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Flat manifold leptogenesis in the supersymmetric standard model
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Flat manifold leptogenesis in the manner of Affleck and Dine is investigated with the slepton and Higgs
fields,L, H,, Hq, in the supersymmetric standard model. The multidimensional motion of these scalar fields
is realized in the case that theH,, andH H4 directions are comparably flat with the relevant nonrenormal-
izable superpotential terms. Soon after inflation, lepton number asymmetry appears to fluctuate due to this
multidimensional motion involving certai@ P violating phases. Then, it is fixed to some significant nonzero
value for the successful baryogenesis when the scalar fields begin to oscillate with rotating phases driven by the
quartic coupling from the superpotential tetndH4e® with h,~10"°-10"3. The Hubble parameté . at
this epoch for the completion of leptogenesis is much larger than the gravitinomgss10® GeV. The
thermal terms may even play a cooperative role in this scenario of early leptogenesis. The lightest neutrino
mass can ben, ~10"* eV, if the reheating temperature is allowed tohe~10'° GeV.
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I. INTRODUCTION phenomenon indeed occurs for the flat manifold leptogenesis

with the scalar fields, H,, andH in the supersymmetric
The Affleck-Dine(AD) mechanisni1,2] is well known as  standard model. It is the novel point in the present scenario
one of the promising candidates to explain the long-standingat the lepton number asymmetry fluctuating after the infla-
cosmological problem, baryogenesis, in supersymmetrigy, js fixed to some significant nonzero value due to the

models. Particularly, theH, flat direction has been investi- gt of the superpotential termlL H4e°. While the quartic
gated extensively for leptogenesis in the supersymmetric

standard model, where the generated lepton number asy _rmE§|LH7d312 is safely small during the inflation with,
metry is converted with a significant fraction to the baryon~10 °—10"%, it in turn provides the driving force for the
number asymmetry through the anomalous electroweak préicalar fields to oscillate with rotating phases at some epoch
cess[2-5]. In this LH, case, there appears an interestingafter the inflation. The Hubble_parameidgsc at this epoch
relation between the baryon number asymmetry and the ne@f the onset of oscillation by the, quartic term can be much
trino masses through the superpotential tekrhl () (LH,). It larger than the gravitino massz,~10° GeV. The leptoge-
should be noticed here that thel(H4) (H,Hy) term is im-  nesis is completed in this quite early epoch WHR-H o,
plicitly assumed to be larger than th&H,)(LH,) term.  which may even be before the thermal teffd$,7] become
Otherwise, theH ;H4 would be the flattest direction without significant. Hence this flat manifold leptogenesis is not re-
producing the lepton number asymmetry. stricted by the physics at the electroweak scale such as the
In this paper, we reexamine leptogenesis in the manner dbw-energy supersymmetry breaking terms. This is in salient
Affleck and Dine in the supersymmetric standard model bycontrast to the conventional flat direction leptogenesis.
considering the new possibility that a flat manifold is formed  This paper is organized as follows. In Sec. II, the relevant
for thel, H,, andH fields with comparablel(H )(LH,) part of the supersymmetric standard model is presented for
and HHg)(H Hy) terms. This comparability seems to be the flat manifold leptogenesis. In Sec. IIl, the mechanism of
plausible if these nonrenormalizable terms stem from thdlat manifold leptogenesis is described following the respec-
physics at the Planck scale. It has been observed recently tive epochs starting with the inflation, and the resultant lep-
an extension of the supersymmetric standard model with gn number asymmetry is estimated specifically related to the
Higgs triplet that the multidimensional motion can really bejightest neutrino mass. In Sec. IV, the thermal effects are
realized for the scalar fields on a flat manifdlél. In the  giscussed to show that they do not alter essentially the

multidimensional motion on the flat manifold, nonconserva-present scenario for leptogenesis. In Sec. V, detailed numeri-
tion of certain particle numbers with effectiv@P violation 5 calculations are made to confirm the multidimensional

may be available from some potential terms with differentyation of the scalar fields, and the reasonable parameter
dependences on the scalar field phases. Then, soon after i3nge for the sufficient leptogenesis is identified. Section VI

flation the fluctuating motion of the scalar fields appears dugs finajly devoted to the conclusion of this investigation for
to the effects of these potential terms, and the particle nUMge flat manifold leptogenesis.

ber asymmetries such as tBe-L asymmetry are generated
varying in time. We will show in the text that this sort of

Il. MODEL
*Email address: senami@nucleng.kyoto-u.ac.jp We investigate the supersymmetric standard model in-
TEmail address: yamamoto@nucleng.kyoto-u.ac.jp cluding the nonrenormalizable superpotential terms,
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At

Whon= m

(LHD(LHD + 2 (HH) (H MY, (@ ne=2 Ithoyl® @)

whereM represents some very large mass scale such as th§e effective coupling is estimated as
Planck scale, and the suitable basis is chosen for the relevant
fields to give the positive and diagongl and positiven, . . .

' — Metsindpm, [107° (61,<1077),

The R-parity violating terms I(;H ) (H,H4) are not included o= (8)
for simplicity. These terms do not alter the present leptoge- (Ha) 1072 (612~-1),

nesis scenario if they are not significantly large compared to

Whon- We here assume the condition on the term$ia,,  where,, represents the,-v, mixing, and the effect of the

ve-v, Mixing is assumed to be small enough. As explained in
Sec. lll, while this quartic term is safely small during the

. . . inflation with h,~10"°-10"3, it in turn provides the driving
Ihen, the flat m§n|fold for leptogenesis is fgrmed with thel‘orce for the scalar fields to oscillate with rotating phases at
L1, Hy, andHy fields. The lepton doubldt, includes the  some epoch after the inflation. This is one of the essential

)\HN)\L1<)\L2,)\L3. (2)

lightest neutrinov; with a mass points in the present scenario for the flat manifold leptogen-
(Hy)? 10 GeV N ecord ifold i
m, =\, —2 ~10°6 eV ' 3) Aqgordmg to the above arguments, the flat manifold is
Y1 1 M M/)\Ll specified by theD-flat condition for the SU(Z)xU(1)y

gauge interactions,
where (H )2+ (Hq)?=174 GeV with (H,)/(Hq)= tanp.
The comparability ofa,  and A would be understood by
considering that these nonrenormalizable terms stem from
the physics at the Planck scale. On the other hand, as indi- i o
cated from the solar and atmospheric neutrino puzzles, th@nd the other fields are vanishing. Henceforth, we adopt for
other two neutrino masses are probably around?1€V, ap-  simplicity the notationL=7,, H,=HJ, andHy=H3, sup-
parently requiringh, A~ 10*(M/10%*° GeV). Such large pressing the lepton generation indices. Including the contri-
couplings may be obtained effectively aa, ,\, butions of W,,,,, this manifold is flat enough for both the

2" t3 ~ . . .

~\,(M/M,q) by the so-called seesaw mechanism withtHu and H, Hy directions in the case that, and A are
heavy right-handed neutrinos at an intermediate sbéje comparable,
<M [8]. The see-saw contribution l?oLl/M should, how-
ever, be suppressed sufficiently for the successful leptogen-
esis.

The superpotential terms relevant for the flat manifoldas observed in Ref6].
leptogenesis are given by

[v4|2—|HYI2+[H]?=0, (9)

0.3\, /Ay=3, (10)

W:(he)ijLinejc+ uHHg+Wion. (4) IIl. FLAT MANIFOLD LEPTOGENESIS

The F terms except for the contributions ¥, are then We here describe the mechanism of leptogenesis on the

calculated as flat manifold consisting .of the scallar fieIdT.s,Hu ,Hy, say
AD-flatons (The scalar fields associated with the flat poten-
FL=(ho)jj Hde}:, Fefz(he)ij LiHg, tial are intrinsic in supersymmetric models, which are named

flatons[9]. Here, we consider such fields as participants in
(5 leptogenesis/baryogenesis in the manner of Affleck and
Dine) The scalar potential for the AD-flatonsp,

=L,H, ,Hq may be presented as

Fru,=#Ha, Fu,=(he)jLief+uH,.

Among the slepton fields, only the sneutring in L, asso-
ciated with the lightest neutrino is considered to develop a ~

very large coherent field value during the inflation, according V=Viigh+ 3 LHgl 2+ Vi (11

to condition(2). Then, it is usually supposed that the and

HY are incompatible for the flat directions due to tAg:  These three parts become dominant in the high, middle, and
terms. However, this is not necessarily the case in the preseltw energy scales, respectively. The evolution of the AD-

scenario. In fact, th& . terms provide the quartic term flaton fields is traced in the corresponding epochs starting
with the inflation. The high-energy part is provided from the
h2|L,Hgl? (6)  superpotentiaW,,, with the mass scal and the corre-
sponding soft supersymmetry breaking with the Hubble pa-
with rameterH:
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T(THy) Hd(Hqu)‘ 2 The critical valueH o5 of the Hubble parameter for which the

Ay M H M ‘ he quartic term becomes comparable \lg,, may be esti-
mated in terms ofn,,l with Egs.(3) and (8):

Vhigh: - g CaH2| ¢a|2+

2

Hu(H Hg)|? Hu(LH,)
ey ; N he |2(10Cev
Hose 10° Ge ( ) (15)
. —5 m
A L 10 ”

+| oy acH(CHY(CHY +H.c.

: Hence condition(14) can be satisfied readily sindé;, is

[ Ay typically 10 GeV or so. Here, it may be noticed thathf
+ maHH(Hqu)(Hqu)JrH.c. ~10 2 with large ve-v,, MiXing, H s could be comparable

to H;,s. Remarkably, even in such an extreme case with
+(g%+ 9" ) (JL|2—|Hy|?+|Hgl?)2. (12 Hosc~Hins the successful leptogenesis can be realized, as
confirmed by the numerical calculations in Sec. V.
The last term with the gauge couplingsand g’ of the
SU(2). and U(1),, respectively, is also included here to B. H oo <H<H,y

realize theD-flat condition(9) for the very largelL|, |H,/,
and|Hgy|. The low-energy parV,,, includes the remaining

terms, which are related to the parametems,,|u| —\yith H>H,s., the high-energy payq, is still dominant,
~10° GeV. It will be clarified in the following that the quar- a4 the evolution of the AD-flaton fields is essentially the
tic term h3[LH¢|? plays a crucial role to complete the flat same as in the case of the model with triplet Hige We
manifold leptogenesis. On the other hand, the low-energyecapitulate the main results with suitable changes of nota-
partV,,, is actually irrelevant for the leptogenesis. This is in tion, showing especially the fluctuating behavior of the lep-
salient contrast to the conventional flat direction Affleck-ton number asymmetry after the inflation.

Dine mechanism. In this section we do not either consider The AD-flaton fields are moving toward the origin with
explicitly the thermal term$4,5,7]. It will be seen in Secs. the initial conditions at=t,~H, after the inflation,

IV and V that the thermal terms do not alter essentially the

present scenario of flat manifold leptogenesis. They may balte) =L, Pa(ty)=0. (16)
even play a cooperative role for leptogenesis.

After the inflation the inflaton oscillates coherently and it
dominates the energy density of the universe. In this epoch

The evolution of the AD-flaton fields is governed by the
A . H=H;; equations of motion,

During the inflation the Hubble parameter takes almost a
constant valueH;,;, which is typically 18* GeV or so. In hat3Hp,+ ﬁ=0 (17)
this epoch, the AD-flaton fields quickly settle into one of the a @ o
minima of the scalar potentidfll) with H=H;,;. The po-

tential minima is almost determined by the high-energy partrhe Hubble parameter varies in time ls= (2/3)t ™! in the

a

Vhigh @s matter-dominated universe. The AD-flaton fields may be rep-
0 resented suitably in terms of the dimensionless figlg$2]
PO =e% T Hi(MIN), (13  as
with X representing the mean valueXf andAy . The gen- $a=xaVH(M/N)=¢€%%r \JH(M/)\). (18

eration of these nontrivial minim@l3) with rg°)~0.1—1 far

apart from the origin on the multidimensional flat manifold Then, the equations of motiofl7) are rewritten withz
depends rather complicatedly on the parametgrs\, , Ay, =In(t/ty) as

a, , anday [6]. As usually considered, at least oneayfs

should be positive so that the origin stays unstable in the d2y oU

inflation epoch. It is also essential for the flat manifold for- °+ =0, (19
mation that\, and\y are comparable, as given in E4.0). dz  ox;

Otherwise, the potential minima would be developed along

either theL H, direction or theH ,H4 direction. and the initial conditions from Ed16) are given as

By comparing Vygi~H2(M/\) and h3LHg|? q L
~h2H2(M/X)2, the following condition is expected to be xa(0)=8%7r f(m: 5X%(0). (20

satisfied for the flatness of theH ,-H4 manifold during the
inflation:

It should be noticed in Eq.19) that the first-ordee deriva-
— tive is absent due to the parametrizationdgsf in Eq. (18).
Hinr>Hos=hg(M/N\). (149 The dimensionless effective potential is given dominantly by
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The fractions of the respective asymmetries are also calcu-

1 4
U = Vi~ = | xal?+ = (Hos H) | X1 2, lated by considering the redshift in the matter-dominated uni-
(Xa) 9H3(M/)\) high 4|Xa| 9( osc )|XLXHd| verse as
(21
; ; it de
The second term is due to the time variation of the factor ea(t)EAna/[(3/2)H2(M/)\)]:—2r2—a 27)

VH(M/X\) in Eqg.(18), which apparently provides the change ddz’

of the mass terms it (x,),

The lepton number asymmetry is particularly given aslthe
Ca—Cat —. (22) asymmetry,
16

: I — . . e (t)=e(t). (28)
The third contribution from theh, quartic term is small
enough in this epoch withl >H ., while it will in turn play
a crucial role in the next epoch. The low-energy pPagt, is
clearly negligible forH ,s&ma,,| 1.

The behavior of the AD-flaton phaség is described in
this epoch as follows. The initial conditions tatt, (z=0)
are given from Eq(20) as

Since the AD-flaton phases are fluctuating in this early ep-
och, as mentioned so far, the lepton number asymmetry is
oscillating in time as |e (t)|~|d6./dZ=<|6{0— 6|
~0.01-0.1 (;~0.1-1) numerically for the reasonable pa-
rameter values.

_ (0 db?a _ C. m32<HsHosc
0:(0)=06, —=(0)=0. (23 , _ _
dz The high-energy potential terms and thg quartic term

) ) are redshifted foH=H 4 after the inflation as
On the other hand, the asymptotic trajectory of the AD-flaton

fields is found by the conditiongU/dxx =0 in this epoch Vhigh~H3(M/)\), (29
with the small enouglh, quartic term as

217 2 12142 2

6,= Ggl). (24) he|LHd| hgH“(M/\)“, (30

It is remarkable in the multidimensional motion of the AD- with | ¢/~ VH(M/X) in Eq. (18). Then, theh, quartic term
flaton fields with\, ~\; that the direction of this trajectory eventually dominates in the present epoch whtksH g,

is somewhat different from the initial direction, i.e., playing the crucial role for the flat manifold leptogenesis.
Specifically, this quartic term acts in some sense as positive
o1+ o). (25  mass-squared terms for theandH fields, driving the AD-

flaton fields to oscillate. Once the oscillation begins, the lep-

This is because the apparent change of the mass terms in Bgin number asymmetry is fixed to some nonzero value as
(22) due to the redshift induces the new balance among the

N -Ay Cross terma, term, anday term, inU(y,), which
have different dependences 64. [If the fine-tuning is made
as arg@,)—arg(@y) = mod 27, the initial balance is . ) ] ) ] o
maintained independently ofy. so as to realizeego) This asymptotic behavior ot (t) in the later time is in-
_ 021) ] Without thed y,/dz (friction) term in Eq.(19), the accoro!ance with the ffict that.the lepton number violating
AD-flaton phasesf, slowly fluctuate around9§1) starting terms inVy,g, are redshifted rapidly to be much smaller than

from 020) as a function ofz=In(t/ty) in the epocH—Ii;fl~t0 the IepSton nSumb\e/rfconks]erving te_rm;s inclucéir)g ngequak:ti_c
$t<Hgslc. That is, in the motion on the multidimensional term. (See Sec. V for the numerical resultiL.is also obvi-

flat manifold the AD-flaton fields no longer track exactly °YS that forH>m,, | u| the low-energy partiq, still pro-

behind the decreasing instantaneous minimum of the scaléflld_?ﬁ neg::glrblr?t eﬁeﬁltsti'nnth'fstﬁ p?&? ffnliip tlcc)jgsnriisr;&t th
potential. This is in salient contrast to the conventional € conerent osciiiation of the infiaton Meid dominates e

Affleck-Dine mechanism on the one-dimensional flat direc-S1€"9Y density of the universe until the decay of inflatons is

. s 71 . .
tion, where the AD-flaton phase is fixed for a long time unt”completed at the timég (>Hogo)- .The.n, Fhe universe 1s
the low-energy supersymmetry breaking terms become imreheated to the temperatufigy. Until this time the lepton
portant. number asymmetry is redshifted as matter, which is given at

In this way, through this fluctuating motion of tal-  t=tr (H=Hg) with Egs.(27), (28), and(31) as
mos) homogeneous coherent AD-flaton fieldg(t), the par-
ticle number asymmetries are generated soon after the infla- n (tg)= eL(3/2)H2R(M/)\). (32
tion as

a(h=¢ (t>H ). (3D

— L - Then, the lepton-to-entropy ratio after the reheating is deter-
An,=n,—N,=i(¢3; pa— &3 da). (26) mined WithSz3HéM€JTR as
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N (M/)TR Ving=anaz(T)T 3in (| 64|*/TH) (37
o R
S 2M3 with a;,~1 depending on the particle contents. The Hubble

parametet,, for the thermal log terms to be comparable to

1019 10°% ev Tr the Hubble induced mass terms is also estimated {wtlh
01 m,, 10° Gev/’ ~yH(M/\) as
= Huna~ ad TAM e/ (M/N) ]2 (38

whereM p= mP/\/ﬁ.: 2.4 10 GeV is the redu_ced Pl"’_ka Then, the thermal effects become important for the Hubble
mass, and the relatiof8) betweenM/\ and m,, is consid- parameter

ered. This lepton number asymmetry is converted partially to

the baryon number asymmetry through the electroweak H i~ maX Hyn1, Hinol. (39
anomalous effect. The chemical equilibrium between leptons .

and baryons leads the ratios=—(8/23)n, (without any It really takes the maximal value as

preexisting baryon number asymmetiL0]. Therefore the

max__
sufficient baryon-to-entropy ratio can be provided as re- -~ Huna/ats

quired from the nucleosynthesis with=(2.6—6.2)< 10~ 10 - m, 12

[11] _ ~5x 108 Ge\/( R : (40)
It should be noted here that the reheating temperature may 10° GeVv/\ 106 ev

be constrained adz=10°-10"°GeV, or even more se- _ '

verely, forms,~1 TeV to avoid the gravitino problefii2—  With a certain value of the relevant coupling,

14]. Hence the desired mass of the lightest neutrino is very va 328

small generally as, < 10 8 eV. It will, however, be found —3x10-? TR m,, 1)

in Sec. V that there is some range of the model parameters y 10° GeV 1078 ev/

for the successful leptogenesis with relatively lange

~10 % eV, if the reheating temperature is allowed to peWhere Eq.(3) is considered fomVl and M/\. It is readily
Tr~ 10! GeV for my,~several TeV with a small hadronic seen thatH,s>>Hy, for a wide range of the model param-
branching ratio of gravitino decag,~0.01[13]. Then, the eters. Then, the leptogenesis is completed dominantly by the
prediction for the neutrinoless double beta decay with veryh, quartic term. On the other hand, one may obtkip
small m,, [5] could be evaded in the case lofH ,-H4 flat =H . for a certain model parameter range V\IITQ\*1075,

manifold leptogenesis. (M/\)=<10' GeV andTr=10° GeV. Then, the oscillation
of AD-flaton fields is driven by the thermal terms rather than
IV. THERMAL EFFECTS theh, quartic term. In any case, the lepton number asymme-

di hat the th | for th | try fluctuating after the inflation is fixed to some significant
Wel T“N? |§cuss t Iat the t er.mlcl’:\ tﬁrms or the scalar poggn7erg value in the early epoch witte>mj;j,. The thermal
tential[4,5,7] do not alter essentially the present scenario ot s 4o not severely suppress the lepton number generation,

flat manifold leptogenesis. Before the reheating after inﬂabut even play a cooperative role in the flat manifold leptoge-
tion is completed, there is already a dilute plasma of th%esis.

inflaton decay products with temperature
Tp~(T2RHMp)1/4. (34) V. NUMERICAL ANALYSIS

, . We here present the results of detailed numerical calcula-
Then, the AD-flatons acquire the thermal mass terms in thigong for the flat manifold leptogenesis. The characteristic
plasma, features in the multidimensional motion of the AD-flaton
fields are confirmed, and the reasonable range of the model
p— 2 2 2 1
Vit =Y “Tpl bal “(yl dal <Tp), (39 parameters is identified for the sufficient leptogenesis.
The values of the various model parameters are taken in

wherey is the relevant coupling constant, aggd is the posi- the following range:

tive constant, e.g¢y,=3/4 for a quark superfield. One can

readily estimate the Hubble paramelt&f,; when the thermal M=10" GeV, H,;=10% GeV
mass terms begin to dominate over the Hubble induced mass ’ " ’
terms: to=(2/3)H,}, he=10"°-1073,
2
Me =10° g0
H...~min ’( 4T2M )1/3 ) (36) TR— 1 GeV-1 GeV,
thl VAM/N)2 RVIP

A Ag=0.IN—10\n, A=10°%-1,
The thermal log terms are also given mainly through the
modification of the SU(3) gauge coupling as lay|,|ap],ca=0-2,
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TABLE I. Typical cases for the flat manifold leptogenesis, whigre: 107 GeV andH = 10" GeV are
taken for definiteness. The indexdenotes the AD flatons a,=L,H,,H in order.

Case(1) Case(2) Case(3)
he 3x10°° 1073 1073
(tanB, 6,2 (10.2,0) (2.17/4) (2.17/4)
(M/X\,TR) (10" GeV,10 GeV) (13° GeVv,16 GeV) (108 GeVv,10° GeV)
(Hose, HI®) (9% 10° GeV,5x10° GeV) (104 GeVv,10 GeV) (102 GeVv,10° GeV)
(A hp) (1.0x1072,1.5x107?) (1.5x1073,0.5x107%) (4.0x1071,1.0x10° Y
(a, ,ap) (1.0eM47 1 0dt/2m) (1.5 137 0. 5¢ M) (2.08437 0. 4ém)
Ca (1.5,1.0,0.5) (1.0,1.0,1.0) (2.0,2.0,0.5)
rQ 0.738 0.753 0.14 0.397 0.954 0.86 0.313 0.640 0.5
(ggn) (1.208 0 3.10 (—1.170 0 o.zsi3 (—2.040 0 2.733
r{H 0.775 0.823 0.277 0.392  1.047 0.9 0.282 0.711 0.6
(gg)) (1.236 0.039 3.10 (—1.188 —-0.007 0.22 (—2.019 0.005 2.8
m,, 3.0x10° % eV 3.7x10°7 eV 1.0x10° % eV
(eL,n./9) (—0.24—2.1x10 19 (—0.17,—1.5x10 19 (—0.11,—1.0x10 %9

and[0,2w] for the phases of coupling parameters. Here, then these parameters. It should be noticed here hat
parameters relevant to the low-energy pdg, is not pre- . in case(2). Then, theh, quartic term as well as the

sented explicitly. It has been checked numerically that the.. : -
. 4 igh-ener artVy,;n may be important to determine the
effects ofV,,, are negligible in the present scenario of flat 9 9y Parhign May P

f : : ' ntial minimum in the inflation h. We have reall
manifold leptogenesis. While the fixed value of the masJ)Ote. ta um 1t the Inflation epoc e have really
confirmed that even in such an extreme case the multidimen-

scaleM in W, is presented for definiteness, the results are’. . ! . :
really obtained as a function ®/x. The value of tayg is sional motion of the AD fields can be realized producing the

. . = _ significant lepton number asymmetry.
de;tgrmlned |n~Eq§i31) Tor givenh, W.'th 0170 (smallve-v,, We have also searched the specific parameter range allow-
mixing) or 6= /4 (large ve-v, mixing). ing for somewhat highT g~ 10'° GeV, where the sufficient

By _choosmg randomly t.h.e model parameter value_s, W‘?epton number asymmetry is obtained with relatively large
have first determined the initial values of the AD-flaton fields Y . ) . .
m, ~10"" eV for the lightest neutrino. A typical example is

in Eq. (16) just after the inflation[The initial phase o, is i

chosen ass{y’=0 without loss of generality by making a presented as cag8) in Table I. _

U(1)y transformation]. Then, we have solved the equations .The t|me_evolut|on of the AD'f'?‘tO” fields hgs been d_eter-

of motion (17) for a sufficiently long time interval front mined precisely by these numerical calculations. In Fig. 1,

—t, (H=H,y) to t~10%,, evaluating the particle number the multidimensional motion of the AD-flaton fields is typi-
n ’

: : : : cally depicted in terms of the dimensionless fiejgs for
ggx/rg&n%geigt)fgf sz/v:t)r? SEO(; tl(rggglnagr?ltj:zgzb\r/]vse 2?: © case(l) in Table I. In Fig. 2 is also shown the time variation
. a .

— In(t/ty), since the time interval ranges over many orders.Of the particle number asymmetries, or the contributions to

The D-flat condition(9) is checked to be held within numeri- "¢ Nypercharge asymmete, (bold lin), = ey, (slim line),

cal errors] The dominant contributions to the thermal termsandey, (dashed ling which are evaluated with the solutions
V1t Vine are also taken into account for the evolution of theof y,. Here, we can check the hypercharge conservation
AD-flaton fields. The relevant parameters are taken for théwithin the numerical erroys el — ey, + €y, =0. The lepton
thermal mass terms 3s=mq/(Hq) andcy,=3/4 with theq  number asymmetry is given just ky = e; . These asymme-

=d,s quarks,y=m/(H,) and cy,=3/4 with thec quark, tries are really fluctuating after the inflation, and then fixed to

couplings may be close to the optimal value as given in Eq.  as for the thermal effects, we have observed that they do
(41), depending on taf. As for the thermal log termay,  not essentially alter the present scenario of flat manifold lep-
=9/8 is taken due to the decoupling of the top quark fromiggenesis. In a wide range of the model parameter space, the
the thermal plasma. thermal effects on the final lepton number asymmetnare

We have actually made calculations by taking hundreds ofgnd to be small foH ,«>Hy,, particularly with lower re-
the parameter sets. Some typical cases are listed in TableHeating temperaturdg=<10® GeV. It should, however, be
where the sufficient lepton number asymmetry is obtainedngted that the lepton number asymmetry varies slowly with
Cases(1) and (2) correspond to the small, (small ve-v, z=In(t/ty), as seen in Fig. 2. Then, it actually takes a rather
mixing) and the largéh, (large ve-v,, mixing), respectively. long term ranging over some orders aI’OIJﬁd-GSlC to com-
Although different values are taken ft/\ andTg in cases pletely fix the lepton number asymmetry by driving the AD-
(1) and (2), the resultant, has only moderate dependence flaton oscillation. In such a situation, whet{;® is smaller
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FIG. 1. The motions of the AD-flaton fields, the real pdmbri-
zontal axi$ and imaginary partvertical axig, are depicted in terms
of the dimensionless fieldg, for case(1) in Table I.

only by a few orders thahl ..., as seen for cagd) of Table

PHYSICAL REVIEW D 66, 035006 (2002

0.6
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0.2

€ o

—0.2

—0.4

1 10? 10¢ 108 108
t/to

FIG. 2. The time variation of particle number asymmetries is
shown for casél) in Table I.

lines represent the results with and without the thermal
terms, respectively. In this case, the thermal log term is con-
sidered to provide the dominant effect. We really observe
here that the lepton number asymmetry is finally fixed by the

thermal terms, though thle, quartic term first triggers the
AD-flaton oscillation. The resultand; is changed by some
factor ~1 due to the thermal effects. We may even have

Hose=HI®™ for some cases with smalldt,~107°, M/
=10 GeV, and higheTr=10° GeV. Then, the AD-flaton

oscillation to complete the leptogenesis is driven mainly by

the thermal terms rather than thgquartic term. In any case,
the thermal terms do not provide severe suppression, but
may even play a cooperative role for the flat manifold lepto-
genesis.

The magnitudes of AD-flaton fields are found to be scaled
roughly as

| o ocHW. (42)

In Fig. 4, this redshift is shown typically for cag®) of Table
I in terms of the dimensionless variablegt)ocH*® %2 |t

0.2

N

€r, 0

-0.2

-04

1 10? 10t 10° 108
t/tg

|, the thermal terms become dominant at the late stage of FIG. 3. The time variation of the lepton number asymmetry is
leptogenesis for driving the AD-flaton oscillation. In Fig. 3, shown for casg1) in Table I, where the solid and dashed lines

the time variation of the lepton number asymmetryt) is

represent the results with and without the thermal terms, respec-

shown for casd1) in Table |, where the solid and dashed tively.
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FIG. 4. The time variation of the AD-flaton field magnitudes is ~ F!G- 6. A scatter plot is presented for the resultant lepton num-

shown in terms of , for case(1) in Table I. ber asymmetries depending on the ratjd'A,,, where the relevant
parameter values are taken randomly.
is observed up to some fluctuating behavior that the power of
redshifta(t) eventually changes as [he]: [LHg4|? term, and[th]: thermal terms. It is observed
12 H-1 that in the epoch withd>H . the[c], [a], and[F] terms in
(t<Hoso), Vhigh really dominate being scaled a$° in terms of the

213 (Hosest<Hgp?h), U(xa). Then, thd h,] and everf th] terms catch up to them
7/8 (Ht;lst<m§,21), (43 around H~Hose. Soon after that, th¢th] term dominates
over thel h.] and[c] terms, and th¢a] and[F] terms includ-
ing the lepton number violation decrease rapidly, so that the
lepton number asymmetry is fixed to some nonzero value.
The D? term is not shown here for simplicity. Sind@
=(g%+9'?)YA|L|?—|Hy|?+|Hgl?) is calculated by using
Yhe solutions ofg,(t), it is very sensitive to the numerical

a(t)~
1 (t=mgy).

We here find especially that in the late epokh,'<t
<mg; the evolution of the AD-flatons is determined domi-
nantly by the thermal terms, while the leptogenesis is alread

. _1< — _l .
completed during the epodiog<t=<Hy, . The redshift of errors for the cancellation amomg,|? terms by several or-

the AD-flaton fields changes finally tb|oH, when the ders. We have really checked that tB¢ contribution is

fg‘&?ﬁ;ﬁé soft supersymmetry breaking mass terms becomsemaller than 102 in the unit ofU(,), though it apparently

In Fig. 5. the time variation of the scalar potential terms isexhibits a violent oscillation within this small range. This
9. 9,1 . i P . . ?scillating behavior is regarded to be an artifact within the
also shown in terms of the dimensionless effective potentia

. - . intrinsic numerical errors due to the fine cancellation among
U(xa) in Eg.(22), where the symbols indicate the respecnve,[he largel |2 terms in calculating the term. TheD? term

terrﬁza;[t:‘i]. -H(ljjbbled&ntduced r;egat;"‘f tmass-?qua\r/?/d termsrs anyway small enough compared to the leading terms in the
[a]: Hubble inducedA terms,[F]: |F|* terms fromWhon, U(xa), and theD-flat condition(9) is maintained quite well
through the evolution of the AD-flaton fields.

It has been argued that the comparability\efand  is
essential for the flat manifold leptogenesis. In Fig. 6, the
resultant lepton number asymmetries are plotted depending
on the ration, /N, where the relevant parameter values are
taken randomly. It is clearly seen that the flat manifold lep-
togenesis can be realized naturally under the flatness condi-
tion (10).

U(Xa)

VI. CONCLUSION

We have investigated the flat manifold leptogenesis in the
1 102 10° 10° 10 manner of Affleck and Dine with the slepton and Higgs

tto fields,L,H,,Hq, in the supersymmetric standard model. The

FIG. 5. The time variation of the scalar potential terms is shownMultidimensional motion of these AD-flaton fields is indeed

in terms ofU () for case(l) in Table I. The respective terms are realized in the case that tHeH, and H H4 directions are

indicated agc]: Hubble induced negative mass-squared tefmk, ~ comparably flat with the relevant nonrenormalizable super-
Hubble inducedA terms,[F]: |F|? terms fromW,,, [he]: [LH4|?  potential terms. Soon after inflation, the lepton number
term, and th]: thermal terms. asymmetry appears to fluctuate due to this multidimensional
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motion involving certairCP violating phases. Then, the lep- temperature is allowed to Bz~ 10'° GeV. Clearly, this flat

ton number asymmetry is fixed to some significant nonzergnanifold leptogenesis is not restricted by the physics at the
value for the successful baryogenesis when the scalar fieldgectroweak scale such as the low-energy supersymmetry
begin to oscillate with rotating phases driven by the quartidreaking terms.

coupling from the superpotential term,LH4e® with h,

~1O‘5—10‘_3. The Hubble pa_rarnetetﬂOSC at this epoch for ACKNOWLEDGMENTS

the completion of leptogenesis is much larger than the grav-
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