= V2/m K[ For the best amplified mode, the
massf;|¢|>T, changes the trajectories of the running cou-Perturbationss¢ grow according to the following equation:

pling constants of the light fields to which it couples. This s¢| |66 3
effect produces the following potential for the AD field: ’7 = 7 exp( j dth¢ K ) (29
0
2| p|? : : .
SV(p)=aTlog| — ' (24)  and enter in nonlinear regimes when the Hubble parameter
2 gl>T becomesH on=my|K|/2a, wherea=log(|¢/54|)~30. The

Q balls are formed at this time, and hence the typical charge
wherea is a constant which is given by the fourth power of Of a singleQ ball can be estimated as

gauge and/or Yukawa coupling constants, and it is at most
|a|=0(10"?). Following the same method developed in Q%—WR%Xn(t
Ref.[20], one can easily show that the above thermal effect 3

does not become relevant if the following condition is satis-

non)

fied:
s NB\@TBIK|”Z|a P (M, \3[[S¢%lo
s 9 - 27 az ml “eff m¢ m¢ M M7
Tr= |a| M, |¢0| (25 *
- : 842 M2
Hence, the early oscillation or trapping caused by the above ~ L;T|K|1/2B<—*)
thermal effect can also be avoided as long &g 3a My Tr
=10’ GeV. Thus, the estimation in the second line of Eq.
(21) can be applied for a wide range of the reheating tem- %1016(1 Tev) ( 1o Gev), (30)
peratureTr=10" GeV in which we are free from the cos- My, Tr

mological gravitino probleni24]. where the subscripton denotes the time when the pertur-

bations of the best amplified mode become nonlinear, and

lll. THE Q-BALL DECAY B=n/s~10 %% and we have used the fact that tBeballs
are formed before the reheating process of inflation is com-
pleted. In the third line of Eq(30), we have assumed that
I;there are no additional entropy productions and have used
Eg. (21) to connect the baryon or lepton number density
whenH=H,,, and the present baryon asymmetry. Note that
the third line of Eq.(30) is also applicable for other Affleck-
Dine baryogenesis scenarios as long as there are no addi-
tional entropy productiongl2].

Now, we discuss the evaporation of tQeballs following

In this section, we estimate the size of the associfled
balls and the conditions that th@ balls can evaporate or
decay well above the freeze-out temperature of the LS
which is crucial to avoid overclosing the universe. First, let
us estimate the typical size of the associafedalls follow-
ing the methods in Ref$10,12. The relevant scalar poten-
tial for the AD field at the time ofQ ball formation is given

by

| B|2 the methods in Ref$30,31]. Although the most part of &
V(¢)=m$, 1+ Klog( _2)l|¢|2, (26) ball is decoupled from the thermal bath outside, the outer
Mg region of theQ ball is thermalized since particles in the

surrounding plasma can penetrate into this region. The radius

whereMg is the renormalization scale at which,, is de-  of the thermalized region inside ti@ ball is estimated as

fined, and theK term represents the one-loop corrections £, (0))| 12
Iog( %)

dominantly from gaugino loops, and the valuelkofis esti-
Ro- (31

mated in the range from-0.01 to —0.1 [11,12,18§. The

RT: ’)/RQE
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Here, we have used the Gaussian profile of @eball; =(2—7)x10"* GeV. Note that the breaking scale of the
|¢(r)|:|¢(0)|exp(—r2/Ré). Note that the evaporation of the U(1)g_, can be determined almost independently of the re-
baryonic or leptonic charge from the outer region of @e heating temperature of the inflation as long as® 10
ball is suppressed by diffusion effects as emphasized in ReGeV=Tr=10" GeV.

[31] and is described by the following equation:

Q
T =—~ =~ 47DRuo(T) T2, (32) IV. DISCUSSION AND CONCLUSIONS

dt
In this paper, we perform an analysis of Affleck-Dine
whereD = ¢£/T with £=4—6, anduq is the chemical poten-  baryogenesis/leptogenesis scenarios in the context of the
tial of theQ ball and it is in the rangen, =< uo(T)<T. From  minimal extension of the MSSM in which thé(1)s_, sym-
Egs.(32) and the relation between the cosmic time and teMietry is gauged. We find that all of the relevant flat direc-
perature, one can easily show that the evaporation is morg, s can be lifted at the breaking scale of tHé1)s_, by
efficient for lower temperatures and the total amount of thethe U(1)s_, D-term contribution, and the LSP over-

evaportd chate & iy poWIeSBE T SICE 6 prcicion rovm ca ash b avoed The et
tially suppressed by the Boltzmann factor expt,/T). aryon asymmetry from the big-bang nucleosynthesis can be

obtained in a wide range of the reheating temperature of
Thus, the total amount of the evaporated charge from . 2 .
single Q ball can be estimated as inflation, 1¢ GeV=Tr=10" GeV, which are low enough

to avoid the cosmological gravitino problef@4]. Surpris-
427 M, 00121 TeV ingly enough, although the breaking scale of thél)g
Amegy( p %1018(W) ( - ) symmetry is determined totally independently of the right-
K] ¢ ¢ handed neutrino masses, the obtained scale from the baryon
(33 asymmetry is quite consistent with the scale suggested from
where{ = m?g, /90. Here, we have assum&g=m, . If the the seesaw mechanism to explain the recent neutrino-
initial charge of aQ ball is larger than this value, the remain- oscillation experiment25].
ing charge is emitted by the decay into light fermions. The We also comment here on other possibilities to avoid the
upper bound on the decay rate into light fermions is given byt SP over-production problem in Affleck-Dine baryogenesis/

Q)

[32] leptogenesis scenarios which use dimension six nonrenor-
malizable operators in the superpotential. We make the asso-

dQ w3 A ciated Q balls sufficiently small if we can suppress the

dat fermiof @ (34) baryon asymmetry in the initial stage of the AD field oscil-

lation (which is the relevant epoch for the formation @Qf
where A is the surface area of th@ ball, andw=m,. The balls). We find that it is, in fact, possible if the effective
upper bound is likely to be saturated f@rballs with ¢(0)  Cutoff scales are lower than the order of the'18” Gev
much larger thamn,,, which has been found from numerical @nd the reheat|1r219 temperature is in the rangé @@V
calculations[32]. However, there might be an enhancement= Tr=10" GeV.*” This may be an interesting possibility
factor f due to the decay into lighter scalars, which is ex-Since such arelatively low cutoff scale is suggested inte
pected to be at mogd(10°). Thus, the decay rate of@ balll

can be written a§l2]
12These parameter regions for the effective cutoff scale and the

dQ dQ reheating temperature can be understood as follows. Without a
H: fs dat (39 gaugedU(1)g_, , the evolution of the AD field before it starts the
fermion coherent oscillation is given byeg|=(HM?3)¥4 which is deter-

mined from the negative Hubble-mass term and the dimension ten
operators. Then, the baryon asymmetry can be calculated following
a similar method in Sec. Il as

By integrating Eq(35), we can obtain the decay temperature
of a Q ball in the following form:

0.01) 2 my | Y% 107012 g 28 Temgglan| (M )3’2
TdSZ Ge\r( W) \/f—s( m) ?) . (36) s g eff Mi m,
. _ Tr Mg
If the decay temperature of@ ball is well above the freeze- ~10 11( 10 Ge\/) 1 TeV)
out temperature of the LSH;~m, /20, the annihilation of
the produced LSP’s effectively takes place. We see from Egs. 1 TeV|%?3 M |32
(30), (33), and(36) that if the reheating temperature of infla- X( m(bV) (M*) ' 37

tion satisfiesTz=10> GeV, theQ ball charge is estimated as ynere the definitions are the same with those in Sec. Il. From Egs.
Q=10" and hence we are free from the LSP over-(30), (33), and(37), we can seeM=<10'"17 GeV is required for
production problem. From Eq21), one can see that this the evaporation of the associat€balls. On the other hand, there
condition can be easily satisfied in our scenario withmight appear strong thermal effects fst<10' GeV, and the
the interesting value of th&J(1)s_, breaking scalev above estimation might be drastically changed.
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theory [33]. Other possibilities such as<1 or to use the support. This work was partially supported by “Priority

NMSSM with a light singlino are investigated in R¢21]. Area: Supersymmetry and Unified Theory of Elementary
Finally, we point out that our scenario can also work inParticles(# 707" (T.Y.).

the case of anomaly mediated SUSY breakjBgi. Note

that there is a general serious problgsd] for Affleck-Dine

baryogenesis and leptogenesis scenarios in the case of APPENDIX: THE Q BALLS IN THE AFFLECK-DINE

anomaly-mediated SUSY breaking. Without a gauged BARYOGENSIS AND LEPTOGENESIS SCENARIOS

U(1)g_. symmetry, the relevant scaler potential for the AD WITH W=0

field which is lifted byn-dimensional superpotential is given In this appendix, we will briefly investigate the features of

by the Q balls formed in the Affleck-Dine baryogenesis and lep-
togenesis scenarios without superpotential. In this case, the

2 _(a,¢"+H.0) AD field develops its field value as large as the reduced
8 Planck scale during the inflation and starts its coherent oscil-

lation when the Hubble parameter becomes smaller than its

soft mass. There are no relevant thermal effects because the

masses of the fields which couple to the AD field are much

larger than the temperature. The baryon and/or lepton num-

where the gravitino mass;, is much larger than the soft ber density when the AD field starts its coherent oscillation is

mass for the AD fieldn, in the anomaly mediation models. given by

Because of the presence of the lafgeerms, there appears a

global minimum displaced from the origin,®|min )

~(Mg,M"3)N=2 " and the AD field is expected to be n(to)~ B35 ( 3/2) m.M?2 (A1)

trapped in this minimum during its slow rolling regime. In 0 eff my, o

our scenario, the scalar potential is given by EfB), but

with much larger gravitino mass. The field value of the top of

the hill in front of this global minimum is given by

V=(mj—cH?)|¢|*~

SveTe 3)I</>|2‘“ Y, (38)

wheredg 1= O(1). Based on a similar argument which leads

to Eq.(30), the typical size of a singl® ball is estimated as
1/4

M,
| bl hin~| myM m3,2((|8|>) : (39 . 3( Iy

Thus, as far as the initial amplitude of the AD field is smaller 3
than this value ¢ |, , the Affleck-Dine mechanism can work
without any difficulty, and in fact, this is what happens in our
scenario with the gauged(1)g_, .

Xn(typ), (A2)

where N=3/2 for Tg>¢ Y/myM, and N=2 for Tg
<¢ Y4 JmyM, . Even if we assume th@ ball is formed in
the inflaton-dominated epoch, i.&N=2, the typical size of
charge isQ~10°%. From Eqs.(33) and (36), it is clear that
M.F. thanks T. Watari for useful discussions. K.H. thankstheseQ balls cannot evaporate, and its decay temperature is
the Japan Society for the Promotion of Science for financialell below the freeze-out temperature of the LSP.
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