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Chapter 1

Introduction

The experiment of atmospheric neutrinos by the Super-Kamiokande collaboration indi-
cates a convincing evidence for the neutrino masses and mixings [1]. After the discovery
of the atmospheric neutrino oscillation, the existence of neutrino masses and mixings
is further convinced by many neutrino observations including the solar and atmospheric
neutrino experiments by Super-Kamiokande [2] and SNO [3], the reactor anti-neutrino dis-
appearance experiment by KamLand [4], and the long-baseline experiment of accelerator-
produced neutrinos by K2K [5]. The neutrino masses, however, can not be explained
in the standard model, which is quite successful for describing the interactions among
elementary particles, quarks, leptons and gauge bosons, in terms of the gauge symmetry
SU(3),xSU(2), xU(1)y. An extension of the standard model to the supersymmetric one
[6] with R-parity conservation can not even provide a solution for the neutrino masses.
The nonzero neutrino masses should hence be regarded as an evidence of new physics
beyond the standard model either nonsupersymmetric or supersymmetric.

The natural explanation of the small neutrino masses are usually made by the so-
called seesaw mechanism with heavy right-handed neutrinos [7]. Since the right-handed
neutrinos are electroweak SU(2), x U(1), singlet, they may have large Majorana masses
consistent with the gauge symmetry of standard model. By integrating out these heavy
right-handed neutrinos, the effective operator for the small Majorana masses of the ordi-
nary neutrinos is generated through the Yukawa coupling of right-handed neutrinos to the
left-handed leptons and Higgs fields of electroweak doublet. This operator providing the
small neutrino masses is also generated through the exchange of heavy electroweak Higgs

triplet fields [8]. The masses of the Higgs triplets can be in TeV region particularly under



the lepton-number L and R-parity conservations which hold very well in a natural manner
[9]. It may even be considered in the framework of unified theory that the lepton-number
violating operators such as desired for the small neutrino masses are generated through
the exchange of some exotic particles with huge masses of Planck scale [10].

Another signature requiring the extension of standard model is the origin of the baryon
number asymmetry in our universe. The successful big-bang nucleosynthesis requires
some amount of baryon number asymmetry in order to produce light nuclei, D, 3He, *He
and “Li, at the temperature T = 0.07 — 1 MeV, or the time ¢ = 1 — 200 sec in the
early universe [11, 12]. In addition, the recent measurements of the cosmic microwave
background anisotropy by MAXIMA[13], BOOMERanG[14], DASI[15] and WMAP/16]
indicate the strong evidence of the baryon number asymmetry in the early universe. The
inflation is an outstanding solution of the flatness, monopole (unwanted cosmological
relics) and horizon problems in the universe. If the baryon number asymmetry exists
before the inflation, it would have been diluted extremely by the inflation. Therefore, the
baryon-number asymmetry generation, baryogenesis, must occur after the inflation. For
the production of the baryon number asymmetry after the inflation, three conditions are
required, as noted by Sakharov; (i) baryon number B violation, (ii) C' and C'P violation
and (iii) nonequilibrium of the B-violating interaction.

In the standard model, there is a B + L violating electroweak anomalous process
mediated by the quasi particle state called sphaleron. This sphaleron process conserving
B — L is in thermal equilibrium at high temperature above the electroweak scale [17].
Hence, for the successful baryogenesis the B — L asymmetry should be generated before
the electroweak phase transition, unless the baryon number asymmetry is generated later.
Particularly, if the lepton-number asymmetry generation, leptogenesis, occur before the
electroweak phase transition, it can be transferred significantly to the baryon-number
asymmetry through the sphaleron process. [18].

It is broadly considered that the ordinary neutrinos are Majorana particles, which
means that the lepton number is not conserved strictly in nature. The lepton number
violating interactions are also relevant for the leptogenesis. Hence, the leptogenesis in
the early universe is a very interesting issue in the extensions of standard model with
lepton number violation for generating the neutrino masses. The nonequilibrium decays

of the right-handed neutrinos produced by thermal scattering processes are considered



for leptogenesis in the seesaw model of neutrino masses [18, 19]. The delayed decays
of right-handed neutrinos can satisfy the nonequilibrium condition, and their Yukawa
couplings provides the C'P violation. In order that this right-handed decay scenario for
leptogenesis works successfully without fine tuning, the mass of the lightest right-handed
neutrino is required to be larger than 10'%~!'" GeV [20]. For the thermal production of
right-handed neutrinos the reheating temperature of the universe after the supercooling
by inflation should be higher than the right-handed neutrino masses. On the other hand,
in the supersymmetric models the reheating temperature Tx is constrained as T <
108 —10'° GeV to avoid the gravitino overproduction, which would have otherwise spoiled
the successful big-bang nucleosynthesis [21, 22, 23]. Then, the high reheating temperature
to produce the right-handed neutrinos with mass ~ 10! GeV seems to be in conflict with
the constraint from the gravitino problem. The leptogenesis through the C'P violating
decays of heavy Higgs triplets suffers from the same problem [24]. Therefore, in the
supersymmetric extensions of standard models, which may be derived from the unified
theory such as superstring theory, the baryogenesis and leptogenesis through the heavy
particle decays are confronted with this difficulty.

It is promising that there is another mechanism for baryogenesis and leptogenesis in
the supersymmetric models, which is called the Affleck-Dine mechanism [25, 26]. In this
mechanism, a coherent evolution of scalar field takes place with a large initial value after
the inflation along a flat direction inherent in supersymmetric models. The rotation in
the complex configuration space of scalar field is induced by a C'P violating potential
term, and hence some charge asymmetries such as baryon-number and lepton-number
can be generated. The Affleck-Dine mechanism has been investigated intensively in one-
dimensional flat direction cases. It is, however, noted that in supersymmetric electroweak
models there are usually some multi-dimensional flat configuration manifolds for the scalar
potential. Then, it is expected that the baryon and/or lepton number asymmetries may
be generated via multiscalar field evolution on such a flat manifold. We call the lepton-
number asymmetry generation by this mechanism as flat manifold leptogenesis.

In this thesis, we study in detail the flat manifold leptogenesis in three supersymmetric
electroweak models providing the neutrino masses; (1) Higgs triplet model, (2) right-
handed neutrino model and (3) nonrenormalizable superpotential term model. Then, we

investigate the phenomenological implications of these leptogenesis models. In the future



collider experiments, the signatures of these leptogenesis models may be discovered. This
thesis is based on the studies in Refs. [9, 10, 27, 28, 29].

The remaining parts of this thesis are presented as follows. Chapter. 2 is devoted to a
review of leptogenesis. We briefly mention the observed evidences for the baryon number
asymmetry in the universe and the essential features of baryogenesis. Then, we discuss the
leptogenesis for baryogenesis through the electroweak sphaleron process. We describe the
leptogenesis through the right-handed neutrino decays, and then the Affleck-Dine mech-
anism in the supersymmetric standard model considering the effects of thermal plasma
produce by the inflaton decays. In Chapter 3, we investigate the flat manifold leptoge-
nesis in the Higgs triplet model. The neutrino mass generation is described through the
exchange of Higgs triplet. Then, the flat directions relevant for leptogenesis are discussed,
and the lepton-number asymmetry generation is investigated by solving the equation of
motions for multiscalar fields in the case of heavy Higgs triplets and that of TeV region
Higgs triplets, respectively. In Chapter 4, we investigate the flat manifold leptogenesis in
the supersymmetric seesaw model for the neutrino masses. The scalar fields participating
in the leptogenesis are identified, and their evolution is investigated to show the efficient
generation of lepton-number asymmetry. In Chapter 5, we investigate the supersymmet-
ric standard model for leptogenesis with nonrenormalizable superpotential term providing
the neutrino masses. The flat manifold leptogenesis is investigated following the respec-
tive epochs starting with the inflation, and the resultant lepton number asymmetry is
estimated specifically related to the lightest neutrino mass. Then, the reasonable range
of model parameters is identified for the sufficient leptogenesis. In Chapter 6, we investi-
gate the phenomenological effects of the leptogenesis models. In the Higgs triplet model,
the relation between lepton flavor violation and the neutrino mass matrix is considered,
and the renormalization effects on the lepton flavor violating couplings are calculated.
Then, the lepton flavor violating charged lepton decays are examined. Similar analysis
is also presented for the right-handed neutrino model by considering the condition for

leptogenesis.



Chapter 2

Review of baryogenesis

In this chapter, we review essential aspects of baryogenesis. It is first explained why
the existence of baryon number asymmetry is required for the present universe including
ourselves. Then, the essential ingredients for baryogenesis are presented. The gravitino
problem is also mentioned, which may be relevant for baryogenesis. As one of promising
scenarios for baryogenesis, leptogenesis is introduced; if the lepton number asymmetry is
generated, it is partially converted to the baryon number asymmetry. Then, the Affleck-
Dine leptogenesis is especially described in detail, and the thermal effects are considered,
which may suppress the asymmetry generation in the one-dimensional Affleck-Dine mech-

anism.

2.1 Baryogenesis

There are convincing reasons for the existence of baryon number asymmetry in the early
universe from the big-bang nucleosynthesis and cosmic microwave background anisotropy.
In the big-bang nucleosynthesis, light nuclei, D , *He, *He and "Li were generated [12]. The
theoretical prediction of the abundances of these light nuclei agrees with the observational

data of their primordial abundances, if the baryon number asymmetry of

n= Z—B = (2.6 —6.2) x 10710 (2.1)
Y

was present at the temperature 7' ~ 1MeV of the universe [11].
The baryon number asymmetry is also required for explaining the ratio of the height
of the first peak to that of the second peak of the cosmic microwave background multipole

data [30]. The cosmic microwave background radiation was fixed at the temperature 7" ~
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Figure 2.1: The brief thermal history of our universe is shown.

0.3eV in the epoch of last scattering, as shown in Fig. 2.1. The best fit parameters of the
baryon number asymmetry by using the recent report on cosmic microwave background
radiation of WMAP [16] combined with CBI [31], ACBAR [32], 2dFGRS [33] and Lyman-
« [34] data is obtained as

n=(59-6.4)x10". (2.2)

This range of baryon number asymmetry required from the cosmic microwave background
is really consistent with that from the big-bang nucleosynthesis.

It is believed to solve the horizon and flatness problems that the universe underwent
the inflationary epoch with huge expansion. Then, the initial baryon number asymmetry,
even if it existed, is diluted away through the inflation. Therefore, the baryon number
asymmetry should be generated after the inflation. The three essential conditions for
baryogenesis are presented by Sakharov; (i) baryon number violation, (ii) C' and C'P
violation and (iii) nonequilibrium condition. The first condition is obvious to generate
the baryon number asymmetry. The second condition provides the asymmetry between
particle and antiparticle. Even if some baryon number violating interaction exists, without
C and CP violation it produces baryons and antibaryons at the same rate. Hence, C
and C'P violation is also required to generate the baryon number asymmetry. If the third
condition is not realized, the baryon number nonconserving process and the inverse process
occur at the same rate. Hence, baryon number violating interaction can not generate the

asymmetry in thermal equilibrium. The Sakharov’s three conditions are summarized as
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follows for a certain baryon number violating interaction A — B + C:

e Baryon number violation
A—B+C
e (' and C'P violation

ASB+C @ AQp=1

A5 B+0 : AQy=-—1 A2 B+CO)FRA=B+C)

e Nonequilibrium
A—-B+C : AQp=1
Here, the baryon number Qg is assigned as Qp(A) = Qp(C) =0 and Qp(B) = 1.

The baryogenesis scenario was originally proposed in grand unified theories (GUT’s)

R(A—-B+C)>R(B+C — A)

[35], where the baryon number asymmetry is generated through the CP and B-violating
nonequilibrium decays of heavy particles. However, this baryon number asymmetry may
not survive through the electroweak phase transition, unless the net B — L asymmetry is
generated. This is because the B + L asymmetry is erased completely by the sphaleron
process [17], which is (B — L)-conserving but (B + L)-violating, as discussed in the next
section.

Another serious problem should be mentioned for realizing the baryogenesis in su-
persymmetric GUT’s. The reheating temperature after the inflation is required to be
high enough to produce the heavy particles with masses of GUT scale Mg ~ 10! GeV.

However, in the supersymmetric theories the reheating temperature is constrained as
Tr < 10° — 10" GeV (2.3)

to avoid the gravitino problem [21, 22, 23]. The decay of gravitinos occurs at a very late
time ¢ ~ mg/z/Mg > gy where my ~ 10°GeV is the gravitino mass, Mp ~ 2.4 x 10'®
GeV is the reduced Planck mass, and tggn ~ 1 sec is the time of nucleosynthesis. The high
energy photons from the late decay of gravitinos after the nucleosynthesis dissociate the
light nuclei produced by nucleosynthesis. Hence, the abundance of gravitinos produced
in the reheating should be suppressed enough for the successful nucleosynthesis. The
gravitino abundance is estimated to be proportional to the reheating temperature, placing

the above severe constraint.
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This problem may be evaded if the gravitino is stable kinematically as the lightest
supersymmetric particle. In this case of stable gravitino, however, the condition ms/,, < 1
keV is required in order that the gravitinos do not overclose the universe [36]. It is not easy
to provide this light gravitino mass in a wide class of supersymmetric theories. Hence,
the GUT baryogenesis in the supersymmetric theories may not be so attractive.

It is also considered to generate the baryon number asymmetry at the epoch of elec-
troweak phase transition at the temperature ~ 10°GeV, the so-called electroweak baryo-
genesis [37]. In this scenario the sphaleron process is used as the baryon number violation.
The nonequilibrium condition is provided by the first order phase transition associated
with the electroweak gauge symmetry breaking. The first order electroweak phase tran-
sition, however, requires the Higgs mass myg to be lower than 90 GeV in the standard
model, which is now excluded by the experimental bound my > 114.4 GeV by the ex-
periment of LEP [11]. The C'P violation in the Cabbibo-Kobayashi-Maskawa mixing of
quarks [38] is either shown to be ineffective for baryogenesis. In supersymmetric stan-
dard model these problems can be overcome but in a very restricted parameter region.
This region for electroweak baryogenesis in the supersymmetric standard model might be

excluded by the future accelerator experiments.

2.2 Leptogenesis

The leptogenesis is attractive to explain the origin of baryon number asymmetry in our
universe, since the lepton number asymmetry, if it is generated, is partially converted to
the baryon number asymmetry through the sphaleron process conserving B — L. We here
describe the baryogenesis from leptogenesis through the sphaleron process. The baryon
and lepton numbers are conserved at classical level in the standard model. They may,
however, be violated by the quantum effect due to the rich structure of vacuum in the
non-Abelian gauge symmetry, i.e., the f-vacuum [12]. The tunneling transition between
different f-vacua is accompanied by the change of B+ L charge. The rate of this sphaleron
process with B + L violation is too small at zero temperature to make any effect, being
proportional to exp(—4w/aw) ~ 1071 with a = ¢*/(4w) ~ 1/30. The situation
changes drastically at finite temperatures. In fact it is shown that the sphaleron process

is no longer suppressed above the critical temperature of electroweak phase transition.
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L

Figure 2.2: The tree diagram of the right-handed neutrino decay is shown.

On the other hand, at the very high temperature T > 10'?2 GeV the expansion of the
universe is faster than the sphaleron process. Hence, the (B + L)-violating sphaleron
process enters in thermal equilibrium at the temperatures 10°GeV < T < 102GeV.
Then, if a net B — L number asymmetry is not generated before the electroweak phase
transition, the baryon number asymmetry is erased by the sphaleron process. In other
words, if the lepton number asymmetry nj, is present before electroweak phase transition,
it is partially converted to baryon number asymmetry ng through the sphaleron process.
The chemical equilibrium between leptons and baryons determines the baryon-to-lepton
ratio as np/ny, ~ —0.35 [39] in the MSSM (minimal supersymmetric standard model).
Therefore, the leptogenesis is a very attractive solution to baryogenesis.

The leptogenesis is usually considered from the decay of thermally produced right-
handed neutrinos [18]. Since the right-handed neutrinos are electroweak gauge singlet,
they may acquire the lepton number violating Majorana masses. Then, the right-handed
neutrinos can decay into the final states of (s)lepton and anti-(s)lepton with different

lepton numbers )y

N — L+H,L+H,(AQL=0), (2.4)
N = L+H, L+ H/(AQL = —2). (2.5)

The difference between the rates of these lepton number conserving and violating decays
is produced through the interference of decay amplitudes of the tree (Fig. 2.2) and loop
diagrams (Figs. 2.3 and 2.4), if the C'P violating phase is included in the Yukawa coupling
of right-handed neutrinos and ordinary leptons. Hence, the generated lepton number

asymmetry is related the C'P violating phase in the Yukawa coupling. The C'P asymmetry
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LorL \

Figure 2.3: The nonsupersymmetric diagrams contributing to the C'P violation in the
right-handed neutrino decay.

L ~ ~ L
| H,or H,
-
v
N < NY N h
\\\ Z | \ / N \\
N~ N . $
\\\ | \N\-’N/ \
S e Lor L* \
H, H,

Figure 2.4: The supersymmetric diagrams contributing to C'P violation in the right-
handed neutrino decay.

env_ 1, produced per one right-handed neutrino decay to lepton or antilepton is given by

(N —L)-T(N — L)
(N> L) +T(N = L)’

(2.6)

ENL =

and the €, _,; from the decay to slepton or antislepton is given similarly. The C'P asym-
metry produced per one right-handed sneutrino decay is also given by
_T(N* = L)-T(N = L)
€ = = = "
N2ET D(N* = L) +T(N — L)

(2.7)

and similarly for the asymmetry e _,;. These C'P asymmetries are shown to be the same

[40],

EN=L = ENSL = ENsL = VoL = 6 (2.8)

This C'P asymmetry is evaluated [40] as

= g o m ()] (i) + o). (29)

1=2,3
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where h is the Yukawa coupling of the right-handed neutrinos, and z; = (M;/M;)* with
the right-handed neutrino masses M; (i = 1,2,3). The functions f; () are given by

filz) = ﬁ(x;;Fl) (2.10)

folz) = 22 , (2.11)

r—1

where f; and f, represent the vertex and wave-function contributions (the left and right
diagrams in Figs. 2.3 and 2.4), respectively.

The right-handed neutrinos decay in the epoch with Hubble parameter H ~ I'y ~
h%M,/(87). The decay of the lightest right-handed neutrinos is important for leptogenesis,
since the heavier ones soon decay to the lightest one. The abundance of lightest right-

handed neutrinos is estimated as

nn,

~1 2.12
e, (212)

where ny, and n, are the number densities of the lightest right-handed neutrino and

photon, respectively. Then, the lepton-to-entropy ratio is given by

n, KEN N, K€
~N —m—m—— N —

. o, P (2.13)
where g, ~ 230 is the degree of freedom of light particles in the MSSM, and x < 1 is the
suppression factor representing the wash-out effect. The precise value of « is obtained by
solving the Boltzmann equations.

The C'P asymmetry e is estimated [41] as

3 M,
€ S §—<Hu>2(m3—m1) (2.14)
— M1 ms
< 107 2.15
~ <109Ge\/> (0.05e\/>’ (2.15)

where m; (i = 1,2,3) are the ordinary neutrino masses. Then, the baryon-to-entropy

ratio is bounded as

npg nr, 10 M1 ( ms ) ( K )
— ~0.35— < 10 — . 2.16
s s (109Ge\/> 0.05eV/ \0.1 (2.16)

Hence, the baryon number asymmetry of the universe may be generated with M; ~

10° — 10 GeV. On the other hand, the reheating temperature is constrained as T <
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108 — 10 GeV. The mass of the lightest right-handed neutrino should be less than the
reheating temperature for the thermal production of right-handed neutrinos. Therefore,
the leptogenesis through the right-handed neutrino decay appears to be very restrictive

in supersymmetric models.

2.3 Affleck-Dine mechanism

The Affleck-Dine mechanism [25, 26] may be more promising for baryogenesis and leptoge-
nesis in supersymmetric models, while the leptogenesis through the right-handed neutrino
decay suffers from the gravitino problem. In supersymmetric models, there are many flat
directions which contains scalar fields such as squarks and/or sleptons fields with baryon
and/or lepton numbers. The renormalizable terms in the scalar potential disappear along
the flat directions. Hence, during the inflation the scalar fields develop large expectation
values. The number asymmetry of a scalar field ¢ is given by

ng=Ny—No=i (66— 6"6) = dloP, (2.17)
where N, and N¢ represent the particle and anti-particle numbers, respectively, and # is
the phase of ¢. If the scalar field ¢ with B — L charge begins to rotate in its phase # on
the complex configuration plane, the nonzero particle number asymmetry of ¢, i.e., the
B — L number asymmetry is generated.

We describe in detail the rotational motion of ¢ by considering the LH, direction
in the MSSM [42]. The one-dimensional Affleck-Dine mechanism for leptogenesis along
this direction has been considered intensively in literature [43, 44, 45]. It is interesting
in this case that the lepton number asymmetry is given in terms of the lightest neutrino
mass m,,. We will investigate the flat manifold leptogenesis in the following chapters by

extending this mechanism.

The scalar field ¢ along the LH, flat direction is identified as

i1:<¢/(;/§>, Hu:<¢/0\/§), (2.18)

where we consider the first generation of sneutrino since the lightest neutrino has the
flattest potential. This LH, flat direction is lifted by the effective nonrenormalizable

superpotential term for generating the neutrino masses,

W =" LH,LH, = —_

LH,LH,, 2.19
oM 2(H,)? (2.19)
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Figure 2.5: The scalar potential of L° and H? is shown. Thick line represents the flat
direction, |L°| = |H?|, which is taken as D flat configuration. The potential apart from
the flat direction is dominated by the D-term.

where M represents some large mass scale, e.g., the Planck mass. The superpotential

(2.19) is given effectively for ¢ by

K
W=_——¢ 2.20
s (2.20)
and the scalar potential is given by
V = (m3 — cH?)|¢|* + L (Amg + aH) k¢* + Hec.| + IsPlef (2.21)
0 8M 4M?

where myg is soft supersymmetry breaking mass. Here, we assume the hidden sector
supersymmetry breaking providing mgy ~ 10®> GeV. The nonzero density of the inflaton
in the early universe provides the soft supersymmetry breaking terms with the Hubble

parameters H [26] in addition to the low energy ones with mass scale mgy. In some
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supergravity models, the Hubble induced mass term of ¢ may become negative (¢ > 0).
The A and a terms do not conserve the lepton number, and the mismatch between these
terms drives the phase rotation of ¢. Then, with this plat potential the scalar field ¢
evolves governed by the equation of motion,

.. . oV
¢+3H¢+%:

0. (2.22)
We examine in the following the evolution of ¢ in the respective epochs of the early
universe, showing how the lepton number asymmetry is generated.

During the inflation, the Hubble parameter takes almost a constant value Hi,z > my.
Since the origin of the scalar potential (2.21) is unstable for ¢ > 0, the ¢ field quickly

settles into one of the minima of the scalar potential with H = H;:

¢o = eZ.607”0\/ Hine(M/r), (2.23)

where ry ~ 1, and

—arga+ (2n+ 1)m
4

6 ~ (n=0,---,3). (2.24)

After the inflation (before the reheating is completed), the coherent oscillation of the
inflaton dominates the energy density of the universe, and the universe is in the matter
dominated epoch with the Hubble parameter varying in time as H = 2/(3t). Then, with

this decreasing H the ¢ field is tracking the instantaneous minima,
¢ = er\/H(M/k) (2.25)

with r ~ 1, decreasing its magnitude. Since the a term dominates in phase dependence,
0 = 0, is fixed in this epoch.
The Hubble parameter eventually decreases after the inflation, and when it becomes

as
H < my, (2.26)

all the terms of the scalar potential (2.21) have comparable in magnitude, including
A and a terms. In this epoch the mg mass term dominates over the Hubble induced
negative mass term, so that the ¢ field begins to oscillate coherently with initial amplitude

|p| ~ /mo(M/k). The desired C'P violation arises from the difference between arg a and

18



arg A, and the A term becomes important for determining the variation of phase . Since
arg A # arga without fine tuning, the rotation of ¢ field in the complex configuration
plane is driven by the A term with nonzero and almost constant @ ~ €. As a result, the

lepton number asymmetry generated at H < myg, which is estimated as
np, = §H2(M//£), (2.27)

where the factor 1/2 = (1 + 0)/2 represents the effective lepton charge of the scalar field
¢ corresponding to the flat direction of L (Qr=1) and H, (Qr =0).
The lepton number asymmetry is diluted as n; oc H? in the later time. Then, the

reheating is completed with H < my, and the lepton-to-entropy ratio is obtained as

nr E(M/H)TR

Lo /MR 2.28
s 2 3M3 (2:28)
where the entropy density is given by s ~ 3H?M32/Tg. Then, by considering Eq. (2.19),
the lepton number asymmetry is given in terms of the neutrino mass,

nr, _10 m, -1 Tr
— ~ 1 . 2.2
S 0 (10*5e\/) (108Ge\/) (2:29)

As a result, the sufficient lepton number asymmetry appears to be generated in the
scenario.

This mechanism is, however, drastically changed by including the thermal effects which
are provided from the plasma of the inflaton decay products [46, 47] should be included.
Before the reheating is completed, the inflatons continue to decay producing light particles,
though the decay rate is slow compared to the expansion rate H of the universe. The

decay products form the thermal plasma with the energy density,

pp = (I't/H)pr, (2.30)
where the energy density of the coherent oscillation of inflaton is given by
p1 = 3H* M3, (2.31)

and the decay rate of inflaton is estimated in terms of the reheating temperature Tx as

1 ~ (72g,/30)/2T2%/Mp. Then, the temperature of thermal plasma is given by

Ty =~ py/* ~ (THHMp)'/*. (2.32)
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Figure 2.6: The time variation of inflaton energy density p; and thermal plasma energy
density p, is shown. The inflaton energy density disappears exponentially at ¢t = 5, and
the reheating is completed.

The time variation of the energy densities of inflaton and thermal plasma is illustrated
in Fig. 2.6. The inflaton energy density disappears exponentially at ¢ = tg, and the
reheating is completed.

The scalar field ¢ acquires a thermal mass term from the plasma consisting of quarks,

leptons and gauge bosons as
Vi = 3 42720 (2.33)

for the couplings satisfying the condition y,|¢| < T},. The particles coupling to ¢ acquire

effective masses as

Mo = Ya| |- (2.34)

Then, if the particles are light enough as m, < Tj,, they enter the thermal plasma providing

the effective mass term for the ¢ field. It is found that this thermal mass term V;;,; begins
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to dominate over the Hubble induced mass terms for the Hubble parameter
2
Hy ~ min %(yﬁTgMP)W : (2.35)
In practice, the Yukawa coupling of up quark is small enough for inducing the thermal
mass term satisfying the condition y,|¢| < T}, [44].
The thermal-log term also provides significant effect on the evolution of ¢ field and
hence the leptogenesis [47]. The top quark decouples from the thermal plasma due to its
large effective mass. This makes a change in the temperature dependence of the strong

gauge coupling through renormalization as

327 T?
where Mg is a large scale such as GUT scale. The gluons and gluinos in the plasma
without acquiring the effective masses from ¢ produce the thermal free energy at two
loop level, 6V o g3(T)*T*. Then, the above modification of the strong gauge coupling

includes thermal-log term,

2
Vine =~ acs(T)*T* In <|%|2> : (2.37)

where a ~ 1 and a3 = g3 /4. This thermal-log term also begins to dominate the Hubble

induced mass term for the Hubble parameter

Mp
Hipo >~ a3Try | —— 2.
th2 = 3L R M/n ( 38)
If the ¢ field begins to oscillate for
H ~ Hy, = max[Hipny, Hing] > my, (2.39)

the generated lepton number asymmetry is suppressed significantly by the factor mg/Hyy,
ng € (M/k)Tr mg

s 2 3M% Hy
Therefore, it is found that by including these thermal effects the generated lepton number

(2.40)

asymmetry is almost independent of the reheating temperature Ty [45]. Then, in order
to obtain the sufficient leptogenesis the lightest neutrino mass is required to extremely

small as
my, =1071% — 107%V (2.41)

with 105GeV < Tk < 10'2GeV.

21



Chapter 3

Higgs triplet model

In this chapter, we study an extension of the supersymmetric standard model including
a pair of electroweak Higgs triplet A and A. The neutrinos acquire Majorana masses
mediated by these Higgs triplet fields. The successful leptogenesis for baryogenesis can
be realized after the inflation through the Affleck-Dine mechanism on a flat manifold
consisting of A, A, & (anti-slepton), even if the Higgs triplet mass Ma is much larger
than the gravitino mass mg/, ~ 103GeV. Specifically, due to the effects of the potential
terms provided with the superpotential terms MaAA, (Ay/2M)AAece, (Aa/2M)AAAA
(Ag/Aa ~ 0.3 — 3), the phases of A, A, é are rotated at the time with the Hubble
parameter H ~ Mx, producing generally the asymmetry with fraction e;, ~ 0.1. If Mx
is large enough, this early leptogenesis can be completed before the negative thermal-log
term dominates over the scalar potential. This scenario is possible even for M ~ 1TeV of
Higgs triplets in TeV region if the reheating temperature is relatively low, Tz ~ 10°GeV,
and the mass scale of the nonrenormalizable terms is high enough, M/\ ~ 102*GeV. On
the other hand, the negative thermal-log term may be dominant for Ma ~ 1TeV. Then,
the lepton number asymmetry is amplified for some period by the thermal-log effect, and
fixed later by the rotation of antislepton field. Even with this amplification, the resultant

lepton-to-entropy ratio can be appropriate for some reasonable values of T and M /.
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3.1 Model

We investigate an extension of the minimal supersymmetric standard model by introduc-
ing a pair of Higgs triplet superfields,

+ ++ _ A A0

A= (" /oﬂ ° , A= AV2 A . (3.1)

A —At/\V2 A A~ /V2
The lepton doublets L; = (v;,1;), anti-lepton singlets I§ (i = e, p, 7) and the Higgs doublets
H,, H; are given as usual. The generic lepton number conserving superpotential for the
leptons and Higgs fields is given by

1

V2

We consider the case of one lepton generation for definiteness in the following, though the

essential results are even valid for the case that more than one generations participate in

leptogenesis. The lepton numbers are assigned to the Higgs triplets as
Qu(d) = -2, Qu(A) = 2. (3.3)
The lepton number violating terms may also be included in the superpotential as
Wiv = §AHH, + &AH H,. (3.4)

The Higgs triplets develop nonzero vacuum expectation values (VEV’s) due to the effects
of Wiy as

61 <Hu>2
Ma

(A%) = —¢; , (A% = —¢ (3.5)

The factors ¢1,ce ~ 1 (with & ~ &) are determined precisely by minimizing the scalar
potential including the soft supersymmetry breaking terms with the mass scale mgy ~
103GeV. If the Higgs triplets are very heavy with Ma > myg, the soft supersymmetry
breaking terms are negligible and ¢;,c; = 1 is realized. It should here be noted that
these VEV’s are induced by the & and &, couplings explicitly violating the lepton number
conservation. Hence, the so-called triplet Majoron does not appear from the A and A
fields, which rather acquire masses ~ Ma. The slepton fields L;, le do not develop VEV’s
since the R-parity is still preserved by the VEV’s of Higgs triplets.
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The neutrino mass matrix is provided by the VEV of the Higgs triplet as
M, = fV2(A%), (3.6)
which is diagonalized with a unitary matrix U as
UTM,U = diag(m,, ma, m3). (3.7)
The charged lepton mass matrix is also given as
M, = h(Hy) = diag(me, m,, m;). (3.8)

Here, the flavor structure of leptons is described at My, by the f coupling with the diagonal
h coupling. This neutrino mass matrix should reproduce the masses m; and mixing angles
0;; inferred from the data of neutrino experiments [2, 3, 4, 48]. The constraint on the

magnitude of f coupling is then placed from m; < 10~'eV roughly as

— 6 - MA o 1 6 ! MA
pew () () - () () o

where the upper bound of the neutrino mass is given by WMAP [16] ,

m, < 0.23eV. (3.10)

If the Higgs triplet masses are very heavy with Ma ~ 10! GeV, this condition may be
realized for reasonable values of &, & ~ & ~ 1072,

The Higgs triplets, on the other hand, may exist in the TeV region with Mx ~ 103GeV.
Then, it is required that &,& ~ & ~ 107! for the neutrino masses. These tiny lepton
number violating couplings &;, & inducing the VEV’s of Higgs triplets may be explained
naturally as follows [27, 28]. Suppose that the lepton number/R-parity violation originates
in the Planck scale physics. Then, it may be provided with certain higher-order effective
superpotential terms as
SH,AH,

Mp

SHyAH,

o (3.11)

Wiy =& +&

with the reduced Planck mass Mp = mp/v/87 = 2.4 X 108GeV. Here, some singlet
superfields S and S of R-parity odd with Q; = 1, —1, respectively are also considered.
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The lepton number / R-parity violating terms SH, H; and SAA are hence excluded. These
singlet fields may have the lepton number/R-parity preserving superpotential terms,
SSSS

= M<SS
WS 5554—)\5 Mp R

(3.12)

where the Higgs singlet mass is assumed to be Mg ~ 10?°GeV as well as the Higgs triplet
mass Ma ~ 103GeV. Without cubic terms for the Higgs singlets, they are considered as
flatons [49], and may develop large VEV’s with vanishing F-terms |Fs|, |Fg| ~ 0 as

(S) ~ (S) ~ \/MsgMp ~ 10°GeV. (3.13)
Then, the lepton number violating couplings & and & are derived effectively as
& = &((S)/Mp), & = &((S)/Mp) (3.14)

with the tiny factor desired for ¢ in Eq. (3.9),
(S)/Mp,(S)/Mp ~ /Mg /Mp ~ 1078, (3.15)

3.2 Flat Directions
We assume that the Higgs triplet mass is negligible at the end of inflation,
Ma < Hipg. (3.16)

Then, the Higgs triplet fields are allowed to enter into certain flat directions until the
Hubble parameter H decreases to M. (This situation is similar to the u term in the case
of LH, flat direction.) The F-terms are actually given (except for the contributions of

Wia) as

Fr = hHge® +V2fAL,

F.. = hLH,,
FHu = ,U,Hd,
Fy, = hLe‘+ uH,,

_ 1
Fr = MA+—fLL,
A A \/if
Fi = MaA. (3.17)
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These terms represent the flat directions, AAé€® (Qr = 2) and AA (Qr = 0), respec-

tively. The nonrenormalizable terms relevant for leptogenesis is given by,
Wig = 2L AAc%e 4+ 6 25 AAAA (3.18)
YT oM 2M ’ '

where M represents some very large mass scale such as the grand unification or Planck

scale. Then, if these directions are comparably flat with
0.3 S Ag/Aa S 3, (3.19)

the coherent evolution of the scalar fields, say AD-flatons [10, 25, 26, 49], may take
place on the complex two-dimensional flat manifold spanned by these directions, starting
with large initial values after the inflation. This flat manifold is specified by the D-flat

condition,
[AT]2 = [AT] + & =0, (3.20)

and the other fields are negligibly small.

3.3 Leptogenesis with heavy Higgs triplets

We now examine the lepton-number asymmetry generation on the flat manifold in the
Higgs triplet model. In this section, we first consider the case of heavy Higgs triplets with
M > my [27]. In this case, thermal effects may be neglected. The relevant flat manifold
is specified in Eq. (3.20). The scalar potential for the AD-flatons A+, A=, &° is given by

V = (Clmg/z — C1H2)|A|2 + (Cgmg/Q — C2H2)|A|2 + (Cgmg/Q — C3H2)|éc|2
Ay« Aax L]
+ ‘MAA + MM@C@C + e“MAAAA

2

Y L b VR
+‘MAA+e“SMAAAA —|—‘MZAAGC

+ [(bAH + BAmU)MAAA + hC]
‘|
+ |:m (GAH + AAmo))\AAAAA + hC:|

+or (JAP = AP + [e)?, (3.21)

1 _
1
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(A = At and A = A~ henceforth for simplicity of notation). The last term with
U(1),- gauge coupling g; is included to realize the D-flat condition (3.20) for the large
enough |A[, |A[, |€¢]. The nonzero energy density in the early universe provides the soft
supersymmetry breaking terms with the Hubble parameter H in addition to the low-
energy ones with the gravitino mass ms,; [26]. We consider the case that at least one ¢,
is positive. In the following, the evolution of the AD-flatons is described in the respective
epochs for evaluating the lepton number asymmetry. It will really be confirmed later
by solving the equations of motion numerically with the initial values specified by the

potential minimum in the inflation epoch.

3.3.1 (i) t < M;!

During the inflation the Hubble parameter takes almost a constant value Hj,¢, and the

AD-flatons quickly settle into one of the minima of the scalar potential V' with H = H;,s:

3O = " O [HL(M/N), (3.22)

where ¢, = A, A, &%, and )\ represents the mean value of Az and Aa. These minima are
determined depending on the values of the parameters in the scalar potential. Specifically,
the Ap-Aa cross term, ay term and aa term, which are significant for H > Ma,m3/2,
have different dependences on the phases 6, of AD-flatons. Then, some valleys are formed
on the flat manifold so as to minimize the sum of these three terms depending generally
on |¢,|, and the potential minima are located along them. Actually, we find the minima
with

O 0.1 =14 Ap~Aa, ¢~ L (3.23)

(It should be mentioned for completeness that if Ay and Aa are rather different from each

other, the minimum is formed along one of the flat directions with rg)) =0orrl =0. We

éc
do not consider such cases here.) As for the initial phases, up to the physically irrelevant

arbitrary phase of U(1),,, gauge transformation they are specified in terms of the U(1)

em

invariant combinations as
oY + 07, 09 + 00, (3.24)

(0)

The dependence of 6, on the parameters cq, Ay, Aa, ag, aa is really complicated in con-

trast to the one-dimensional Affleck-Dine scenario, unless the fine-tuning, arg(ay) —
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arg(aa) = m mod 27, is made so as to align simultaneously the three phase-dependent
potential terms.

After the inflation the inflaton oscillates coherently, and it dominates the energy den-
sity of the universe. In this epoch of t < M! < m;/IZ (H > Mx > mg)s), the AD-flatons

are moving toward the origin with the initial conditions at ¢t = t, ~ H, : just after the

inflation,
a(to) = 0, alto) = 0. (3.25)
The evolution of the AD-flatons are governed by the equations of motion,
. 178
¢a + 3H¢a + 8(15* = 0. (326)

The Hubble parameter varies in time as H = (2/3)¢t"! in the matter-dominated universe.
The AD-flatons may be represented suitably in terms of the dimensionless fields x, [26]

as

bo = Xa\/VH(M/X) = e“r \/H(M/N). (3.27)

where we define ¢ = /H(M/)). Then, the equations of motion (3.26) are rewritten with
z =In(t/ty) as

d*>v, OU
=0 3.28
dz? + ox* ’ (3.28)
and the initial conditions from Eq. (3.25) are given as
(0 dx 1
(0) = e 70 Z22(0) = ~x,(0). 3.29
xal0) = ¢, S 0) = 3, (0) (329)
The dimensionless effective potential U is given by
4 1
U(Xa, MA/H H)=———V(¢s, H, Ma, — vl % 3.30
(X ) A/ 7m3/2/ ) 9H3(M/)\) (¢ A m3/2) 4|X | ( )

The second term is due to the time variation of the factor ¢ in Eq. (3.27), which apparently

provides the change of the mass terms in U,

9
a_> a P 331
c Co + 16 (3.31)

It should be noticed in Eq. (3.28) that the first-order z-derivative is absent due to the
parameterization of ¢, oc H/2 oc t=%/2 in Eq. (3.27). In this epoch with H > Ma,my)s,

the effective potential U is almost independent of the mass parameters Ma, mss:

U(Xa» Ma/H,m3p2/H) = Ui(xa) + O(Ma/H,m3z)5/H). (3.32)
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The motion of the phases #, of AD-flatons is described in this epoch as follows. The
initial conditions at t = ¢, (2 = 0) are given from Eq. (3.29) as

do,
dz

On the other hand, the asymptotic trajectory of the AD-flatons is found by the conditions

0,(0) =0, —2(0) = 0. (3.33)

0U,/0x; = 0 in this epoch with H > Ma,ms/, as

0, = 6. (3.34)

a

It is remarkable for the multi-dimensional motion of the AD-flatons with Ay ~ Aa that

the direction of this trajectory is somewhat different from the initial direction, i.e.,
o) £ 90, (3.35)

This is because the apparent change of the mass terms in Eq. (3.31) due to the redshift
induces the new balance among the Ay-Aa cross term, ay term and aa term in Ui(x,),
which have different dependences on 6,. (If the fine-tuning is made as arg(ay) —arg(aa) =
7 mod 27, the initial balance is maintained independently of |x,| so as to realize 9,(10) =
9,(11).) Without the dx,/dz (friction) term in Eq. (3.28), the phases of AD-flatons 0,
slowly fluctuate around 65" starting from 65 as a function of z = In(t/ty) in the epoch
Hi;fl ~ly <t< M&l. That is, in the motion on the multi-dimensional flat manifold
the AD-flatons no longer track exactly behind the decreasing instantaneous minimum of
scalar potential V. This is a salient contrast to the usual Affleck-Dine mechanism on the
one-dimensional flat direction, where the phase of one AD-flaton is kept constant until it
begins to oscillate by the low-energy supersymmetry breaking mass term or the thermal
mass term. In this way, even in this very early epoch the lepton number asymmetry
really appears due to this phase fluctuation of the AD-flatons on the multi-dimensional
flat manifold.

The lepton number asymmetry is evaluated by combining the contributions of the

AD-flatons as
ny = 2Anx — 2Ana — Ange, (3.36)

where the particle number asymmetry (particle number — anti-particle number) is calcu-

lated with the homogeneous coherent scalar field ¢,(t) by

Ang = ng — g = i(¢ da — G- 00a). (3.37)
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The resultant lepton number asymmetry is given as
ne(t) = er(t)(3/2)H*(M/N) (3.38)
in terms of the parameter € () representing the fraction of the lepton number asymmetry
ern(t) =Y Qrla)e(t) (3.39)

with the respective fractions of particle number asymmetries

dx. dx; do,
€(t) =1 (X* Xo X“Xa> = 22 (3.40)

“dz dz “dz
Since the phases of AD-flatons are fluctuating in this early epoch, as mentioned so far,
the lepton number asymmetry is oscillating in time as |ef(t)| ~ |df,/dz| < |9((10) - 9((11)| ~

0.01 — 0.1 (74 ~ 0.1 — 1) numerically for the reasonable parameter values.

3.3.2 (ii) t ~ M;!

The Hubble parameter eventually decreases after the inflation, and when it becomes as
H ~ Mx (t~ M), (3.41)

the AD-flatons start to oscillate due to the Higgs triplet mass terms M3 (JA|?+|AJ?). The
significant torque is also applied to the AD-flatons by the phase-dependent potential terms
which are provided with the superpotential terms AA, AAe°, AAAA. Then, in this
epoch the AD-flatons are rotating around the origin, and the lepton number asymmetry

soon approaches certain nonzero value as
ern(t) mep (> MLY). (3.42)

This final lepton number asymmetry is calculated to be e¢;, ~ 0.1 for the generic choice
of the model parameter values with Ay/Ax ~ 0.3 — 3, as shown later in the numerical
analysis. It should here be noted that once the AD-flatons are rotated rapidly with
frequency ~ Mp, the low-energy soft supersymmetry breaking terms have little effects on

the leptogenesis for Ma > mg3s.
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3.3.3 (iii) t > My!

The coherent oscillation of the inflaton field dominates the energy density of the universe
until the decay of the inflatons is completed at the time tgr (> M'). Then, the universe
is reheated to the temperature Txk. Until this time, the lepton number asymmetry is

redshifted as matter, which is given for H = Hp with Egs. (3.38) and (3.42) as
n(tr) = er(3/2)Ha(M/N). (3.43)

Then, the lepton-to-entropy ratio after the reheating is estimated with s ~ 3H2M3/Tg

as

o (M/NT
b M2

102 M T
~ 10710 (£ R 44
0 (0.1> ) 108GeV ) \105GeV ) (3-44)

where the reheating temperature is constrained as Tp < 108 — 10°GeV to avoid the

@ |

overproduction of gravitinos [21, 22, 23]. This lepton number asymmetry is converted
partially to the baryon number asymmetry through the electroweak anomalous effect. The
chemical equilibrium between leptons and baryons leads the ratio ng ~ —0.35n, (without
any preexisting baryon number asymmetry) [39]. Therefore, the sufficient baryon-to-
entropy ratio is provided as required from the big-bang nucleosynthesis [11] and the cosmic

microwave background [16],

n(BBN) = (2.6 —-6.2) x 1071,

n(CMB) = (5.9—-6.4) x 107, (3.45)
where n = np/n, ~ Tnp/s. One may take seriously the non-thermal gravitino production.
Then, the reheating temperature may be significantly lower than 108 — 10'® GeV [23].

Even in this case, if A is small enough, the sufficient baryon number asymmetry can be

generated.

3.3.4 Numerical analysis

We have made numerical calculations to confirm the generation of lepton number asym-

metry in the present model with Higgs triplet. The values of the model parameters are
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taken in some reasonable ranges as

M =10"GeV, Ma = mgy/» — 0.1H;uz, m3so = 10°GeV,
gy Aa = 03X =3, A =1072,
Ca, Cy = 0.5 — 2,
lagl, laal, bal, |Agl |Aal, [Bal = 0.5 = 2, (3.46)
and [0, 27] for the phases of coupling parameters. A typical example for the evolution
of the AD-flatons is presented in the following by taking the parameter values rather
arbitrarily in the above ranges as
Ma = 10"*Hyyr = 10°GeV (Hiye /102 GeV),
A=A, Aa =2,
ca =1, ca = 0.5, cze = 1.5,
lag| =1 ,laa] = 0.5, [ba] =1,
arg(ay) = —n/6, arg(aa) = —27/3,
arg(ba) = 57/6, § = /3. (3.47)
(The effects of the low-energy soft supersymmetry breaking terms are in fact negligible

for Ma > ms3/,.) The initial values of the AD-flatons at t =ty (H = Hinr > Ma,m3)2)

in Eq. (3.22) are determined with these parameter values as

O = 0.752, ) = 0.144, ri) = 0.738,
90 =0, 0% = —3.044, 00 = —1.327, (3.48)
where Qg)) = 0 is chosen by the U(1),, gauge transformation. Then, the asymptotic

-1

3/2 is determined by the

trajectory of the AD-flatons in the epoch ty < t < M3' < m
conditions 0U; /0x: = 0 as

r = 0.812, ) = 0.209, ri) = 0.786,
6 = 0.006, o) = —3.048, ) = —1.348. (3.49)

It is really observed that the asymptotic phases ol are in general slightly different from
the initial phases 91(10) in the multi-dimensional motion of the AD-flatons due to the ap-
parent change of the mass terms in Eq. (3.31). (It is also checked that if the fine-tuning,

(1) _ (o)

arg(ay) —arg(aa) = 7 mod 27, is made, the alignment 6 is realized, as expected.)
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We have solved numerically the equations of motion (3.26) for the AD-flatons from
t =ty (H = Hiy) to t ~ 103M ;" with the initial conditions at t = ¢, in Eq. (3.25). (In
practice, we have solved Eq. (3.28) for x, with Eq. (3.29) as functions of z = In(t/ty)
since the time interval ranges over several orders. The D-flat condition (3.20) is checked to
be hold.) The result is depicted in Fig. 3.1 in terms of the dimensionless fields x, for the
case of Eq. (3.47) with Ay/Ax = 0.5 and Ma = 107" Hyy¢ (3> mgjs). The dots represent
the times of ¢/t, = 1,10,10%,10%,10%,105. The AD-flatons really exhibit the behavior as
described in this section. Their phases , and magnitudes r, = |x,| normalized in Eq.
(3.27) fluctuate gradually around the asymptotic values in Eq. (3.49) for t; < t < 10%.
Then, around ¢ ~ 10*, ~ M.* they begin to rotate around the origin, which appears to
be somewhat complicated in the multi-dimensional motion. This motion of the AD-flatons
for t 2 Mgl is driven mainly by the potential terms provided with the superpotential
term MAAA of Higgs triplet mass.

The fraction of lepton number asymmetry €7 (¢) in Eq. (3.39) calculated from the
time evolution of the AD-flatons is shown in Fig. 3.2, where the respective particle
number asymmetries €,(t) in Eq. (3.40) are shown in Fig. 3.3. The fraction of A and
A are fluctuating even for ¢ > 10°t,. However, since this fluctuation is due to the lepton
number conserving B-term, the lepton number is fixed. (It is checked that the electric
charge conservation is hold with ea (t) —€a () +€z(t) = 0.) The lepton number asymmetry
is really oscillating slowly in the time range t, < t < 10%,, which is due to the motion
of the AD-flatons fluctuating around the asymptotic trajectory. Then, it changes to
approach a nonzero value e;, ~ 0.1 for ¢ > 10* ~ M.

We have obtained similar numerical results in most cases by taking randomly about
one hundred samples of the parameters in the ranges of Eq. (3.46). Then, we have
confirmed that the minimum during the inflation for the initial values of the AD-flatons

can really be formed on the flat manifold with
rO @ ~ 01 -1, (3.50)

It is essential for admitting this sort of multi-dimensional motion of the AD-flatons that
the relevant non-renormalizable superpotential terms are comparable, specifically in the
present model

0.3 < Ap/Aa <3 (3.51)
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Figure 3.1: The motions of the AD-flatons, the real part (horizontal axis) and imaginary
part (vertical axis), are depicted in terms of the dimensionless fields x, for the case with
Ag/Aa = 0.5 and Ma = 10 *Hiye > mss2. The dots represent the times of t/ty =
1,10,102,10%,10%,10°.
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Figure 3.2: The fraction of lepton number asymmetry € (¢) is shown for the case with
)\Z/)\A = 0.5 and Mx = 10_4Hinf > mga.

with rather arbitrary values 0 < ¢, < 1 for the Hubble induced mass terms. This desired
range of A\;/Aa has actually a reasonable size, in contrast to naive expectation, due to the
effects of the phase dependent potential terms. If the difference between these couplings
is larger than this range, we have found that the AD-flatons evolve along one of the flat
directions as in the usual Affleck-Dine scenario.

As confirmed by these numerical calculations, it is quite an interesting feature of the
present Affleck-Dine leptogenesis with Higgs triplet that the significant lepton number
asymmetry is generated in the early epoch ¢ ~ Mgl through the multi-dimensional motion
of the AD-flatons. Then, for M > mj3/, the low-energy supersymmetry breaking terms
with m3/, have little effect on the leptogenesis . This is because several scalar potential
terms are provided for H ~ M with the superpotential mass term of Higgs triplet, which

have different dependences on the phases of AD-flatons. The phase rotation of the AD-
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Figure 3.3: The fraction of particle number asymmetries €,(t) for the case with Ay/Ax =
0.5 and Ma = 10" *Hin > mg)s.

flatons for t > M is indeed driven by such terms with M, rather than the low-energy

soft supersymmetry breaking terms with ms/,.

3.4 Leptogenesis with Higgs triplets in TeV region

In this section, we examine the leptogenesis for the case of Higgs triplets with M ~ 1 TeV
in the light of experimental verification in TeV region [28]. In the case preceding section
[27], the lepton number asymmetry is fixed readily in the early epoch by the very large
Higgs triplet mass terms with Ma > 10°GeV, which dominate over the thermal terms
[46, 47]. On the other hand, the problem of asymmetry fixing becomes more important

for Ma ~ 1TeV due to the thermal effects.
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3.4.1 Thermal effects

We here consider the thermal terms for the scalar potential, which may provide significant
effects on the scalar field evolution and hence the leptogenesis [44, 45, 46, 47].

The AD-flatons acquire the thermal mass term from the dilute thermal plasma as
mun|¢|* = y*T; |9]%, (3.52)

where y represents the effective coupling of the relevant fields with the AD-flatons which
is determined in terms of the f and h couplings and |¢,|/|¢|. The temperature of this

thermal plasma is given by
T, ~ (T2H Mp)'/*. (3.53)

This mass term appears under the condition y|¢| < T,,. Then, the Hubble parameter Hy,
at the time when the thermal mass term begins to dominate over the Hubble induced

mass terms are esitmated as

: T}ZBMP 42 1/3
ch ~ min W, (y TRMP) . (354)
This estimate takes the maximal value as
T M/ N\
Hmax ~ 107G Vv 3.55
th ¢ (108Ge\/) (1020Ge\/) (3:55)

with certain value of the relevant coupling

y~ 107" Lo \"'(_M/n N (3.56)
108GeV 1020GeV ' '

Hence, if the Higgs triplet is heavy enough as Ma > H}**, the Higgs triplet mass terms

dominate over the thermal mass terms.

The thermal-log term is more important for the asymmetry fixing with Higgs triplets in
TeV region. The SU(2)w /U(1), gauge bosons acquire the very large masses through the
gauge coupling to the Higgs triplet. Hence, the SU(2)y /U(1)7, gauge bosons decouples
from the thermal plasma. Then, the negative thermal-log term appears through the
modification of the gauge coupling of unbroken U(1);, due to this decoupling of gauge

bosons:

Vip = —aangln (1A + |A|2)/Tp?] , (3.57)
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where a ~ 6 and ay = ¢3/41 ~ 1/30 with the SU(2)w gauge coupling gs.

If the Higgs triplet mass is rather small as Ma < a'/2ap HR* ~ 0.1 HP** the negative
thermal-log term dominates over the Higgs triplet mass terms. Then, the situation of
leptogenesis appears to be rather different. We examine the asymmetry fixing in the
following for the case (i) with M > Hi, and the case (ii) with M < Hiy, in order, by

including the thermal terms in the scalar potential.

3.4.2 Case (i): asymmetry fixing with M > Hy,

The AD-flatons are scaled as ¢ o< H'? for some period after the inflation, as seen in
Eq. (3.27). Then, the Higgs triplet mass terms and the thermal-log term, scaling as H,
eventually become important for the dynamics of AD-flatons. The Higgs triplet mass
terms M2 (|A|2 + |A|?) ~ M%(M/A)H may first dominate over the Hubble induced mass
terms ~ H?|¢,|> ~ (M/N\)H? at H ~ M under the condition

Ma > Hyo = a'?ayTr/Mp [ (M/)). (3.58)

Here, the Hubble parameter Hy, for [Viy| ~ H?|d,|? is estimated as
T M/x TP
Hipo ~ 10GeV 3.59
th2 ¢ <1O5Ge\/> (1023Ge\/> ’ (3.59)
so that the condition (3.58) can be satisfied even with Ma ~ 1TeV. In this case, the

thermal-log term is still subdominant for H ~ Mx, and the AD-flatons begin to rotate
with frequency ~ M driven by the Higgs triplet mass terms [27].

Since |¢,| o H for a while in this epoch, the thermal-log term oc H soon catches up
the Higgs triplet mass terms oc H2?. Then, two instantaneous minima ¢,(1) and ¢,(2)
appear under the balance between the negative thermal-log term Vi, of Eq. (3.57) and
the potential terms in V' of Eq. (3.21) as

Pa(l) IA(l)INIA(l)INIéC(l)INZ—t:qﬁ- (3.60)
$a(2) IA(Q)IZIA(Q)IN%% e“(2)] = 0, (3.61)

The main terms to determine these minima are given by
Vi = Vi +gi(|AF = [AP + e)?
+(MZ + Cimg)|A]” + (M3 + Comg)|A*
+ [BamoMaAA + h.c.] + Cymg|e|?. (3.62)
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The AD-flatons, however, have already sufficient angular momenta under the condition
(3.58), so that they continue to rotate without trapped in these minima in the later epoch
with H < Ma. Specifically, €° is rotating almost freely with the mass term CymZ|e¢|?,
separated from A and A. On the other hand, the rotation of A and A is decelerated by
the negative thermal-log term, but still driven by the phase dependent quartic terms in

V. The evolution of AD-flatons is then described as

Al 2= |A] ~ (Hun/Ma)9,

Oa ~ 05 ~ (Hyn/Ma)\/MaH, (3.63)
€] ~ v (M/X)/MaH,
Oze ~ my, (3.64)
satisfying the D-flat condition.
The lepton number asymmetry is fixed by the rotation of AD-flatons [27] as

er(t) m e ~ 0.1(t > myt) (3.65)

with
ni(t) = er (O[H*(M/N)], (3.66)

where €r,(t) represents the fraction of lepton number asymmetry. This asymmetry fixing

can also be seen in the rate equation,

der, o o 2 6(V—|—V;h)
it = 0= L 60

()‘ /)‘) * A ~CsC ()‘ /)‘) A A SCsC
—2mlm [2MAA*AE%E] — 2mlm [ApmoAAe“e’] . (3.67)

According to the evolution of AD-flatons in Eqgs. (3.63) and (3.64), the lepton number
violating source fy decreases as H*/H? ~ 1/t, and oscillates around zero with frequency
~ mgy due to the rapid rotation of €. Hence, the lepton number ceases to fluctuate for
t > mg "' upon integration of Eq. (3.67) in time.

The evolution of AD-flatons y, in the case (i) of Ma > Hy, (~ 10GeV) is shown
in Fig. 3.4, which is determined by solving numerically the equations of motion with
Ma = my = 103GeV, T = 10°GeV, M/\ = 103GeV and some arbitrary values of

the other parameters in the reasonable range. It is clearly seen that the scale of A
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Figure 3.4: The evolution of AD-flatons x, in the case (i) of Ma > Hyy,.
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Figure 3.5: The time variation of the lepton number asymmetry in the case (i) of M >
Hy,.

and A trajectories is converging to Hy,/Ma ~ 0.01 in terms of x oc H'/? (satisfying
|A] =~ |A] within errors of numerical calculation). The trajectory of é° is, on the other
hand, shrinking as |&¢|/(HM/))'/? oc H'/?. This result confirms the expectation in Egs.
(3.63) and (3.64).

The time variation of the lepton number asymmetry is also shown in Fig. 3.5 corre-
sponding to the evolution of AD-flatons in Fig. 3.4. This really confirms the asymmetry
fixing by the redshift and rotation of AD-flatons.

In this way, the lepton-to-entropy ratio after the reheating is estimated from Eq. (3.65)

s 10 (0.1) (105Ge\/) (1023Ge\/ ' (3.68)

This lepton number asymmetry is converted to the baryon number asymmetry through the

as

electroweak anomalous effect as ng = —(8/23)ny, [18, 39]. Therefore, the sufficient baryon
number asymmetry can be provided for the nucleosynthesis with n = (2.6 — 6.2) x 1071°
[11] and for the cosmic microwave background n = (5.9 —6.4) x 107! [16]. The condition
(3.58) for the asymmetry fixing driven by the Higgs triplet mass terms can be satisfied
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even for Ma ~ 1TeV by lowering Hy, with larger M /A and smaller Tk. The reheating
temperature Tr ~ 10°GeV will be favorable for avoiding the gravitino problem [21, 22, 23].
The mass scale M/ of the nonrenormalizable terms is, on the other hand, constrained

as

1013GeV
from the condition that the energy density of the AD-flatons does not exceed that of

inflaton during the inflation as H2(M/)\) < H2:M3.

inf

23 H’nf -
M/X <10%GeV (3.69)

3.4.3 Case (ii): asymmetry fixing with Mx < Hy,

The condition (3.58) for Higgs triplet mass driven rotation may not be satisfied with
Ma ~ 1TeV for T > 10°GeV and/or M/\ < 102GeV. Then, with Hy, > M the
negative thermal-log term first dominates over the Hubble induced mass terms H?|@,|? at
H ~ Hy,, and after balancing with the ¢% and ¢? terms it soon competes with the ¢? terms
in V4 of Eq. (3.62). The AD-flatons are already tracking the instantaneous minimum with
fluctuating phases after the inflation [27]. Then, for H < Hyy, this instantaneous minimum
changes gradually to that of ¢,(1) in Eq. (3.60) due to the effect of thermal-log term. In
this course, the phase of é° is linked to those of A and A by the quartic terms

Ma * A AIZ Mo 5CEC.
{M/AEA A+Z M/AEAA} (3.70)

For some while in this epoch ¢ > Ht}ll, these quartic terms are still larger than the mass
term ~ m2|é°|?, and hence é° together with A and A move toward the minimum ¢,(1)

with fluctuating phases:

H H
90l ~ 70 Oa ~ 37 (MaH)'2. (3.71)

This evolution of AD-flatons under the negative thermal-log term is characteristic in the
case (ii) of Ma < Hy, in contrast to the case (i) of Ma > Hyp,.

If the Hubble parameter decreases further as

M
H < Hyoy ~ My < A) , (3.72)
Hip

the mass term ~ m2|e°|? (mg ~ Ma ~ 10°GeV henceforth) dominates over the quartic

terms in Eq. (3.70). Then, é° is liberated from A and A, and begins to rotate with
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frequency ~ myg. Since this rotation frequency is much larger than H in this epoch, the
scaling of |&¢| is no longer as H'/2, but changes to H due to the friction force 3H (dé®/dt).
Accordingly, A and A turn to move from the minimum ¢,(1) to the minimum ¢,(2).
The time variation of lepton number asymmetry is determined by this evolution of
AD-flatons for H < Hiy,. In the transitional epoch with H.oy < H < Hyy,, according to

Eq. (3.71) the lepton number asymmetry varies as

H 2
GL(t) ~ €], (M—t:> HL(t) sin HL(t) (373)
with "
Hy (Ms\"" 1,
0u(t) ~ 0u(0) ~ 3 < H) x (3.74)

and e, ~ 0.01 — 0.1 numerically. Hence, the lepton number asymmetry is amplified by
the effect of negative thermal-log term from the preexisting asymmetry in the early epoch
of Hy, < H < Hiys.

For H < H,u, the lepton number asymmetry is fixed by the rapid rotation of ¢ with
frequency ~ my, as in the case (i). The resultant asymmetry is given by considering the

significant amplification in Eq. (3.73) as

H 4
GL(t) ~ (Vi) GL(t > Hr?)%) (375)

The evolution of AD-flatons x, in the case (i) of Ma < Hy, (~ 10*GeV) is seen
explicitly in Fig. 3.6, which is obtained with Ma = mg = 103GeV, Tz = 10°GeV,
M/X = 10*GeV and some arbitrary values of the other parameters in the reasonable. The
A and A fields first move to the minimum ¢, (1) for H < H,y,, and then turn to approach
the minimum ¢,(2) for H < H,o. The é° field first moves to the minimum ¢, (1) together
with the A and A fields, then it turns to decreases faster as |&¢|/(M H/)\)Y? oc H'/2. (The
trajectories end up just at the beginning of é° rotation because of the limit of computer
power.) This result confirms the characteristic evolution of AD-flatons in the case (ii) of
Ma < Hyy,.

The time variation of the lepton number asymmetry is also shown in Fig. 3.7 cor-
responding to the evolution of AD-flatons in Fig. 3.6. Here the absolute value of the
asymmetry is depicted in log-scale. We really observe the amplification of asymmetry in

the period of Hyoy < H < Hy,. For H < 0.1H,, the asymmetry fixing is taking place
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Figure 3.6: The evolution of AD-flatons x, in the case (ii) of Ma < H,. The minima
b4(1) and ¢,(2) are indicated together.
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Figure 3.7: The time variation of the lepton number asymmetry in the case (ii) of Ma <
Hyy,. Here the absolute value of the asymmetry is depicted in log-scale.

by the rotation of ¢ (though the time variation has not been traced further due to the
computational limitation).

The resultant ny, /s is estimated from Eq. (3.75) as

4
nr —9( €L Tk M/ Hy/Ma
where y
T M/ \
4 R
Hi ~ 10 GeV<106Gev) (mzoGev) | (3.77)

Therefore, even with Ma ~ 1TeV < Hy, the appropriate amount of ny, /s can be obtained
for reasonable values of T and M/\. Furthermore, if Hy, = 102Ma, much larger lepton
number asymmetry will be obtained, e.g., np/s ~ 107> with T ~ 10"GeV and M/\ ~
102°GeV. Even if the asymmetry is overproduced, it may be diluted sufficiently by thermal
inflation [49, 50].
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3.5 Summary

We have examined the leptogenesis in the supersymmetric Higgs triplet model. The lepton
number asymmetry is generated on the multi-dimensional flat manifold consisting of A, A,
e¢. It is the essential point that several phase-dependent potential terms are provided with
the superpotential terms MaAA, (Ay/2M)AAe%C, (Aa/2M)AAAA (Ag/Aa ~ 0.3 —3),
which are significant for H ~ Hj,s — Ma. Then, soon after the inflation the lepton
number asymmetry appears since the phases of AD-flatons fluctuate by the effects of such
potential terms. It is slowly oscillating for a certain while, and then the leptogenesis is
completed at the early time ~ MZ', when the AD-flatons begin to rotate around the
origin due to the potential terms with Higgs triplet mass. The fraction of the resultant
lepton number asymmetry amounts in general to €, ~ 0.1 rather independently of Ma.
Hence, in contrast to the usual Affleck-Dine scenario, the low-energy soft supersymmetry
breaking terms have little effect on the leptogenesis. The role of the thermal effects is also
different in the present scenario. The case of large Higgs triplet mass with Mx > HJ** is
primarily considered for the small neutrino masses. Then, the leptogenesis is completed
at the early time ~ My' before the thermal effects become significant. Furthermore,
even if M, is rather small as in TeV region, the lepton number asymmetry really appears
after the inflation via multiscalar coherent evolution of A, A and é° on the flat manifold.
Then, if the Higgs triplet mass terms dominate over the negative thermal-log term for
H ~ My, the asymmetry is fixed readily to some significant value by the rotation of
these AD-flatons with Ma ~ 1TeV for Tr ~ 10°GeV and M/X ~ 10%*GeV. On the other
hand, the negative thermal-log term may first become dominant with Ma as low as 1
TeV. Then, the lepton number asymmetry is amplified for some period, and fixed later
by the rotation of ¢°. Even with this amplification, the resultant lepton-to-entropy ratio

can be appropriate for some reasonable values of T and M/\.
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Chapter 4

Right-handed neutrino model

A novel scenario of leptogenesis is investigated in the supersymmetric neutrino seesaw
model. The right-handed sneutrino N and the ¢ field in the LH, direction of the slepton
and Higgs doublets start together coherent evolution after the inflation with right-handed
neutrino mass My smaller than the Hubble parameter of inflation. Then, after some
period the motion of N and ¢ is drastically changed by the cross coupling My h, N*¢é
from the MyNN and h, NLH, terms, and the significant asymmetries of N and L are
generated. The L asymmetry is fixed later by the thermal effects and /or the right-handed
neutrino decay as the lepton number asymmetry for baryogenesis, while the N asymmetry
disappears through the decays N — I_J?u, LH, with almost the same rate but opposite
final lepton numbers. This leptogenesis is distinctive at the point that the parameter set
of h, and My can be taken as that of the mass explaining the solar and atmospheric

neutrino oscillation.

4.1 Model

In the supersymmetric see-saw model, we investigate our leptogenesis scenario. The su-

persymmetric see-saw model motivated for the neutrino mass has a superpotential,
M
W= TNNN + h,NLH,, (4.1)

where N, L and H, denote the right-handed neutrino (antineutrino strictly), the lepton
doublet and the Higgs doublet superfields, respectively, and My is the mass matrix of the

right-handed neutrino. The generation index is suppressed for simplicity. Through the
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electroweak phase transition, the ordinary neutrino mass is given by

(Hu)?

— 4.2
My, (4.2)

(my)ij = BE (M)l (M)
k
where (H,) ~ 174 GeV. Hereafter, we take the basis that the right-handed neutrino mass
is diagonal.

In the present scenario of leptogenesis, the mass of the right-handed neutrino relevant
for leptogenesis must be smaller than the Hubble parameter Hj,; ~ 103GeV during the
inflation. Then, the right-handed sneutrino can take very large value due to negative
Hubble mass [26] or quantum fluctuation [42, 51]. On the other hand, the lightest right-
handed neutrino mass My, must be larger than the reheating temperature. Even if
the lepton number asymmetry is generated in this scenario, the right-handed neutrino in
thermal equilibrium washes out the lepton number asymmetry through the lepton number
violating Majorana mass. Therefore, the condition T < My, < Hiys is required for the
lightest right-handed neutrino mass. The lepton number asymmetry is generated via the
coherent evolution of the right-handed sneutrino and the ¢ field in the LH,,, where the ¢
field is defined as D-flat configuration in LH,,,

E:<¢/(;/§>,Hu:<¢/(i/§). (4.3)

Hereafter, we consider one generation of L and N. In the basis that the My is diagonal, the
largest element h, 7 in the hf,j, where the index j is taken for the right-handed sneutrino
N; satifying My, < Hiy, gives the largest potential for H, field by F7; = \hy o LN |?
through the superpotential term h, NLH,. Since ¢/v/2 = L = H, by D flat condition,
the generation of L with hurc contributes ¢ field. Hence, the one generation of L and
N with &/, dominates the evolution of L’s and N’s even if other right-handed neutrino
species satisfies My, < Hi,sThe lepton doublets are arranged with unitary transformation
so that only one generation of L; has the Yukawa coupling with a certain Nj. Hence, we
choose the basis the h,q is given by one generation of L and N. Since ¢/\/§ =L= H,
by D flat condition, the generation of L with h, ¢ give almost all contribution to ¢ field.
Hence, the one generation of L and N with h,rc dominates the evolution of L’s and N’s
even if other right-handed neutrino species satisfies My, < Hj,s.Henceforth, we take the

basis that h,rg is given by one generation of L and N and abbreviate h,.c as h,.
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With very large value of right-handed sneutrino, some nonrenormalizable terms can
be comparable to renormalizable terms. Hence, we include definitely the following non-

renormalizable term,

eiéN
Wnon - —NNNN 44
TYi (4.4)

where M represents very large mass scale such as Planck scale and the phase factor e~
is included with real Mpy. The NNN term is discarded for simplicity by requiring the R
parity. The LH,LH, term is not considered either, since it dose not provide a significant
effect if the Yukawa coupling h, is not extremely small. If these terms are involved, our
scenario of leptogenesis does not change substantially. As seen in later sections, we take
h, = 2 x 1072,3 x 1073 for large and small h, value, respectively. Then, its value at
the electroweak scale is evaluated as h, (My) ~ 1.8 x 107%,2.8 x 107% by considering the
renormalization group effects given in Chap. 6. The ordinary neutrino masses with these

h, (M) via seesaw mechanism are roughly estimated

B (M )2 (H,)?
Y 4.
e My (4:5)
B hy (M) \ > (101 GeV
1
10 eV <2 » 102) . (large h,) (4.6)
_ hy (M) \> (101 GeV
3
107°eV <3 » 10_3> . (small h,) (4.7)

depending on h,(My,) and My. (The neutrino mixing is present in general with matrix
form of h,.) Hence, the leptogenesis in the large h, case may be explained by the attractive
mass scale of the atmospheric neutrino mass or solar one [2, 3, 4]. On the other hand,
the neutrino mass relevant for the leptogenesis in the small h, case should be identified
with the lightest one. It is interesting that the lightest neutrino mass is expected to
be m, ~ 1073 eV for the present leptogenesis, while m, ~ 107 eV is required for the

conventional Affleck-Dine leptogenesis in the LH,, flat direction.

4.2 multiscalar leptogenesis

The evolution of the scalar fields is governed by the equation of motion,

. . oV
Vo + (BH +To)th, + 7 =0 (4.8)
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where 1), = N, $. The decay rate T, is included to consider effects of the right-handed

sneutrino decay,
1 N2
A (hf/a) My,

47
a

12

Iy,

The decay of the ¢ field is negligible in the region that we consider. The Hubble parameter
varies in time as H = (2/3)t! in the matter-dominated universe, which the coherent
oscillation of the inflaton dominates the energy density of the universe after the inflation.
The scalar potential V' is given by

V = —cyH?N)? - coH?|o]?

2

+ hy|NP|of

~ ei(SN o h
MyN NNN + 2
+ | MNIN + i + 2¢¢

MN ~ ~ ewN ~ o~~~
H —NN NNNN + h.c.
+ <bN 5 +aN4M + C)

+H <ah%N¢¢ + h.c.> + Vin(o). (4.10)

The soft supersymmetry breaking terms with Hubble parameter H are induced by the
nonzero energy density in the early universe. The thermal terms [46, 47| are also included
in Vin(¢). The D? terms are vanishing for the ¢ field. The low-energy soft supersymmetry

breaking terms with my is irrelevant for the leptogenesis.

4.2.1 Large coupling : h, = \/ Hy,s/M

First, we investigate the larger h, case. For this large h,, the evolution of the scalar
fields starts as one dimensional motion of N since the ¢ field has large effective mass
h2|N|?|$|2. In large h, case, this coupling can be relevant to the operator responsible for
the atmospheric or solar neutrino mass difference.

(i) Inflation epoch: H = Hy

During the inflation, the Hubble parameter takes almost a constant value H = Hiy.
(We henceforth take H = 10'® GeV, typically.) Accordingly, the scalar fields settle into

one of the minima of V with H = H,:

o(t)) = 0, (4.11)
N(ty) = e%rg/HeM, (4.12)
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where 75 ~ 0.1 — 1 depending on cy,an and dy. In large h,, the effective mass for
¢ through the quartic term h2|N|?|¢|?> dominates over the negative Hubble mass term
—cyH?|¢]?, then the minimum is ¢ = 0. However, the nonzero quantum fluctuation of ¢
exists, which is given by

A

inf (4.13)

2N
(9) RZINE

This nonzero value of ¢ by quantum fluctuation is necessary for ¢ to develop large value

at later stage. The quantum fluctuation of N is much smaller than the value of (4.12).
(ii) Oscillation epoch: Hi,y > H > H,

After the inflation, the Hubble parameter decrease as H = (2/3)¢t™" in the inflaton
coherent oscillation dominated universe, that is, the matter-dominated universe. During
this epoch the evolution of the scalar fields stays one dimensional. The right-handed

sneutrino is scaled roughly as

. H O\ /2
N = ela]\?T‘N(t) HinfM <H f> . (4:].4)

The higher order potential terms suppressed by M are soon reduced by redshift, and

the mass term of N dominates over the negative Hubble term at H ~ My. Then, driven
by this mass terms the coherent oscillation (rotation strictly) of N starts. For H < My,
the magnitude of the right-handed sneutrino oscillation is found to be scaled by redshift

as

. H
N = e?5Op - (t)\/MyM (—) : (4.15)
My

The phase of N does not stay constant any longer by phase dependent terms. The number

asymmetry for scalar fields is defined as
Nag, = 1(Y5tha — V3tha) = Bata” (4.16)

where dot represents a time derivative and 6, is the phase of ¢,. Since nonzero time
derivative of 0 is derived through phase dependent terms i.e. 9.]\7 # 0, the asymmetry of
N appears. The B-term by MyHNN dominates phase dependent terms soon since the
redshift of this term is the slowest in the phase dependent terms, which B-term oc H?
and other phase dependent terms o« H. Hence, for this epoch the N oscillates slowly in

Int as investigated in the next subsection.
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(iii) Transition epoch: Hy, > H > Ty

~J

Since the magnitude of N decreases with H as given in Eq. (4.15), the cross coupling
h,,MNN*¢¢ from the My NN and h,NLH, become comparable to the quartic coupling
h2|N|?|¢[> with |N| ~ My/h, at H = H,,. Here, H,, is estimated as,

My \*? (102 Gev\ " (2 x 1072
Hy ~ 10° v i alakadiig 4.17
w = 10°GeV (1011 Ge\/> M hy (4.17)

The minimum of potential become ¢ # 0 if the phase dependent cross coupling dominates
over thermal mass terms. Then, we study thermal mass terms at H ~ H;,. The dominant

part of thermal potential is given by
Vit = (yTp)?[o[* (4.18)

where y = h; ~ 1 is the top quark Yukawa coupling since the top quark is satisfied
with the condition y|¢| < T, with small ¢ < T, [46]. The temperature 7}, of the dilute
plasma of inflaton decay products is given in terms of the reheating temperature Tx of

the universe when the inflaton decay is completed:
T, ~ (T2 H Mp)'/*, (4.19)

where Mp = 2.4 x 10'8GeV is the reduced Planck mass. The condition that the cross
coupling Myh, N*¢$ dominates over the thermal mass term T2|¢|* at H ~ H,, is roughly
given by

T 5 11020 Gev\ Y 2 x 1072\ ?/°
My >3 x 10°GeV [ 1F U Ley XU 4.20
N =X ¢ (108 Ge\/> < M > < I > (4.20)

After the ¢ field develops large value, |¢| ~ My /h, > T, the masses of top quark and stop
are much larger than T}, and decouple from thermal plasma. Then, thermal terms become
negligibly small compared to the cross coupling term MNh,,N*quS for Hy, < H < Hy,.
Here, if accurately ¢ = 0 for H > Hy,, the ¢ field stays the origin. However, quantum
fluctuation exists, hence, ¢ has nonzero value for H > H;,. As a result, ¢ has a new

potential minimum,

—2My -

¢* ~ —N, (4.21)
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which is provided by the phase dependent cross coupling term, Myh,N*¢¢. For H < H,,,
N oscillates for the radial direction and rotates for the angular direction in the potential
V = M%|N|? + Myh,N*¢¢ + H.c.. Then, the magnitude of the coherent oscillation of
the radial direction decreases as N o< H. Consequently, the magnitude of the scalar fields

decrease as

U (122)

hu Htr
My ((H\'?
ol = r 5 (5 ) (423)

with |Fyy| ~ | Fs| oc H*2. Here, the cross coupling Myh, N*$¢ is dependent on the phases
of N and ¢ and does not conserve the number of N and ¢, either. Accordingly, through
this drastic change in the multiscalar coherent evolution, the significant asymmetries of

N and L appear, which is really seen in the rate equations

d Ny 2 -~
(ﬁ) ~ ——lmby MyHNN]

dt
2 A ahhl, ~
d (nj 2 hy, aphy o
— (=) ~ ——Im |—¢oFy+ ——HN 4.25
dt(HZ) HZm[2¢¢ NET (M)] (4.25)
with n; = ng, = ne/2. The main lepton number generating sources are scaled as

Im[(h, /2)¢¢F5)/H? ~ —Im[MyNF}]/H? o< H*?/H? with |Fy| oc H*?, and hence the
asymmetries ny and nj; oscillate rapidly by the exchange N ¢« L. The sum ng + nj,
however, varies rather moderately with the remaining sources oc H?, since the main

sources are cancelled as Tm[Fy F3] = 0 with Fiy ~ My N + (h,/2)¢¢.
(iv) Completion epoch: I'y 2 H > my),

For completion of the leptogenesis, we consider the decay effect of the right-handed

sneutrino. The incoherent decay of N become significant with the dominant modes

N — LH,L = —1], LH,[L = +1], (4.26)
where the decay products are ultra-relativistic with h,|N| < My/2. The N decays at
H ~ Ty, where ' is given by

h2My ’ he \°( My
FN = ? ~ 3 x 10°GeV <2 » 10_2> (1011 GeV) . (427)
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The decay works as strong friction to the evolution of N as seen in Eq. (4.8). Hence, by
this strong friction N is linked to &, tracking the instantaneous minimum of V' as N =
—(hy/2My) 99, then |Fy| ~ 0 < |F,y| = h,|N||¢|. Therefore, in the rate equations (4.41)
and (4.42), the main lepton number generating source terms My NFy and h,¢pFy /2
vanish.

The evolution of the phase is dfy/dt ~ 2df,/dt < H since ng ~ 0,|¢| is redshifted
as ny o< H?. Then, the N asymmetry remaining after the transition epoch diminishes
rapidly through the decays as ny = 2(df5/dt)|N|?> oc H?. Tt is the essential point that the
decay modes (4.26) have almost the same rate I' /2 but the opposite final lepton numbers
L = +1. This means that the N asymmetry does not leave any significant lepton number
asymmetry.

In this way, the L asymmetry is fixed to some significant value as the lepton number

asymmetry for ¢ > min[F]’vl, H.',
n; ~ny, = e [(3/2) H*M). (4.28)

This concludes that the thermal effect plays the positive role for the completion of lep-
togenesis, which is in salient contrast to the conventional Affleck-Dine mechanism where
the thermal effect rather suppresses the asymmetry seriously.

The resultant lepton-to-entropy ratio after the reheating is completed is estimated

with s ~ 3HZ MZ /TR as

nr _10 [ €L M TR
— ~1 — . 4.2
s 0 (0.1) (1020Ge\/> <108Ge\/) (4.29)

Here the reheating temperature is restricted as Tg < 10 —101°GeV to avoid the gravitino

problem [21, 22]. The lepton number asymmetry is converted to the baryon number
asymmetry through the electroweak anomalous effect as ng/s = —(8/23)n /s [39]. Hence,
the sufficient baryon-to-entropy ratio can be provided for the nucleosynthesis and cosmic

microwave background radiation with n ~ 6 x 1071° [11, 16].

4.2.2 Small coupling : h, </ His/M

Then, we discuss the smaller h, case, which is studied in our previous paper [29]. In this
case, the N and ¢ fields together start coherent evolution with large initial field values

after the inflation.
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(i) Inflation epoch: H = Hy

During the inflation, the scalar fields settle into one of the minima of V' with almost

constant Hubble parameter H = Hj,¢,

d(to) = ePryHne/hy, (4.30)
N(to) = €"5rg\/HinM, (4.31)

where r, ~ 0.1 — 1 depending on ¢,,ay,dy and h,. This value of N is much larger than
that of the quantum fluctuation (4.13). If h, < (Hi/M)'/?, the initial values of ||
and |N| become much larger. However, these large values are due to an absence of a
nonrenormalizable superpotential term LLH, H, /My, where My is the Planck mass or a
right-handed neutrino mass with My, > Hj,s. With an existence of this term, ¢(ty) can

not develop far beyond |¢| ~ \/HinsMy. We take h, as typical value for definition,

Hi 1/2 M 1/2
h,~3x107% [ —=— S — . 4.32
8 <1013Ge\/> 108GV (432)

We will discuss the difference between this h, and smaller h,,. When we use smaller h,,

we will specifically point out below.
(ii) Oscillation epoch: Hi,y > H > H,

After the inflation the Hubble parameter decreases as H = (2/3)t"! in the matter
dominated universe, and the multiscalar coherent evolution of N and ¢ starts with the
initial condition (N, @) = (No, ¢o) at t =ty ~ H_}, as given in Eqs. (4.30) and (4.31).
The higher order potential terms suppressed by M are soon reduced by redshift, and the
quartic couplings h2|p|* and h2|N|?|¢|*> dominate the scalar potential (4.10) in this epoch
with h, as given in Eq. (4.32). Then, driven by these quartic couplings, the scalar fields

oscillate in magnitude with scaling by redshift as

. 2/3
16(0)] ~ [N (0)] ~ v/Hi ( 2 ) | (4.33)

The field phases, however, remain almost constant except for the vicinities of N = 0 and

¢ = 0, and the significant asymmetries of N and L do not appear in this epoch.
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If smaller h, case h, < (Hi,/M)'/?, the scalar fields track the decreasing instantaneous

minima,
Ya(t) = e r,VHM. (4.34)

until H = Hys. = h2M. The quartic terms dominate the scalar potential at H ~ h2M
and coherent oscillations start. After coherent oscillations start, the evolutions of the

scalar fields are given by

R 7 o\2%/3
0] ~ IN0)] ~ V(5] (1.35)
(iii) Transition epoch: Hy, = H > Hy,

Since N and ¢ decrease with H as given in Eq. (4.33), the mass term M%|N|? and
Mpy-h,, cross coupling Mnyh, N*$¢ become comparable to the quartic couplings h%|¢|* and
h2|N|?|p|* with |N| ~ |¢| ~ My /h, and the Hubble parameter

h 2 109GeV Yt My \YP
~ 100 v - - it S ) 4.
Hix ~ 107GeV <3><10—3> < M > (1011Ge\/> (4:36)

where h, ~ (Hy,e/M)"? with Hy,e = 10'*GeV is taken from Eq. (4.32). The thermal mass
term should also be considered at H ~ Hy,, which is given by (yT,)?|¢|* with relevant
coupling y under the condition y|¢| < T}, [?]. The temperature T}, of the dilute plasma of
inflaton decay products is given in terms of the reheating temperature T of the universe

after the inflaton decay is completed:
T, ~ (T2 H Mp)'/*, (4.37)

where Mp = 2.4 x 10'8GeV is the reduced Planck mass. The thermal mass is constrained
at H ~ Hy as yT, < T2/|¢| ~ h,T2/My for y|¢| < T, with |N| ~ |¢| ~ My /h,. Hence,
the thermal mass term (y7T},)?|¢|? is smaller than the M%|N|? and Myh, N*¢¢ terms at
H ~ H;, for the right-handed neutrino mass

h, \?° (109GeV\Y? [/ T 4/5
> 10° v R . 4.
My 2 10°GeV (103> < M > <109Ge\/> (4.38)

In this situation, the M2|N|? and Myh, N*$¢ terms as well as the h2|p|* term domi-
nate for H < Hy,, so that the motion of N and ¢ is changed drastically. Specifically, the
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N field oscillates mainly driven by the mass term M%|N|?> with |[N| oc H. The motion
of ¢ follows after N toward the new stable configuration with (h,/2)¢p ~ —MyN so as
to make |Fy|? ~ |Fy|?> < M¥|N|? in V, where Fy ~ MyN + (h,/2)$é and F, = h,N.
Consequently, the scalar fields decrease roughly as

My ( H

IN| ~ - (Ht ) x H, (4.39)
M H 1/2
|| ~ hN <Ht ) x HY2. (4.40)

with |Fy| ~ |Fy| oc H3/2. Through this drastic change in the multiscalar coherent evo-

lution, the significant asymmetries of N and L appear, which is really seen in the rate

equations
d (ng -
= (ﬁ) ~ ——lmby MyHNN]
2 N ahhl, ~
—ﬁlm {MNNFN + HNnggzﬁ] , (4.41)
d (nj 2 hy, aphy o
— == ——Im | — 0o Fy HN 4.42
i (i) H?m[2¢¢ v (M)] (4.42)
with n; = ny, = ny/2. As seen in large h, case, the main sources are scaled as

Im[(h, /2)pdF%]/H? ~ —Im[MyNF}:)/H? « H2/H? with |Fy| oc H*?2, and hence the
asymmetries n gy and n; oscillate rapidly by the exchange N ¢+ L. The sum n 3 +n;, how-
ever, varies rather moderately with the remaining sources oc H?, since the main sources
are cancelled as Im[Fy F] = 0 with Fiy ~ My N + (h,/2)¢¢.

Here, the Myh,N*¢¢ violates the lepton number. Accordingly, the lepton num-
ber asymmetry appear during this epoch. Through this drastic change in the multi-
scalar coherent evolution, the significant asymmetries of N and L appear, which is really
seen in the rate equations. with n; = ng, = n,/2. The main sources are scaled as
Im[(h,/2)ppF|/H? ~ —Im[MyNF}]/H? oc HY?/H? with |Fy| oc H*?, and hence the
asymmetries n g and nj oscillate rapidly by the exchange N < L. The sum ny+nj, how-
ever, varies rather moderately with the remaining sources oc H?, since the main sources

are cancelled as Tm[Fy F5] = 0 with Fiy ~ My N + (h, /2)¢¢.
(iv) Completion epoch: Hy, 2 H > mg),

After the transition epoch continues for some period, the thermal log term [47] may

eventually dominates the evolution of ¢ before the right-handed sneutrino decay at H =
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I'y. The thermal log term is mainly given by
Vine = ancy T, In(|o*/T7) (4.43)

(agn = 9/8) through the modification of SU(3), coupling due to the decoupling of top
quark from the plasma with large mass h;|¢|/v/2 > T,. This thermal log term provides
the effective mass term for the ¢ field giving (a,a?T,/|p[*)¢ o< H'/? in 9V/d¢*. This
mass dominates over the term Fyh,¢* oc H? in dV/0¢* (|[Fx| ~ |Fy| = h,|N||¢|) when
the Hubble parameter is

h, ~1/3 M ~1/6 T 4/3 M —5/6
Hy, ~ 10°GeV | —~— N = - .(4.44)
2 x 102 101 GeV 108GeV 1020GeV

Then, the accelerating rotation of the ¢ field phase compensates the decreasing value of

the field by this thermal log term as
|p| oc HY/? — H3/? (4.45)

while keeping | N| oc H. After a while the top quark enters the plasma at H ~ 0.1Hy, with
|¢| ~ T}, (hy ~1). Then, the thermal mass term h;T?|¢|* dominates the scalar potential,
and the ¢ field decreases as |¢| oc H7/®. In the transition epoch, the significant exchange
of asymmetries ngy <+ n; has appeared through the N-¢ couplings. This couplings is
actually turned off in this epoch with the rapid decrease of |¢| oc H3/? and H"/® later due
to the thermal terms, and the ¢ and N evolve almost independently. As a result, the L
violating sources in Eq. (4.42) decreases fast enough as H*/H? and H''/*/H? later with
rapidly varying phase of N*¢a.
In this way, the L asymmetry is fixed to some significant value as the lepton number
asymmetry for ¢t > Ht}ll,
n; ~ny, = e [(3/2)H*M], (4.46)

since the L violating sources in Eq. (4.42) decreases fast enough as H*/H? and H''/*/H?
later with rapidly varying phase of N*¢¢. This concludes that the thermal effect plays the
positive role for the completion of leptogenesis, which is in salient contrast to the conven-
tional Affleck-Dine mechanism where the thermal effect rather suppresses the asymmetry

seriously. The resultant lepton-to-entropy ratio after the reheating is estimated with

s~ 3HEM3Z /TR as
nr, 10 (GL) M TR
— ~ 10 — . 4.47
s 1 <1018Ge\/> <109Ge\/ (4.47)

28




The lepton number asymmetry is converted to the baryon number asymmetry through the
electroweak anomalous effect, then, the sufficient baryon-to-entropy ratio can be provided
in small A, case.

The motion of N after the decoupling from ¢ for H < Hy, < My is determined
by the M%|N[?> and by HMyNN terms, and the analytic solution is obtained in a good
approximation with H < My for the two eigenmodes g (t) and n;(t) in N(t) as

77R7[(t) ~ ﬁR,I COS [MNt + UR,I(|bN|/3) lnt + 5}1,1] (448)
with ogp = +1, oy = —1, and
N = H(M/Mx)"?(bn/|bx )2 (g + imp). (4.49)

The parameters 7z ; and dg 1 are determined as the result of N motion from t = to ~ H,}

through ¢ > H,' > M,'. The N asymmetry is evaluated with Eqs. (4.48) and (4.49) as
ng(t) =~ —2H? Mgy cos[(2]by|/3) Int + dg — 61, (4.50)

where the rapid oscillations of ngr and 7y with Myt in Eq. (4.48) are cancelled.

This N asymmetry oscillates slowly in Int for some while due to the by term, as seen
in Eq. (4.50). Then, the incoherent decays of N become significant with the dominant
modes where the decay products are ultra-relativistic with h,|N| < My /2. The motion
of N is significantly decelerated by these N decays at H ~ Ty ~ (h2/47) My (~ 10°GeV
numerically), so that it is linked again to ¢, tracking the instantaneous minimum of V" as
N ~ —(h,/2My)¢¢ with |N| o |¢|> < H/* in magnitude and dfg/dt ~ 2df,/dt o< H'/*
in phase. Then, the N asymmetry remaining after the transition epoch diminishes rapidly
through the decays as ng = 2(dfy/dt)|N|> oc H'®*. Tt is the essential point that the
decay modes (4.26) have almost the same rate I' /2 but the opposite final lepton numbers
L = +1. This means that the N asymmetry does not leave any significant lepton number

asyminetry.

4.3 Numerical analysis

We here present the results of detailed numerical calculations for the leptogenesis in two

parameter sets. Two parameter sets are liseted in Table 5.1. The Case (1) and (2)
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Table 4.1: Typical cases for the leptogenesis, where Hi,; = 10*GeV is taken for definite-
ness. The Case (1) and (2) corresponds to the large h, and small h,, respectively.

case (1) case (2)

(hy, My, Ty) (2 x 1072101 GeV,2 x 10°GeV) (3 x 103,101 GeV, 4 x 10*GeV)

(M, Tg) (102°GeV, 103GeV) (5 x 10'8GeV, 10°GeV)
(Hy, Hyp) (2 x 108GeV, 5 x 108GeV) (10'°GeV, 107GeV)
(an,dn) (1.3e*/37 1 /4) (1.5e=*/H7 37/10)
(by, an) (0.9¢*(1/6)m (), 7¢i(2/3)m) (1.3e2/3)m 0.8el(1/4)m)
(cns o) (1.1,0.9) (1.2,0.8)

ry) vl 0.869 5 x 1076 1.282 1.148

e gg)> 0.463  —1.038 1.138 0.608

m, 7.8 x 1072V 1.7 x 1073V

(ex,nz/s) (—0.14,-1.2 x 10719 (—1.1,—4.8 x 10~10)

corresponds to the large h, and small h,, respectively. Especially, the former case is in
the parameter space where generates the lepton asymmetry through the operator relevant
for the atmospheric neutrino.

The typical time variations of ng(t) and nj(t) ~ ng(t) are depicted in Fig. 4.1 in
terms of the asymmetry fractions ¢, = n,/[(3/2)H*M]. The relevant scales, Hy,, My,
Hi,, I'y and Hyy,, are marked together specifying the respective epochs.

We really observe the expected changes of the asymmetries through Hy, — Hy, — Ty
in Fig. 4.1 resulting in the desired lepton number asymmetry €, ~ 1. In the large
h, case, the phase dependent terms with My drives N to rotate at ¢ ~ M&l, the lep-
ton number violating terms h, N*¢¢ forces ¢ to rotate together with the configuration
¢ ~ (—=2MyN/h,)V/? at t ~ H.', then, the N asymmetry diminishes rapidly by the
friction term of the right-handed sneutrino decay at t ~ I'y'. On the other hand, in the
small h, case, the effect of the phase dependent terms with My is small at ¢ ~ MA’,I,
therefore, the angular momentum of scalar fields remain negligibly small and the signifi-
cant asymmetries of N and L do not appear. The lepton number violating terms h, N*¢¢

generates dominant part of the N and ¢ asymmetry at ¢ ~ H.', then, €5 are separated
for t > H.'; €; is fixed to e ~ O(1) while €5 oscillates slowly in Int as given in Eq. (4.50).

It is also checked that the sum ng 4 nj varies rather moderately in the transition
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Figure 4.1: The time variation of particle number asymmetries is shown for the case (1)
in Table 4.1.
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Figure 4.2: The time variation of particle number asymmetries is shown for the case (2)
in Table 4.1. 61



epoch, while the respective asymmetries oscillate rapidly in both cases for ¢t > H,,.

4.4 Summary

In summary, we have investigated the leptogenesis via multiscalar coherent evolution in
the supersymmetric seesaw model. The right-handed sneutrino N and the ¢ field in LH,
of the slepton and Higgs doublets start together coherent evolution after the inflation
with My smaller than H;,;. Then, after some period the motion of N and ¢ is drastically
changed by the cross coupling Myh, N*¢¢, and the significant asymmetries of N and L
are generated. The L asymmetry is fixed later by the thermal effect as the lepton number
asymmetry n;. The N asymmetry, on the other hand, disappears through the incoherent
decays N — I_JP:IU, LH, with almost the same rate but opposite final lepton numbers.
The sufficient amount of ny, for baryogenesis can be obtained with the lightest neutrino
mass m, < 1073eV given by the seesaw mechanism with the right-handed neutrino mass
My ~ 10 — 103GeV < Hyye for small h, case. On the other hand, for large h, case the
light neutrino mass corresponding to leptogenesis operators can be the mass explaining

the solar or atmospheric neutrino oscillation with the right-handed neutrino mass.
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Chapter 5

Nonrenormalizable superpotential
term

Flat manifold leptogenesis in the manner of Affleck and Dine is investigated with the
slepton and Higgs fields, L, H,, H,, in the supersymmetric standard model. The multi-
dimensional motion of these scalar fields is realized in the case that the LH, and H,H,
directions are comparably flat with the relevant non-renormalizable superpotential terms.
Soon after the inflation, the lepton number asymmetry appears to fluctuate due to this
multi-dimensional motion involving certain C'P violating phases. Then, it is fixed to some
significant non-zero value for the successful baryogenesis when the scalar fields begin to
oscillate with rotating phases driven by the quartic coupling from the superpotential term
h.LHze® with h, ~ 1073. The Hubble parameter H. at this epoch for the completion
of leptogenesis is much larger than the gravitino mass ms/ ~ 103GeV. The thermal
terms may even play a cooperative role in this scenario of early leptogenesis. The lightest
neutrino mass can be m,, ~ 10~%eV, if the reheating temperature is allowed to be Tx ~

10"°GeV.

5.1 Model

We investigate the supersymmetric standard model including the non-renormalizable su-

perpotential terms,

Ay, A
Waon = 30 (LiHL) (L) + 55 (HuHa) (HuHa). (5.1)

where M represents some very large mass scale such as the Planck scale, and the suitable

basis is chosen for the relevant fields to give the positive and diagonal Ay, and positive Ay.
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The R-parity violating terms (L;H,)(H,H,) are not included for simplicity. These terms
do not alter the present leptogenesis scenario if they are not significantly large compared

to Whon. We here assume the condition on the terms in W,
)\HN)\EI <<)‘]/2’>‘E3' (52)

Then, the flat manifold for leptogenesis is formed with the L., H, and Hy fields. The

lepton doublet L; includes the lightest neutrino v with mass

(H,)* 10"¥GeV
M M, )’

10~V ( (5.3)

my, = )\El

where \/(H,)? + (Hyq)? = 174GeV with (H,)/(H,) = tan3. The comparability of Ay,
and Ay would be understood by considering that these non-renormalizable terms stem
from the physics at the Planck scale. On the other hand, as indicated from the solar and
atmospheric neutrino puzzles, the other two neutrino masses are probably around 10 2eV,
apparently requiring Ay, Ay, ~ 10*(M/10"GeV). Such large couplings may be obtained
effectively as Ay, , Ay, ~ Ap, (M/M,) by the so-called seesaw mechanism with heavy right-
handed neutrinos at an intermediate scale M, < M [7]. The see-saw contribution to
Ap, /M should, however, be suppressed sufficiently for the successful leptogenesis.

The superpotential terms relevant for the flat manifold leptogenesis are given by
W = (he)ijLin€§ + MHqu + Wnon- (54)
The F terms except for the contributions of W, are then calculated as

Fr, = (he)inde§a Fe; = (he)ijLina

FHu = /,LHd, FHd = (he)ijLie§ + /,LHu (55)
Among the slepton fields, only the sneutrino 7; in L; associated with the lightest neutrino
is considered to develop a very large coherent field value during the inflation, according
to the condition (5.2). Then, it is usually supposed that the 7; and H? are incompatible

for the flat directions due to the F,.. terms. However, this is not necessarily the case in

the present scenario. In fact, the F,. terms provide the quartic term

h2| Ly Hal* (5.6)
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with

hi = [(he)yl. (5.7)

The effective coupling is estimated as

FL - me + sin Glgmu - { 107° (912 S 1072)
T (Hg) 1073 (012 ~ 1) ’

where 0, represents the v,-v, mixing, and the effect of the v,-v; mixing is assumed to

(5.8)

be small enough. As explained in Sec. 5.2, while this quartic term is safely small during
the inflation with h, ~ 10 — 1073, it in turn provides the driving force for the scalar
fields to oscillate with rotating phases at some epoch after the inflation. This is one of
the essential points in the present scenario for the flat manifold leptogenesis.

According to the above arguments, the flat manifold is specified by the D-flat condition
for the SU(2), x U(1), gauge interactions,

71 |* = [Hy” + [Hy|* =0, (5.9)

and the other fields are vanishing. Henceforth, we adopt for simplicity the notation,

L=, H, = H® and H; = H), suppressing the lepton generation indices. Including the
contributions of W, this manifold is flat enough for both the LH, and H,H, directions

in the case that Ay and Ay are comparable,
0.3 S Ap/Au S 3, (5.10)

as observed in Ref. [27].

5.2 Flat Manifold Leptogenesis

We here describe the mechanism of leptogenesis on the flat manifold consisting of the scalar
fields L, H,, Hy, say AD-flatons. (The scalar fields associated with the flat potential are
intrinsic in supersymmetric models, which are named flatons [49]. Here, we consider such
fields as participants in leptogenesis/baryogenesis a la Affleck-Dine.) The scalar potential

for the AD-flatons ¢, = L, H,,, H; may be presented as
V' = Vaign + h2|LH > 4 Vigy. (5.11)

These three parts become dominant in the high, middle and low energy scales, respectively.

The evolution of the AD-flaton fields is traced in the corresponding epochs starting with
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the inflation. The high-energy part is provided from the superpotential W,,,, with the mass
scale M and the corresponding soft supersymmetry breaking with the Hubble parameter
H:

Vhigh = — Z caH?|¢a?

. 2
L(LH,) \ Hy,(H,Hy)

+ )‘E i + Ag Vi
~ 2
H,(H,H,)|? H,(LH,)
A v B O s VI
b | A H(EH)(EH,) + h
2Ma¢ u u .C.

A
{ﬁaHH(Hqu)(Hqu) + h.c.}

+ (¢° + )L — [Hu* + |Ha*)?. (5.12)

The last term with the gauge couplings g and ¢’ of the SU(2); and U(1)y., respectively,
is also included here to realize the D-flat condition (5.9) for the very large |L|, | H,| and
|Hg|. The low-energy part Vi, includes the remaining terms, which are related to the
parameters my o, || ~ 10°GeV. It will be clarified in the following that the quartic term
ﬁ§|in|2 plays a crucial role to complete the flat manifold leptogenesis. On the other
hand, the low-energy part Vo, is actually irrelevant for the leptogenesis. This is in salient
contrast to the conventional flat direction Affleck-Dine mechanism. In this section, we do
not either consider explicitly the thermal terms [46, 47, 44, 45]. It will be seen in Secs.
5.3 and 5.4 that the thermal terms do not alter essentially the present scenario of flat

manifold leptogenesis. They may even play a cooperative role for leptogenesis.

5.2.1 H = Hiy

During the inflation the Hubble parameter takes almost a constant value Hj,¢, which is
typically 101*GeV or so. In this epoch, the AD-flaton fields quickly settle into one of the
minima of the scalar potential (5.11) with H = Hj,. The potential minima is almost

determined by the high-energy part Vi, as

3O = o0 1O SHL (M), (5.13)
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with A representing the mean value of Ay and Ay. The generation of these non-trivial
minima (5.13) with ri® ~ 0.1 — 1 far apart from the origin on the multi-dimensional flat
manifold depends rather complicatedly on the parameters, c,, Ay, A, ap and ap [27]. As
usually considered, at least one of ¢,’s should be positive so that the origin stays unstable
in the inflation epoch. It is also essential for the flat manifold formation that Ay and
Ap are comparable, as given in Eq. (5.10). Otherwise, the potential minima would be
developed along either the LH, direction or the H,H, direction.

By comparing Vign ~ H2:(M/)\) and h2|LH,|?> ~ h2HZ:(M/))?, the following con-
dition is expected to be satisfied for the flatness of the L-H,-H, manifold during the

inflation:

Hiye > Hose = h2(M/ ). (5.14)

The critical value H,s of the Hubble parameter for which the h, quartic term becomes

comparable to Vi;gn may be estimated in terms of m,, with Eqgs. (5.3) and (5.8):

he \° /106
HOSC~109Gev< ) <0 eV)' (5.15)

10-° My,

Hence, the condition (5.14) can be satisfied readily since Hiy is typically 10GeV or
so. Here, it may be noticed that if h, ~ 1073 with large Ve-v, mixing, Ho could be
comparable to Hj,s. Remarkably, even in such an extreme case with Hy. ~ Hj,s the
successful leptogenesis can be realized, as confirmed by the numerical calculations in Sec.

5.4.

5.2.2 H,.< H < Hyy

After the inflation the inflaton oscillates coherently, and it dominates the energy density
of the universe. In this epoch with H > H, the high-energy part Vyz, is still dominant,
and the evolution of the AD-flaton fields is essentially the same as in the case of the
model with triplet Higgs [27]. We recapitulate the main results with suitable changes of
notation, showing especially the fluctuating behavior of the lepton number asymmetry
after the inflation.

The AD-flaton fields are moving toward the origin with the initial conditions at ¢t =

to ~ Hi;fl after the inflation,

d)a(tO) = ¢go), Q;a(tﬂ) =0. (516)
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The evolution of the AD-flaton fields is governed by the equations of motion,
ov.
0g;

The Hubble parameter varies in time as H = (2/3)¢t~! in the matter-dominated universe.

o + 3H, +

0. (5.17)

The AD-flaton fields may be represented suitably in terms of the dimensionless fields y,
[26] as

b = XaV/VH(M/N) = ePer,\/H(M/N). (5.18)
Then, the equations of motion (5.17) are rewritten with z = In(¢/ty) as

d*>v, OU
_|_
dz?  0x:

=0, (5.19)
and the initial conditions from Eq. (5.16) are given as

_ it ) a1 0 5.20
xal0) = 0, 22 0) = 3, (0) (520)

It should be noticed in Eq. (5.19) that the first-order z-derivative is absent due to the

parametrization of ¢, in Eq. (5.18). The dimensionless effective potential is given domi-

nantly by
4 1
U(Xa) W%igh - Z|Xa|2
4
+ _(HOSC/H)|XZXHd|2- (5-21)

9
The second term is due to the time variation of the factor /H(M/A) in Eq. (5.18), which

apparently provides the change of the mass terms in U(x,),

9
e — 5.2
c c +16 (5.22)

The third contribution from the h, quartic term is small enough in this epoch with
H > H, while it will in turn play a crucial role in the next epoch. The low-energy part
Viow is clearly negligible for Hys > mg/o, |p].

The behavior of the AD-flaton phases 6, is described in this epoch as follows. The

initial conditions at t = ¢, (2 = 0) are given from Eq. (5.20) as

d
0,(0) =60 —2(0) = 0. 2
(0) e (0)=0 (5.23)
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On the other hand, the asymptotic trajectory of the AD-flaton fields is found by the
conditions OU/dx*% = 0 in this epoch with the small enough h, quartic term as

0, = 0. (5.24)

a

It is remarkable in the multi-dimensional motion of the AD-flaton fields with Ay ~ Ay

that the direction of this trajectory is somewhat different from the initial direction, i.e.,
oLt £ 9O, (5.25)

This is because the apparent change of the mass terms in Eq. (5.22) due to the redshift

induces the new balance among the Ay-Agy cross term, ay term and ag term in U(x,),

which have different dependences on 6,. (If the fine-tuning is made as arg(ay) —arg(ay) =

m mod 27, the initial balance is maintained independently of |x,| so as to realize 00 =

91(11).) Without the dx,/dz (friction) term in Eq. (5.19), the AD-flaton phases 6§, slowly
(1) (0)

fluctuate around 6; "’ starting from 6, as a function of z = In(¢/%,) in the epoch H, ; ~

to <t < H,l. That is, in the motion on the multi-dimensional flat manifold
the AD-flaton fields no longer track exactly behind the decreasing instantaneous min-
imum of the scalar potential. This is in salient contrast to the conventional Affleck-Dine
mechanism on the one-dimensional flat direction, where the AD-flaton phase is fixed for
a long time until the low-energy supersymmetry breaking terms become important.
In this way, through this fluctuating motion of the (almost) homogeneous coherent
AD-flaton fields ¢,(t), the particle number asymmetries are generated soon after the

inflation as
Ang = ng — g = i(¢ b0 — G2 00a). (5.26)

The fractions of the respective asymmetries are also calculated by considering the redshift

in the matter-dominated universe as

o,

ea(t) = Ang /[(3/2)H*(M/\)] = —2r2 e (5.27)
z
The lepton number asymmetry is particularly given as the L asymmetry,
en(t) = € (1). (5.28)

Since the AD-flaton phases are fluctuating in this early epoch, as mentioned so far, the
lepton number asymmetry is oscillating in time as |e;(¢)| ~ |df,/dz| < |9,(10) - 9((11)| ~

0.01 — 0.1 (4 ~ 0.1 — 1) numerically for the reasonable parameter values.
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5.2.3 mg/g < H ,S Hosc

The high-energy potential terms and the h. quartic term are redshifted for H 2 Hg after

the inflation as

Vaigh ~ H*(M/)), (5.29)
R2|LHy> ~ h2H?*(M/))? (5.30)

with |@a| ~ /H(M/)) in Eq. (5.18). Then, the h, quartic term eventually dominates in
the present epoch with H < H,., playing the crucial role for the flat manifold leptogenesis.
Specifically, this quartic term acts in some sense as positive mass-squared terms for the
L and H, fields, driving the AD-flaton fields to oscillate. Once the oscillation begins, the

lepton number asymmetry is fixed to some non-zero value as
er(t) = e (t>> HD). (5.31)

This asymptotic behavior of € (¢) in the later time is in accordance with the fact that
the lepton number violating terms in Vjjg are redshifted rapidly to be much smaller than
the lepton number conserving terms including the h, quartic term. (See Sec. 5.4 for the
numerical results.) It is also obvious that for H > myg)s, |u| the low-energy part Vi, still
provides negligible effects in this epoch of leptogenesis.

The coherent oscillation of the inflaton field dominates the energy density of the uni-
verse until the decay of inflatons is completed at the time tz (> H,.!). Then, the universe
is reheated to the temperature 7. Until this time the lepton number asymmetry is red-
shifted as matter, which is given at ¢t = tp (H = Hy) with Eqs. (5.27), (5.28) and (5.31)

np(tg) = er(3/2)Hy(M/)). (5.32)

Then, the lepton-to-entropy ratio after the reheating is determined with s ~ 3Hz M3 /Tx

as
n, (M/N)Tr

s 2M3

10-%eV T
~ 10710 (£ R 5.33
(0.1) - 109GeV )’ (5-33)

where Mp = mp/v/8m = 2.4 x 1018GeV is the reduced Planck mass, and the relation (5.3)

between M/ and m,, is considered. This lepton number asymmetry is converted partially
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to the baryon number asymmetry through the electroweak anomalous effect. The chemical
equilibrium between leptons and baryons leads the ratio ng = —(8/23)ny (without any
preexisting baryon number asymmetry) [39]. Therefore, the sufficient baryon-to-entropy
ratio can be provided as required from the nucleosynthesis with n = (2.6 — 6.2) x 107'°
[11].

It should here be noted that the reheating temperature may be constrained as T <
10® — 10'°GeV, or even more severely, for mz, ~ 1TeV to avoid the gravitino problem
[21, 22, 23]. Hence, the desired mass of the lightest neutrino is very small generally as
m,, < 107%V. It will, however, be found in Sec. 5.4 that there is some range of the
model parameters for the successful leptogenesis with relatively large m,, ~ 10~%eV, if
the reheating temperature is allowed to be Tr ~ 10'1°GeV for mg/o ~ several TeV with
small hadronic branching ratio of gravitino decay Bj ~ 0.01 [22]. Then, the prediction
for the neutrinoless double beta decay with very small m,, [45] could be evaded in the

case of L-H,-H, flat manifold leptogenesis.

5.3 Thermal Effects

We now discuss that the thermal terms for the scalar potential [44, 45, 46, 47] do not alter
essentially the present scenario of flat manifold leptogenesis. Before the reheating after
inflation is completed, there is already a dilute plasma of the inflaton decay products with

temperature

T, ~ (T3HMp)'/*. (5.34)

Then, the AD-flatons acquire the thermal mass terms in this plasma,

Vin = Cthsz§|¢a|2 (ylda| < Tp), (5.35)

where y is the relevant coupling constant, and ¢, is the positive constant, e.g., ¢y, = 3/4
for a quark superfield. One can readily estimate the Hubble parameter H;,; when the

thermal mass terms begin to dominate over the Hubble induced mass terms:

Hyy ~ min %, (y*T2Mp)' 3| . (5.36)
y (M/A)?
The thermal log terms are also given mainly through the modification of the SU(3) . gauge
coupling as

Vine = ama (T) T, In(|gal?/T7) (5.37)
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with ag, ~ 1 depending on the particle contents. The Hubble parameter Hiu, for the

thermal log terms to be comparable to the Hubble induced mass terms is also estimated

with |¢pa| ~ /H(M/\) as

Hypo ~ ag [T3Mp/(M/N)]"? (5.38)
Then, the thermal effects become important for the Hubble parameter
Hy, ~ max [Hyyy, Hynol - (5.39)
It really takes the maximal value as
Hi™ ~ Hyo/as
~ 5% 10%GeV (105&\/) (1077_15;\)1/2 (5.40)

with certain value of the relevant coupling,

TR 1/4 m 3/8
~3x 107 ( 2 ) 5.41
Yoo <1O9Ge\/) 10 60v/) (5.41)

where Eq. (5.3) is considered for m,, and M/A. It is readily seen that Hys. > Hy, for

a wide range of the model parameters. Then, the leptogenesis is completed dominantly
by the h, quartic term. On the other hand, one may obtain Hi, 2 Hygs for certain
model parameter range with h, ~ 107, (M/\) < 10'¥GeV and Ty > 10°GeV. Then, the
oscillation of AD flaton fields is driven by the thermal terms rather than the h, quartic
term. In any case, the lepton number asymmetry fluctuating after the inflation is fixed
to some significant non-zero value in the early epoch with H > mjy/,. The thermal terms
do not severely suppress the lepton number generation, but even play a cooperative role

in the flat manifold leptogenesis.

5.4 Numerical Analysis

We here present the results of detailed numerical calculations for the flat manifold lep-
togenesis. The characteristic features in the multi-dimensional motion of the AD-flaton
fields are confirmed, and the reasonable range of the model parameters is identified for

the sufficient leptogenesis.
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The values of the various model parameters are taken in the following range:

M =10"GeV, Hye =10"GeV, t, = (2/3)H,
he =105 =103, T = 10°GeV — 10'°GeV,
Aps Am = 01X — 10\, A=107° — 1,

lagl|, |am|,ca =0—2,

and [0, 27] for the phases of coupling parameters. Here, the parameters relevant to the
low-energy part Vi, are not presented explicitly. It has been checked numerically that
the effects of Vi, is negligible in the present scenario of flat manifold leptogenesis. While
the fixed value of the mass scale M in W, is presented for definiteness, the results are
really obtained as a function of M/A. The value of tan 8 is determined in Eq. (5.8) for
given h, with 15 ~ 0 (small V-V, mixing) or 0y ~ w/4 (large v,-v, mixing).

By choosing randomly the model parameter values, we have first determined the initial
values of the AD-flaton fields in Eq. (5.16) just after the inflation. (The initial phase of H,
is chosen as 9533 = 0 without loss of generality by making a U(1),- transformation.) Then,
we have solved the equations of motion (5.17) for a sufficiently long time interval from ¢t =
to (H = Hiy) to t ~ 10%,, evaluating the particle number asymmetries €,(t) as functions
of time. (In practice, we have solved Eq. (5.19) for x, with Eq. (5.20) as functions of
z = In(t/ty), since the time interval ranges over many orders. The D-flat condition (5.9) is
checked to be hold within numerical errors.) The dominant contributions to the thermal
terms Vin + Vine are also taken into account for the evolution of the AD-flaton fields. The
relevant parameters are taken for the thermal mass terms as y = m,/(Hy) and ¢y, = 3/4
with the ¢ = d, s quarks, y = m./(H,) and ¢y, = 3/4 with the ¢ quark, and y = m,,/(Hg)
and ¢, = 1/4 with the muon. These Yukawa couplings may be close to the optimal value
as given in Eq. (5.41), depending on tan 3. As for the thermal log term, ay, = 9/8 is
taken due to the decoupling of the top quark from the thermal plasma.

We have actually made calculations by taking hundreds of the parameter sets. Some
typical cases are listed in Table 5.1, where the sufficient lepton number asymmetry is
obtained. The cases (1) and (2) correspond to the small h, (small v,-v, mixing) and the
large h. (large ve-v, mixing), respectively. Although different values are taken for M/\
and T in the cases (1) and (2), the resultant €; has only moderate dependence on these

parameters. It should here be noticed that H,, ~ Hiy in the case (2). Then, the h,
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Table 5.1: Typical cases for the flat manifold leptogenesis, where M = 10'7GeV and
Hie = 10 GeV are taken for definiteness. The index a denotes the AD-flatons as ¢, =

L,H,, H; in order.

case (1) case (2) case (3)
he 3x10 ° 103 10 3
(tan B,612) (10.2,0) (2.1, 7/4) (2.1,7/4)
(M/\,Tr) (10'9GeV, 10°GeV) (102°GeV, 108GeV) (10'8GeV, 1010GeV)
(Hose, HR™) (9 x 10°GeV, 5 x 105GeV) (10*4GeV, 107 GeV) (1012GeV, 10*°GeV)
(Mg, Air) (1.0 x 1072,1.5 x 1072) (1.5 x 1073,0.5 x 103) (4.0 x 1071,1.0 x 1071)
(ag,am) (1.0e1/97 1.0ei(1/2)m) (1.5e /3™ (,5e~m) (2.0e11/3)7 0.4e'm)
Ca (1.5,1.0,0.5) (1.0,1.0,1.0) (2.0,2.0,0.5)
rl? 0.738 0.753 0.148 0.397 0.954 0.868 0.313 0.640 0.558
o0 < 1.208 0 3.108 ) < —1.170 0 0.237) ( —2.040 0 2.783 )
r 0.775 0.823 0.277 0.392  1.047 0.971 0.282 0.711 0.654
o) < 1.236 0.039 3.101 ) < ~1.188 —0.007 0.226 ) ( —2.019 0.005 2.819 )
M., 3.0 x 10=%eV 3.7 x 10" 7eV 1.0 x 10~%eV
(ep,n1/s) (—0.24, —2.1 x 10~19) (=0.17,—1.5 x 10~19) (=0.11,—1.0 x 10~19)

quartic term as well as the high-energy part Vi may be important to determine the
potential minimum in the inflation epoch. We have really confirmed that even in such
an extreme case the multi-dimensional motion of the AD-fields can be realized producing
the significant lepton number asymmetry.

We have also searched the specific parameter range allowing for somewhat high T ~
101°GeV, where the sufficient lepton number asymmetry is obtained with relatively large
m,, ~ 10~%eV for the lightest neutrino. A typical example is presented as the case (3) in
Table 5.1.

The time evolution of the AD-flaton fields has been determined precisely by these
numerical calculations. In Fig. 5.1, the multi-dimensional motion of the AD-flaton fields
is typically depicted in terms of the dimensionless fields x, for the case (1) in Table 5.1.
In Fig. 3.66, is also shown the time variation of the particle number asymmetries, or
the contributions to the hypercharge asymmetry, €; (bold line), —eg, (slim line) and
em, (dashed line), which are evaluated with the solutions of x,. Here, we can check the
hypercharge conservation (within the numerical errors), €; — eg, + g, = 0. The lepton
number asymmetry is given just by € = €;. These asymmetries are really fluctuating
after the inflation, and then fixed to certain values for ¢t > H!

0scC *

As for the thermal effects, we have observed that they do not alter essentially the
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Figure 5.1: The motions of the AD-flaton fields, the real part (horizontal axis) and imag-
inary part (vertical axis), are depicted in terms of the dimensionless fields x, for the case
(1) in Table 5.1.
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Figure 5.2: The time variation of particle number asymmetries is shown for the case (1)
in Table 5.1.
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Figure 5.3: The time variation of the lepton number asymmetry is shown for the case (1)
in Table 5.1, where the solid and dashed lines represent the results with and without the
thermal terms, respectively.
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present scenario of flat manifold leptogenesis. In a wide range of the model parameter
space, the thermal effects on the final lepton number asymmetry ¢; are found to be small
for Hus > Hyy,, particularly with lower reheating temperature Tr < 108GeV. It should,
however, be noted that the lepton number asymmetry varies slowly with z = In(t/ty), as
seen in Fig. 3.66. Then, it actually takes a rather long term ranging over some orders
around ¢t ~ H3! to fix completely the lepton number asymmetry by driving the AD-flaton
oscillation. In such a situation, when H{};** is smaller only by a few orders than H,g, as
seen for the case (1) of Table 5.1, the thermal terms become dominant at the late stage
of leptogenesis for driving the AD-flaton oscillation. In Fig. 5.3, the time variation of the
lepton number asymmetry €, (¢) is shown for the case (1) in Table 5.1, where the solid
and dashed lines represent the results with and without the thermal terms, respectively.
In this case, the thermal log term is considered to provide the dominant effect. We really
observe here that the lepton number asymmetry is finally fixed by the thermal terms,
though the A, quartic term first triggers the AD-flaton oscillation. The resultant e, is
changed by some factor ~ 1 due to the thermal effects. We may even have Hyo. S HJ™
for some cases with smaller h, ~ 107°, M/\ < 10'8GeV and higher Ty > 10°GeV. Then,
the AD-flaton oscillation to complete the leptogenesis is driven mainly by the thermal
terms rather than the h, quartic term. In any case, the thermal terms do not provide
severe suppression, but may even play a cooperative role for the flat manifold leptogenesis.

The magnitudes of AD-flaton fields are found to be scaled roughly as
|pa| o HOO. (5.42)

In Fig. 5.4, this redshift is shown typically for the case (1) of Table 5.1 in terms of the

1/2.

dimensionless variables 7, (t) oc H*®)~ It is observed up to some fluctuating behavior

that the power of redshift a(t) eventually changes as

1/2 (t < HOSC)
2/3 ( osc~t<ch)
A~ /8 (Hy St<my)) (5.43)
Ltz m3/2)

We here find especially that in the late epoch Ht St< m3/12 the evolution of the AD-
flatons is determined dominantly by the thermal terms, while the leptogenesis is already

completed during the epoch H;! <t < H,'. The redshift of the AD-flaton fields changes

0sC ~v
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Figure 5.4: The time variation of the AD-flaton field magnitudes is shown in terms of r,
for the case (1) in Table 5.1.

finally to |¢,| oc H, when the low-energy soft supersymmetry breaking mass terms become
dominating.

In Fig. 5.5, the time variation of the scalar potential terms is also shown in terms of
the dimensionless effective potential U(x,) in Eq.(5.21), where the symbols indicate the
respective terms as [¢]: Hubble induced negative mass-squared terms, [a]: Hubble induced
A terms, [F]: |F|? terms from Wyen, [he]: |LHy|? term, [th]: thermal terms. It is observed
that in the epoch with H > Ho the [c], [a] and [F] terms in Vi really dominate being
scaled as H" in terms of the U(x,). Then, the [h,] and even [th] terms catches up them
around H ~ Hys. Soon after that, the [th] term dominates over the [h,] and [c] terms,
and the [a] and [F] terms including the lepton number violation decrease rapidly, so that
the lepton number asymmetry is fixed to some non-zero value. The D? term is not shown

here for simplicity. Since D = (g% + g"?)V/2(|L|? — |H,|* 4+ | Hy|?) is calculated by using the
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Figure 5.5: The time variation of the scalar potential terms is shown in terms of U(y)
for the case (1) in Table 5.1. The respective terms are indicated as [¢]: Hubble induced
negative mass-squared terms, [a]: Hubble induced A terms, [F]: |F|? terms from Wyon,
[he]: |LH,4|? term, [th]: thermal terms.

solutions of ¢,(t), it is very sensitive to the numerical errors for the cancellation among
|#4|? terms by several orders. We have really checked that the D? contribution is smaller
than 1073 in the unit of U(,), though it apparently exhibits a violent oscillation within
this small range. This oscillating behavior is regarded to be an artifact within the intrinsic
numerical errors due to the fine cancellation among the large |@,|* terms in calculating
the D term. The D? term is anyway small enough compared to the leading terms in the
U(xa), and the D-flat condition (5.9) is maintained quite well through the evolution of
the AD-flaton fields.

It has been argued that the comparability of Ay and Ag is essential for the flat man-
ifold leptogenesis. In Fig. 5.6, the resultant lepton number asymmetries are plotted
depending on the ratio Aj/Ag, where the relevant parameter values are taken randomly.

It is clearly seen that the flat manifold leptogenesis can be realized naturally under the
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Figure 5.6: A scatter plot is presented for the resultant lepton number asymmetries
depending on the ratio A\y/Ag, where the relevant parameter values are taken randomly.

flatness condition (5.10).

5.5 Summary

We have investigated the flat manifold leptogenesis a la Affleck-Dine with the slepton and
Higgs fields, L, H,, H,, in the supersymmetric standard model. The multi-dimensional
motion of these AD-flaton fields is indeed realized in the case that the LH, and H,H,
directions are comparably flat with the relevant non-renormalizable superpotential terms.
Soon after the inflation, the lepton number asymmetry appears to fluctuate due to this
multi-dimensional motion involving certain C'P violating phases. Then, the lepton number
asymmetry is fixed to some significant non-zero value for the successful baryogenesis when
the scalar fields begin to oscillate with rotating phases driven by the quartic coupling
from the superpotential term h,LHze¢ with h, ~ 107> — 1073. The Hubble parameter

Hy. at this epoch for the completion of leptogenesis is much larger than the gravitino
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mass Mg/ ~ 103GeV. The thermal terms do not alter this scenario of flat manifold
leptogenesis in the early epoch. They may even play a cooperative role for leptogenesis.
The lightest neutrino mass can be m,, ~ 10~%eV, if the reheating temperature is allowed
to be Tr ~ 10'°GeV. Clearly, this flat manifold leptogenesis is not restricted by the

physics at the electroweak scale such as the low-energy supersymmetry breaking terms.
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Chapter 6

Phenomenological signature

In this chapter, we examine phenomenological signatures in the leptogenesis models. The
neutrino mass is considered to be one of them, as discussed above. We consider the lepton
flavor violating processes such as p — 3e and @ — ey and the muon anomalous magnetic
moment in this chapter. The additional coupling of the Higgs triplet with lepton and that
of the right-handed neutrino with lepton introduce the lepton flavor violation. We study

the phenomenological effects of the couplings.

6.1 Higgs Triplet model

In this section, we discuss the Higgs triplet model introduced in Chapter. 3. Lepton flavor
violating processes are investigated in the light of neutrino masses and experimentally
verifiable leptogenesis. Then, the Higgs triplet mass M is expected to be in the range of
1 —100TeV. The branching ratios of these charged lepton decays are evaluated in terms
of M and the coupling fLAL of Higgs triplet A with lepton doublet pairs LL, which
is proportional to the neutrino mass matrix. They may be reached in the future collider
experiments. In particular, the y — 3e decay would be observed indicating the existence
of Higgs triplets with Ma ~ 1 —100TeV for |f| ~ 0.1 — 1, while the y — ey decay can be
significant irrespective of MA in the supersymmetric model due to the flavor violation in

the slepton mass matrices induced by the renormalization effects.

6.1.1 Lepton flavor violation

In this section, we examine the lepton flavor violating couplings provided with Higgs

triplets, including the renormalization group effects.

82



The lepton basis is taken with the diagonal Yukawa coupling h at My in Egs. (3.2)
and (3.8):

(Henceforth My, is omitted for the quantities at the electroweak scale.) Then, the lepton
flavor violation, which is provided by the f coupling at My, is linked directly to the
neutrino mass matrix, as seen in Eq. (3.6) [52, 53, 54]. This is a very interesting feature
of Higgs triplet model. Specifically, the f coupling is given in terms of the neutrino masses

(m;), mixing angles (#;;) and C'P violating phases (d, ay, az) as

m

L7
fij = |f] ZUikUjkW7 (6.2)
k a

where mam = /Am2,,, with Am2, ~ 3 x 107%eV2. The explicit form of the Maki-
Nakagawa-Sakata (MNS) matrix U (lepton mixing matrix) [55] is given in a review of the

Particle Data [11]. The mean magnitude of the f coupling is given suitably by

fl= \/izzloy (6.3)

which is constrained, as in Eq. (3.9), with (A°) in terms of £ and Ma.
The flavor violation appears in the h coupling at certain unification scale Mg such
as the grand unification or gravitational scale through the renormalization effects. The

renormalization group equations for the gauge couplings and gaugino masses are given by

dgy (33 9 dM, 33 9

1672 _ (227 3 1672 =92 =4 = M 4

6m v ( 5 + 5nA> 91> 6 i ( 5 + 5nA> g1 M, (6.4)
d dM.

167292 — (1 4 2m0)g, 16722 _ 51 4 2ma)gian, (6.5
d dM.

16%2% = —3¢3, 167 dt3 = —6g3Ms, (6.6)

where g, and M, are the gauge couplings and gaugino masses of U(1)y,SU(2); and
SU(3)¢ gauge group, respectively, na = 2 is the countribution of the additional Higgs
triplets, and t is the scaling parameter, which is related to the renormalization scale
p, t = Inpu. Here, we used the GUT convention for the normalization of the U(1)y
gauge coupling g% = (3/5)g?. Hence, the Higgs triplet would spoil the gauge coupling
unification. However, if we introduce more multiplet to complete a certain representation

of GUT, the gauge coupling unification is saved. For example, the introduction of extra
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multiplets (6, 1,

—2/3) and (3,2, 1/6) saves the gauge coupling unification in the framework

of the SU(5) GUT [52]. The renormalization group equations for the Yukawa couplings

are given by

o df
1672%
o

o dh

16722
™

dya
dt
dyy
dt

1672

1672

9

f <—gg% — 7g§+hTh+6fo+Trfo) + hTh*f, (6.7)
9

h [—ggf 3¢+ 3hth 3 f 4+ Ty (h’fh+3yj;yd)], (6.8)

7 16
Yd [ 59 — 3¢5 — 393 + ylya + yly. + Tr (yeye + 3ydyd)] , (6.9)

(6.10)

13 16
Y <_1—5gf — 395 — 3932, + 3ylya + 3ylya + Trylzm) ;

where y, and v, are the Yukawa couplings of the down and up quarks. The renormalization

group equations for the masses of the sleptons and squarks are given by

a2
dt

1672
i

dM?
16 2 de
T

dt

dt

M2

L dM2.

M7

6
—nggf — 6M3 g5+ M: (hth+3f1f) + (R'h+ 3f1f) M3

+2 (WM b+ hT Maeh + 3fTME" f + 3fT MG f)

+2 (4] Ap + 3414, (6.11)

—2—54M12g% + (2MZ +4M7;)) hh'
+2hh M + 4ht Mach + 4A, A,
8 32
15 3
4 (ysz,d yh+ ydM,;yd> + 44,41
32 32

_EMIQ 3

+2yu Yl Mae + 4y, Moy}
2 32
15 3
(M2 +2M% Vyby, + (M2 +2M2 Yylya + (ylyu + yfflyd) M?

2yl M2y, + 2yi M2 yq + 24, AL +24,AF,

(6.12)
— MEg? — T Mig3 + 2M2 yayh + 2yayf M2

(6.13)
~M3g3 + (2M3. +4Mp ) ylyy
+4A4,AT (6.14)
= Mgl — 6M; g5 — —M;g;

(6.15)

where M; is the soft mass for the Higgs triplet A and A, is the soft-breaking trilinear
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coupling of x term. The renormalization group equations for the soft masses are given by

dM? 24
2 i _ 2 - 2 2
167 I 15M1 165 g5
+2 (MgTr FIf+2TeftM2 f + TrA}Af) : (6.16)
dM?2 24
2 i _ 2 - 2 2
16m°— 15M1 16M2¢2, (6.17)
dM? 6
16#27}1‘1 = —nggf — 6M3 g5 + 2M§Id (Trh,hT + 3Trydy;)
42 [3Tr (y;M;iyd + hTMgh,)] +2 (TrAdAji + TrAhA;) . (6.18)
dM? 6
16w27f’u = —nggf — 6M3g5 + 6M7 Try,y!

+6Tr (yd Mieyu + yu M7 yl) + 6TrA, Af, (6.19)

where Mj is the soft mass for the Higgs triplet A. The renormalization group equation

for the soft-breaking trilinear coupling are given by,

167r2dd—‘?” = 2f ( My g? + TMyg2 + 3TrfTAf> + ("R +9ff7) A

+A; <—§g$—7g§+h*h+9fff+Trfo), (6.20)
167Tde—ih = 2h EMlgf + 3Mog2 + 20t A, +3FTA; + Tr (AhhT + 3Ade)]

A, [—ggf — 3¢+ 5hth £ 3 f 4+ Tr (hhT n 3ydyj;)] , (6.21)
167r2dd—id = 2y [175 M, g} + 3Mg5 + 136 Msg; + Qy;Ad +yl A, + Tr (Athr + 3Ady:5>:|

+Ay [— 175 — 393 — 1—3693 + 5ydyd + yuyu + Tr (thr + 3yqy )} (6.22)
1672 djtu = 2y, [%ML(J% + 3Mags + 13—6Mgg§ + 2ylAu + y:;Ad + 3TrAuyZ]

+A, ( 1291 — 395 — ?gi + 5yl + ylya + 3Tryuyl> : (6.23)

In the bottom-up view point My, — Mg, the relevant couplings at Mg are evaluated

with those at My as

hij(Ma) = cnihidi; + (Arh)ij, (6.24)
fii(Me) = cpizfij + (Arf)ij, (6.25)
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where the sum is not taken over 7, j. The factors cp;, crij ~ 1 are provided by the gauge
and h couplings. The remaining terms provided by the f coupling are calculated in the

leading-log approximation as

(Arh)iy =~ (3/2)hi (f1f),; (6.26)

(Arf)y = 3(F11f);te (6.27)
where 1

t = 55 In(Ma/M) ~ 0.4, (6.28)

The flavor violation also appears in the soft supersymmetry breaking terms. We may
assume the universality of the soft supersymmetry breaking terms at the unification scale
Mg, i.e., the soft masses of scalar fields are given by the common mass mgy, and the A-
terms are given by agmg with ag ~ 1. Then, in the top-down view point Mg — My, the

soft mass terms at My are calculated particularly for the left-handed slepton doublets L

and the right-handed charged slepton singlets I¢ [52] as
(M?)y; = cpmgdiy + (Ah+fM§)z-j ;
(M2)ij = cpm2oi;+ (Ah]\/[l?c)z_j : (6.30)

Here, the contributions of the gauge couplings are included in the factors c;,cj. ~ 1, and
those of the h and f couplings are given by

ApygM7 = —mg [(3 + ag)h!(Mg)h(Me) + (9 + 3ag) f1(Mg) f(Ma)] ta, (6.31)

Ap M2 —m2(6 + 2a2)hT (Ma)h(Mg)tg. (6.32)

12

The Aj, term of the h coupling is also given at My, by
(Ap)ij = anmohij(Me) + (AAL); (6.33)
with aj, ~ ay including the effects of gauge couplings and
AA, ~ —(9/2)agmoh(Mg) [WT (Ma)h(Mg) + f1(Ma) f(Meg)] te- (6.34)

The charged slepton mass matrix is given in the basis of (l~, lNC*) by

2 2
N MZLL MZLR
Mz" = , (6.35)
2 2
MZRL Mz'RR
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where the submatrices are given by

MZ?LL = Mj+ M/, (6.36)
2 2 2

Mipp = Mi+ M, (6.37)

M, = ;};L = (Hq)Ap + tan BuM;, (6.38)

with tan 8 = (H,)/(Hy). The sneutrino mass matrix is also given by
M} = Mz, (6.39)

where the tiny lepton number violating term related to the Majorana neutrino mass matrix
is neglected in a good approximation. The flavor changing components are particularly

calculated in the leading order of |f|* as

(M2 )ijliz
mp
(M2 Viilisg
I~ —6(3 + ag)ewh{tG (1 F)i (6.41)

0
(M2 )ijlizg my,
ML o _(9/2)a00him—ll(1 + 3h2ta)ta (fT F)is, (6.42)
0

~ —3(3+ag) (1 + il ta)ta(fT )i, (6.40)

% ~ —3(3 + af) (1 + cuihita)ta(f1f)ij, (6.43)

where the values of f and h couplings are taken at My, . It is noticed that these leading
contributions of flavor violation are determined essentially by t¢(fTf)i; (i # j) [52] with
the significant log factor t; ~ 0.4 in the present scheme of Ma ~ 103GeV.

6.1.2 Lepton flavor violating processes

We investigate the charged lepton processes in order, to which the supersymmetric Higgs
triplets in TeV region may provide significant contributions. Such effects are expected
to show the evidence of Higgs triplets particularly related to the neutrino masses and
mixings.

The leading contribution to the y — 3e decay is provided at the tree level mediated by
the Higgs triplet as shown in Fig. 6.1. The supersymmetric contributions, on the other
hand, appear at the one-loop level through the flavor violation in the slepton sectors [56].

They are, however, negligible compared to the tree-level contribution for Mx ~ 103GeV.
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Figure 6.1: The tree diagram mediated by the Higgs triplet is shown.

The branching ratio is calculated [57] as

Br(si— 3¢) = |f§§£ie|2 <%VAV>4
a1 <1Tev>4 <|ILH36|>2 <m>4’ (6.44)
ma 0.01 0.1
where
frofue = Tussel 17, (6.45)

and the mass of scalar Higgs triplet is given including the contribution of soft supersym-

ma =/ MX + cam?. (6.46)

The experimental bound is, on the other hand, placed as Br(u — 3e) < 1.0 x 1072 [58].

metry breaking (ca ~ 1) by

The flavor changing factor |1, ,3.| = 0.01 is taken in Eq. (6.44) as a reference value. Its
value is evaluated precisely from Eq. (6.3) with the neutrino masses and MNS matrix U,
which are inferred from the data of neutrino experiments [2, 3, 4, 48]. Numerically, we
have |1, 3. < 0.03 (HI), < 0.06 (DG), and < 0.2 (IH), respectively, for the hierarchical
(HI) case m; < my < myg, the degenerate (DG) case m; ~ mg ~ mg3, and the inverted-
hierarchical (TH) case my ~ mgy > ms.

A detailed estimate of Br(u — 3e) is presented in Fig. 6.2 depending on the Higgs

triplet mass ma. Typical values of the neutrino masses and mixings are taken in the HI
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Br(u — 3e)

10—10 |
1012} xe = == = — oo oo 2N - - - — - Experimetal bound |
10~} fl=1

| Future limit N _ o N __
10—16 |
10—18,‘ o

1 10 10TV
M

Figure 6.2: A typical estimate of the branching ratio of 4 — 3e is shown depending on
the Higgs triplet mass ma for |f| =1 and |f| = 0.1.

case as

(m1, my,m3) = (10 %eV,8 x 10 *eV,5 x 10 %eV),
(sin 912, sin 923, sin 913) = (1/2, ]_/\/5, 0].),

and the zero C'P violating phases, which provides

I, 3 =0.7x 1072

The upper and lower solid lines represent the results for |f| = 1 and | f| = 0.1, respectively.
The present experimental bound 1.0 x 1072 and a future sensitivity ~ 107! achieved
by proposed experiments [59] are also shown with the upper and lower dashed lines,
respectively. It is interesting here that through the p — 3e decay the evidence of Higgs
triplets may be seen up to the mass Mx ~ ma = 100TeV for |f| ~ 1. This will be
promising especially for obtaining the experimental evidence of leptogenesis in TeV region

with the supersymmetric Higgs triplets. On the other hand, as discussed later, the Higgs
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triplet contributions to the y — ey decay are significant even for M > 100TeV through
renormalization effects.
The branching ratio of 7 — 3p is also estimated as

Br(r — 3pu) =2x 107" <1Tev>4 <|IH3“|>2 <m>4, (6.47)

ma 0.2 0.1

where

Foufru = Loaul f12. (6.48)
We have numerically |I,_,3,| ~ 0.1 — 0.3 (HI), ~ 0.1 — 0.2 (DG), and ~ 0.1 — 0.3 (IH),
respectively. This Higgs triplet contribution to the 7 — 3u decay is far below the ex-
perimental bound Br(r — 3p) < 3.8 x 1077 [60] for ma ~ 1TeV and |f| < 0.1. Similar
estimates are made for the leptonic three-body decays, 7 — éupu, and so on [54].

The flavor changing radiative decays such as y© — ey and 7 — p7y are induced
by the one-loop diagrams as shown in Fig. 6.3. In the Higgs triplet model, the non-
supersymmetric contribution is given by the L-A loop, which is almost independent of
the mass of the internal lepton for m; < ma [53, 54]. The supersymmetric partner of this
contribution is given by the L-A loop. The flavor violation appears even in the internal
slepton line through the renormalization effects, though its contribution is sufficiently
small for |f| < 107", The flavor violation in the slepton mass matrices also provides the
supersymmetric contributions of the [-¢° (neutralino) loop and the 7-y~ (chargino) loop,
as in the minimal supersymmetric standard model [56]. For the case of very large Higgs
triplet mass such as Ma ~ 10" —10"GeV, the I-x° and 7-Y~ contributions are dominant
[52], while the L-A and L-A contributions are negligible due to the suppression factor
(mg/Ma)?. On the other hand, for the case of Ma ~ mg ~ 1TeV, as motivated for the
direct detection of Higgs triplet, these contributions may be comparable.

In this interesting case of Ma ~ my ~ 1TeV, we investigate the charged lepton
radiative decays and their intimate relation to the leptonic three-body decays of charged
leptons through the neutrino mass matrix proportional to the f coupling. In particular,
the supersymmetric contributions of the I-y° and 7~y loops may become most significant
for certain range of the model parameters, while those of the L-A loop are comparable to or
even larger than their non-supersymmetric partners of the L-A loop for Mz = Ma < ma.
Then, the relations between the decays p — 3e, etc. and the decays pu — ey, etc., as

found in the non-supersymmetric case [53, 54], may be modified to some extent, since
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Figure 6.3: The loop diagrams contributing /; — [; process is shown.

the radiative decays are enhanced due to the supersymmetric contributions [52] with the
log-factor t ~ 0.4.
We now estimate the branching ratio of © — ey decay. The decay amplitude is

generally given by
T(u— ey) = e, [iaaﬂqﬁ(ALPL + ARPR)] Uy, (6.49)

Then, the decay rate is given by
2

€
I(p—ey) = To2 " S(JAL + |AR[), (6.50)

and the branching ratio is calculated by

['(p— ev)
GZm3 /19273

The left-handed and right-handed decay amplitudes are calculated in the leading order

Br(p — ey) = (6.51)

by combining the one-loop contributions:
Apr= ALR+A rtT AL R+A (6.52)

The formulas for calculating the contributions AL r and AY 1.r Of the neutralinos and
charginos are presented in the literature [56]. The contributions A7 ; and AL,R of the
supersymmetric Higgs triplets are calculated as later. Then, the decay amplitudes are

given specifically as

m Gf G Gh
AL = —32;2[u%e7|f|2 m—g + m—% + M—L2 ) (6.53)
m GX GA GA
Ar = 32;21—uae7|f|2 m— + 2 + W ’ (6.54)
0
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where
Zf:kfuk = u%e'y|f|2- (655)
k

These leading contributions to the decay amplitudes are proportional to the flavor
changing factor (f7f)e, = Yop fixfur (f = fT), as seen in Eq. (6.55). This is realized
for the l~—>~<0 and 7-y~ loops by using the mass-insertion method with the flavor changing
elements of slepton mass matrices in Eqs. (6.40) — (6.43). As for the L-A and L-A loops,
the flavor-dependence of the masses of intermediate states can be neglected in a good
approximation. Then, the factor (f7f)., is extracted from the two vertices in the loop
diagram. It should, however, be remarked that the contribution of £ = 7 in Eq. (6.55)
may be modified to some extent for tan # = 30. This is because the renormalization effects
on the 7 and 7, masses by the Yukawa coupling h, becomes significant especially for the 7-
A** and 7,-A* loops. Furthermore, the renormalization effects may modify significantly
the flavor structure of these amplitudes for the large f coupling as |f| ~ 0.5 — 1. At
present, there is no strong motivation to pursue such special cases.

As a typical example, the factors G%y R G%} r and G%, r are evaluated numerically as

GY =020, G2 =08x10%, G2 =1.0x 10°?,
G =1.35, G5 = 0.17, G5 = 0.21, (6.56)

by taking the parameters as Mz = Ma = 700GeV, ma = 1000GeV, my = 700GeV,
ap =1, tan f = 3, = 1000GeV, M; = 300GeV and M, = 600GeV (M; and M, are the
gaugino masses of U(1), and SU(2),, respectively). Here, G% is somewhat enhanced by
tan 3 coming from the fi;-fip flip with (MZZLR)W and the pp-jip-HY vertex [52, 56]. The
small ratio G$/G% = G7/G% = m./m,, is attributed to the chirality flip of the external

charged leptons. Then, the branching ratio is estimated as

a2 4 2 4
Br(p —ey) = 7x107" (g) (1::1\/) <|I‘6‘17|> <%> , (6.57)

which should be compared to the experimental bound Br(y — ey) < 1.2 x 10~ [11].

Here, we take G = 3 as a reference value for

1/2
G= ( > ‘WG}?( + G4+ rﬁ%ﬁ) (6.58)

K=L,R
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with ry = (ma/mg)? and r3 = (ma/Ma)?. This net G factor is actually calculated
depending on the various parameters, as seen from Eq. (6.56). It is usually of O(1)
for the reasonable parameter range. The weights of supersymmetric contributions are
relatively enhanced in G' due to rg, 75 > 1 for ma > myg, Ma from Eq. (6.46), compared
to the non-supersymmetric ones. We have also numerically |/, .,| < 0.2 (HI), < 0.1
(DG), and < 0.2 (IH), respectively. This expected branching ratio Br(u — ey) really
becomes larger by one order or so due to the supersymmetric contributions than that
of the non-supersymmetric case [53, 54]. It should also be remarked that the p — ey
decay can be a good test to distinguish the supersymmetric Higgs triplets from the non-
supersymmetric ones. This is because in the non-supersymmetric model the left-handed
decay amplitude A, = A2 is much smaller than the right-handed one A = A% due to
the suppression with m,/m,,.

We here present the formulas for calculating the one-loop contributions of supersym-
metric Higgs triplets to the decay amplitudes of [; — [; + . The charged slepton mass
eigenstates are determined by diagonalizing the mass matrix ./\/ll2 in Eq. (6.35) with a

unitary matrix Ul
lo=Ubly; + Ul ylgi (a=1-6), (6.59)

where [;, = [ and [ = [°*. The sneutrino mass eigenstates are determined by diagonalizing

the mass matrix M2 in Eq. (6.39) with a unitary matrix U":
Uy = Ul (b=1-3), (6.60)

where 77, = ;. The interactions of bileptons with scalar Higgs triplet are given from Eq.
(3.2) by
1
RVE
—%fz‘jﬁiCPLleJr +

_ 1 -
£A fijliCPLle++ — §file-CPLVjA+
1
V2

The interactions of bisleptons with Higgsino triplet are given in terms of the mass eigen-

states in Eqs. (6.59) and (6.60) by

fijﬂfPLl/jAO + H.c.. (661)

EA — —ﬂﬁal_fPLA++l~a - gl_Z-CPLA+I7b
—FL ot P LAY, + V2 F P A, + Hec., (6.62)

a1t
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where
f'iia = (fU[T)m, b= (U (6.63)

The contributions of L-A loops are calculated by using the interactions in Eq. (6.61)

as
A 1 mlj *
AR = 3972 m—zA zk: [ fie [F1(0) + 4F (z) — 2F5 ()], (6.64)

where z, = (my, /ma)? with the scalar Higgs triplet mass ma in Eq. (6.46). The functions

F} and F; are given by

1 — 62+ 322+ 22° —62%Inzx

243r—622+a2>+6zlnz
Fy(z) = 61— )] . (6.67)

The contributions of L-A loops are also calculated by using the interactions in Eq. (6.62)

as
: L m, val D% D
AR = mon {Zﬂfj [_2F1($a)+4F2($a)]+zb:.7:ib ijz(xb)}, (6.68)

where z, = (M; /Ma)? and 2, = (Mjp,/Ma)?, and the Higgsino triplet mass is given by
Mz = Ma.

Here, two remarks should be made. (i) The suppression factor my, /m;; < 1 appears
in the left-handed contributions where the chirality is flipped in the final state [;. This
is due to the fact that only the left-handed lepton doublets participate in the f coupling
of bileptons and Higgs triplet. (ii) These amplitudes are approximately proportional to
(fTf)ij- In the amplitudes A7 , we have F »(xy) ~ Fy2(0) for 2 < 1, so that the factor
(f1F)i = S fifie (f = fF) is extracted. Similarly, in the amplitudes AL%R we may
neglect the mass differences among the sleptons for small enough |f| < 0.1, so that the
factor (fTf)i; =3, .7-";;‘.7—";@ = >, Fir' iy is extracted again with unitarity of U’ and U”.
In other words, the flavor mixing of the intermediate sleptons is actually ineffective for

A%ﬂ in the leading order of |f]?.
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By these formulas, we can make a similar estimate on the branching ratio of 7 — uy

G 2 4 R 2 4
Br(r —py) = 3x107" <§> <1;LZV> <|[0‘é”|> (%) . (6.70)

> Finkon = Lol fI. (6.71)
k

as

where

We have numerically |I_,,,| ~ 0.4 — 0.5 (HI), ~ 0.1 — 0.4 (DG), and ~ 0.4 — 0.5 (IH),
respectively. This Higgs triplet contribution to the 7 — py decay is much smaller than
the experimental bound Br(r — py) < 3.1 x 1077 [61] for ma ~ 1TeV and |f] < 0.1.

6.1.3 Muon anomalous magnetic moment

The contributions of the f coupling to the muon anomalous magnetic moment mainly ap-
pear through the A-L and A-L loops. The magnitude of these contributions are estimated

roughly for Ma ~ mg as
1 my, \ 2
o 2
|Afau| ~ —87T2 (—mA> Ek |fuk|

2 2
~ 10712 (%) (%) : (6.72)

Hence, the contributions of the f coupling to the muon anomalous magnetic moment are

found to be harmlessly small.

6.1.4 Muonium to antimuonium conversion

The muonium atom consists of one anti-muon and one electrons, namely, (uTe™). A
conversion of muonium into antimuomium conserves lepton number and violates the lepton
family number by two units. The doubly charged boson in the Higgs triplet contributes
this conversion process as shown in Fig. 6.4.

To discuss the muonium-antimuonium conversion, we take the effective four fermion

interaction of the (V-A) type, which is given by

G _
Horir = <$> 70 (1 = 75)emy” (1 — y5)e + Hee, (6.73)
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Figure 6.4: A muonium to anitmuonium conversion process with an intermediate Higgs
triplet is shown.

where G, is coupling constant characterizing the strength of the muonium to antimuo-

nium conversion. The G, are estimated in Higgs triplet model as

feefuu feefuu <MW)2
G = = Gr, 6.74

where G is the Fermi coupling constant. In the absence of an external magnetic field,

this effective four fermion interaction cause a small mass splitting as

V2n2ra3’

where n is the principal quantum number of the muonium atom and a is a Bohr radius

§ = 2{M|Hyig| M) = (6.75)

of the muonium atom. The conversion probability in a zero magnetic field is given by
2 G\
Pyip ~ — ~ 2.6 x 107° <M> : (6.76)

where I'), is the muon decay rate.

The experimental upper bound for a conversion of muonium into antimuonium at PSI

is given by [62]
Gy <3.0x10°Gp. (6.77)

By using (6.74), this bound is reduced to the constraint for the Higgs triplet mass and
couplings,

103GeV

2
) <4.0x 107" (6.78)
ma

Jee Fun <
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Hence,

0.1 \ Y /103GeV !
< 2. _
IfI S 0<|[M%M|> ( — ) : (6.79)
where
feeSun = Iyl fI7 (6.80)

Numerically, we have |I,,3.] < 0.1 (HI), ~ 0.3 — 0.7 (DG), and ~ 0.2 — 0.7 (IH), re-
spectively, for the hierarchical (HI) case m; < my < mg, the degenerate (DG) case
my ~ mgy ~ mg, and the inverted-hierarchical (IH) case m; ~ mgy > ms.

Also, the future bound using high-quality muon beam produced at PRISM facility is
proposed as [63]

Gourir S 107G (6.81)
This bound is reduced to
0.1 \ Y?/103GeV *
f1 <04 ( ) ( . ) : (6.82)
|[M—>]\7I| ma

This bound for |f| seems to be loose in the hierarchy case compared with the pro-
cesses, 4 — 3e and pu — ey. However, if a signature of p — 3e or yu — ey is found,
future muonium-antimuonium conversion could confirm the Higgs triplet model. On the
other hand, in the inverted hierarchy and degenerate cases, future muonium-antimuonium
conversion may judge the region |f| 2 0.1, hence, muonium-antimuonium conversion is

also available to examine Higgs triplet models.

6.2 Right-handed neutrino model

In this section, we consider the phenomenology of the supersymmetric seesaw model dis-
cussed in Chap. 4. The right-handed neutrino is considered to be very heavy compared to
the electroweak scale. Hence, the amplitudes of the lepton flavor violation through loop
diagrams mediated right-handed neutrino are negligibly small because the amplitudes are
proportional to inverse powers of the right-handed neutrino mass However, in supersym-
metric models, the lepton flavor violating right-handed neutrino Yukawa coupling leads

to lepton flavor violation in the slepton masses through the renormalization group effects.
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We will discuss the lepton flavor violating processes, ;1 — ey and 7 — py. Also, under
some assumption about the right-handed neutrino mass and coupling, we will judge our

leptogenesis by these lepton flavor violating processes.

6.2.1 Lepton flavor violation

We here discuss the lepton flavor violating couplings provided with the right-handed
neutrino, including the renormalization group effects. The superpotential relevant for

lepton flavor violation is given by
My
W =h,LH,N + h)LH e + TNN. (6.83)

We work in the left-handed lepton and right-handed neutrino diagonal basis where the
charged lepton mass matrix and the right-handed neutrino mass matrix My are diagonal.
Then, the neutrino Yukawa coupling A, is not generally diagonal in this basis and leads
the lepton flavor violation. By the seesaw mechanism, the neutrino mass matrix is given

by

(H.)®
Myij = Zhuikhukj My, . (6-84)
k

We assume that My;; is proportional to the unit matrix below for simplicity. Then, the

neutrino mass (6.84) is reduced to

)
iJ MN .

myi; = (hrh,) (6.85)

For the smallness of the neutrino mass, the right-handed neutrino mass is supposed to be
very heavy, My ~ 10® — 10'% GeV.
The flavor violation appears through the renormalization effects. The renormalization

group equations for the gauge couplings and gaugino masses are given by

dg, 33 dM, 66
1672 -2 = =43 1672 = —g¢’M 6.86
™ dt 5 g1, a dt 5 gy Vi1, ( )
dgs d M,
1671'2% = gg, 1671—2 dt = 29§M27 (687)
d dM.
167r2% = —3¢3, 1677 == = —63Ms. (6.88)
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The renormalization group equations for the Yukawa couplings are given by

L dhy
167 s
dh,
dt
dya
dt
dyu
dt

1672

1672

1672

9

hy [—ggf — 3¢2 4 3hlhy + hih, + Tr (hj hy + 3y;yd)] : (6.89)
3

h, [—gg% — 3¢2 4 3hih, + hfhy + Tr (R Ry, + 3y;5yu)] , (6.90)

7 16
Ya {——gf 392 — g2+ ylya + yly, + Tr (hzrhz + 3y§yd>} , (6.91)

15 3

16
Yu [——91 — 392 — =202 + 3ylyu + 3ylya + Tr (Al A, + 3y§5yu)] (6.92)

15 3

The renormalization group equations for the masses of the sleptons and squarks are given

by

6
—=Mig? — 6MEg + M} (h}hl + h:ﬂh,,) + (h}hl + h:ﬂh,,) M?

42 (h}Mz,dhl + hf Machy + hi M2 h, + hnghV)

+2 (A}Al n A,T,A,,) : (6.93)
—2—54M12g% + 2M2h by + 2h by M2

4 (b Machy + M3 b ) + 44,4], (6.94)

2MZh}h, + 2hLh, M? + 4 (R MF b, + hiMh, + AVA)),  (6.95)

8 32
— s Migt = 5 M35+ 2M L yayy + 2yayy M.

+4 (ydM?{dy,Ti + ydquIl) + 44445, (6.96)
32 32

—1—5M129% -3 595+ (2MZ +4M7 ) yhy

4y, Myey! + 2y,yf Mye + 44, AL, (6.97)
2 32

— Mgt — 6Myg; — < Mg

+(ME + 2M3 )ylya + (ME + 2M3 )yl + (ylv + ylya) M

2yl M2y, + 2y M2y, + 24, Al + 24,5, (6.98)
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The renormalization group equations for the soft masses are given by

dM? 6
167 — 1 = Mg} — 6M3g} +2M}, (Trhlh} + 3Trydyj;)
6Tt ( M2y, + ydM2yd> 4Ty (hTMZhl + hiM2 hl>
+2 (3TrA A} + Tra4]) (6.99)
dM? 6
167r27H“ = —ng 2 6M3gs +2M7 (Trh,hl + 3Try,y))

+6Tr (yi Mieyu + yu Mzyl) + 2Tx (R M2h, + hiMZh,)
+2 (3TrA, Al + TrA,A) . (6.100)

The renormalization group equation for the soft-breaking trilinear coupling are given by,

5 dA 9
167 d—tl = 2n {—SMIQ% — 3Myg; + thrAl +hiA, +Tr (Alhzr + 3AdeT)]
9
+A; [_Sg% — 39% + 5]7,}]7,[ + h}:hy + Tr (hlh; + Sydyj;)} , (6.101)
s dA, 3. 9 2 i t t f
167 — = 2h,, —nggl — 3Mags + 201 A, + b A+ Tr (A k], + 34,Y)
3
+ A, [—ggf — 392 + 5hih, + hlhy + Tv (bR, + 3yuy;)] , (6.102)
dA 7 16
167r2d—td = de |:—BM1g1 3M2g% - §M3g3 + deAd + yZA + TI" <AlhT + 3Adyd):|
7 16 i
+Ad 1591 — 392 — 393 + 5ydyd + yuyu + Tr <hlh + 3ydyd) ) (6103)
dA, 13 16
1672 == W [——Mlg% — 3M,g2 — §M3g3 + 2yt A, + Yl Ay + Tr (ARS + 3Auyu)]

3 16
+A, [ 9 —3¢g% — Eg?, + 5y + yhya + Tr (hohi + Syuyi)} . (6.104)
For u < My, the right-handed neutrino decouples from the massless spectrum, hence, the
dimension five operator kLLH,H, /My is derived. The renormalization group equation

for k are given by [65]

»d 6
167 d—j = hy [—gg% — 695 + Tryiyu| + hihurs + s(hlh)" (6.105)

We can solve these renormalization group equations with certain boundary conditions.
However, we consider a simple approximation to estimate the lepton flavor violation in

the slepton mass matrix. The renormalization group equation for the slepton mass can
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be reduced to

dM? dM?

16r*—L = [ 160" —L

"t ( "t
MSSM

+M:hlhy + b h, M32 (B MZR, + My hih, + AVA,),  (6.106)

where (167°d/dtM?)vssu represents the renormalization group equation in MSSM. This

renormalization group equation gives an approximate solution for the slepton mass
Ay (MF)ijlizs == —mig (3 + ag) (hhhy )ijtw, (6.107)
where ¢y is given by

1
tN = @lnMg/MN. (6108)

We do not know the neutrino Yukawa couplings h, at Mg, hence, the definite pre-
diction of the slepton mass matrix can not be derived. However, if we assume the C'P
violating phase in the Yukawa coupling h, is small, (h;f,h,,)ij is linked directly to the neu-
trino mass matrix as the Higgs triplet case. Then, (h}h,);jtx is given in terms of three

neutrino masses and three mixing angles by Eq. (6.85),

(M),
hih,)y = —2|h|? 6.109
(R} hy)ij matm| | ( )
where
MNmam
|h|? = RAE >2t (6.110)

Also, renormalization effects for (h}h,);; is not so large, hence, the estimate of (h}h,);;
by the value of (m,);; at My, is good approximation for the estimate of the lepton flavor
violation. Here, all component of (hfh,);; are proportional to the universal right-handed

neutrino mass My, hence, the magnitude of lepton flavor violation is directly related to
My.

6.2.2 pu—eyand 7 — puy

The flavor changing radiative decays such as y — ey and 7 — p7y are induced by the

one-loop diagrams as shown in Fig. 6.3. The flavor violation in the slepton mass matrices
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also provides the supersymmetric contributions of the l~—>~<0 (neutralino) loop and the 7-x~
(chargino) loop, in the supersymmetric seesaw model.
We now estimate the branching ratio of I; — [;y decay. The decay amplitude is

generally given by
T(lj — lLiv) = ee™l; [i0a5¢" (AL Pr + ARPr)] . (6.111)

Then, the decay rate is given by
2

Dl = 1) = s—mi (| AL + | AgP?), (6.112)
and the branching ratio is calculated by

The left-handed and right-handed decay amplitudes are calculated in the leading order
by combining the one-loop contributions:

App =AY+ AY . (6.114)
The interaction Lagrangian of lepton doublet is given by

£ o= L(CNEPr+CNEPL) ko + 1 (COpPr+ Cof PL) X + Hee. (6.115)

ima ima inb

By these couplings, we can calculate the neutralino-loop contributions as

A = p <c§j,;§cj§;j*ﬂ (tma) + Ai c;j,;gc;:;g*@(xma>) (6.116)
A =AY L (6.117)
and chargino-loop as
MY = - (OO Rl + OGO i) (6119
AL =AY ‘HR (6.119)
where @, = (Myo /M;))?, wnpy = (M. /Mp,)? and Fi(z) are defined as
Fi(r) - 1 —6x + 35(21t25; —6z%Inz (6.120)
Rr) = = gjj;lnx (6.121)
Fy(r) = 2—1—335—:(3512_—1—;;+ 6z Inx (6.122)
Fi(r) - -3+ 4(xl—_:i)3— 2Inz (6.123)
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imaand C’gl’bR(L) are presented in the literature

The explicit formulas for the couplings
[56].

Then, the decay amplitudes are given specifically as

my, Grr

ALr =

where the sum is not taken over i. These leading contributions to the decay amplitudes
are proportional to the flavor changing factor (hlh,);tx. This is realized for the [-°
and 7-x~ loops by using the mass-insertion method with the flavor changing elements of
slepton mass matrix in Eq. (6.107). The factors G, g ~ 1 are numerically calculated.

Here, (h}h,):; is proportional to My as seen in Eq. (6.109). Then, the constraint on
(hlh,,)ij by lepton flavor violating processes is that on My. Hence, by the u — ey and
T — py, we can constrains the parameter region of the leptogenesis model discussed in
Chap. 4.

Since all right-handed neutrino mass are My < Hi,s, the leptogenesis coupling h,rq
corresponds to the coupling relevant for the atmospheric neutrino mass. Hence, h,,¢ can
be written in terms of My as

m mMN _ MN
h2 o = N g 1073 (). 6.125
VLG T T v x <1012Gev> (6.125)

Since the leptgenesis should generate the sufficient amount of lepton number asymmetry,
ny/s ~ MTg/(10GeV?) ~ 1071°. Hence, the free parameter M can be written in terms

of Ty as

T -1
M = 10"GeV (108(1;6\/) : (6.126)

Here, by Eqgs. (6.125) and (6.126), the large h, e scenario is realized,

Hinf _ Hinf TR
h? T —=10° . 12
vie > G =10 <1013Ge\/> <108Ge\/> (6.127)

In the large h, g scenario, the condition that thermal masses do not take over the effective

negative mass at H = Hy,, is My > T,. This condition cuts off some region in My — T
plain with T, = (T2H Mp)'/*.
The plains are shown in Fig. 6.5 (tan # = 30) and Fig. 6.6 (tan§ = 10) for u — ey

process. The gray region is allowed by p — ey experiments, the thick line represents the
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Figure 6.5: The My-Tg plain for leptogenesis discussed in Chap. 4 is shown for tan 5 = 30.
The gray region is allowed by @ — ey experiments, the thick line represents the condition
that thermal masses do not dominate the negative mass. The condition My < Hj, is
required for the nontrivial evolution of N. Two horizontal dashed lines represent the mass
of nonrenormalizable terms (4.4).

condition that thermal masses do not dominate the negative mass. We take typical values

of the neutrino masses and mixings are taken in the hierarchical case as

(my1, my, ms) = (107%eV,8 x 10™%eV,5 x 107%eV),
(sin @y, sin Bys, sin fy5) = (1/2,1/v/2,0.1),

and the zero C'P violating phases. Other parameters are taken as my = 200GeV, ag = 1,
p = 300GeV, M; = 100GeV and M, = 200GeV (M; and M, are the gaugino masses of
U(1),- and SU(2),, respectively). The prediction of the Brr — py is smaller than the ex-
perimental bound. For large tan 3 ~ 30, future lepton flavor violating decay experiments

Br(pu — ey) ~ 107 [64] can judge our leptogenesis with some assumption.
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Figure 6.6: The My-Tg plain for leptogenesis discussed in Chap. 4 is shown for tan 5 = 10.
The gray region is allowed by @ — ey experiments, the thick line represents the condition
that thermal masses do not dominate the negative mass. The condition My < Hj,s is
required for the nontrivial evolution of N. Two horizontal dashed lines represent the mass
of nonrenormalizable terms (4.4).

6.3 summary

We have investigated the lepton flavor violating processes such as p — ey and 7 — py
with the supersymmetric Higgs triplets and the supersymmetric seesaw model in the light
of neutrino masses and experimentally verifiable leptogenesis. The Higgs triplet mass
M is expected to be in the range of 1 — 100TeV. The branching ratios of these charged
lepton decays are evaluated in terms of M and the coupling f LAL of Higgs triplet A with
lepton doublet pairs LL, which is proportional to the neutrino mass matrix. They may
be reached in the future collider experiments. In particular, the u — 3e decay would be
observed indicating the existence of Higgs triplets with M ~ 1—100TeV for |f| ~ 0.1—1,

while Br(u — e7) can be significant irrespective of MA in the supersymmetric model due
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to the flavor violation in the slepton mass matrices induced by the renormalization effects.
On the other hand, the right-handed neutrino is very heavy as My = 10°—10'% GeV in the
supersymmetric seesaw model for leptogenesis. Hence, the flavor violation is induced in
the slepton mass matrices by the renormalization effects. With degenerate right-handed
neutrino mass and negligibly small C'P phases, the lepton flavor violating coupling (hTh)
is proportional to the neutrino mass matrix. The branching ration of ;i — ey constrains
the parameter region for the leptogenesis, while the prediction of the Brr — 7y is smaller
than the experimental bound. The leptogenesis via N, L, H, manifold may be judged in

the future collider experiments.
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Chapter 7

Conclusion

We have investigated the lepton-number asymmetry generation via multiscalar evolu-
tion in supersymmetric electroweak models. These models are some extansions of the
supersymmetri standard model to generate the the neutrino masses. We have clarified
characteristic aspects of this flat manifold leptogenesis scenario in these models. The
leptogenesis via multiscalar evolution has been found much more efficient than the con-
ventional Affleck-Dine mechanism along the one-dimensional flat direction. In particular,
the thermal effect, which suppresses the leptogenesis in Affleck-Dine mechanism, may
rather plays a cooperative role in the present multiscalar leptogenesis mechanism. We
have also shown possible experimental signatures of these models in the lepton flavor
violation processed related to the neutrino mass generation.

In the Higgs triplet model, the neutrino mass matrix is generated by the exhange
of Higgs triplet. The lepton number asymmetry is generated sufficiently for the wide
range of Higgs triplet mass, 103GeV < Ma < 10%GeV on manifold spanned by the
flat directions of scalar fields AA and AAé°¢¢ manifold. The thermal effects does not
disturb the leptogenesis. In paricular, the thermal log-term acting as the effective scalar
mass term may dominate in some epoch, so that the lepton-number asymmetry can be
enhanced signficantly.

In the supersymmetric seesaw model, the leptogenesis takes place via the coherent
evolution of the scalar fields N, L and H,. The N asymmetry disappears later through
the incoherent decays N — Ef:[u, LH, with almost the same rate but opposite final lepton
numbers. The sufficient amount of L asymmetry for baryogenesis can be obtained with the

lightest neutrino mass m, < 1073eV for the reasonable Yukawa coupling of right-handed
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neutrino and the right-handed neutrino mass My = 10'° — 10'® GeV.

In the supersymmetric standard model, the multi-dimensional motion of the scalar
fields L, H,, H, is investigated for leptogenesis with the nonrenormalizable term for
neutrino masses. The thermal effects or the quartic coupling from the superpotential term
heLHge¢ can fix the lepton-number asymmetry to complete the leptogenesis. The lightest
neutrino mass can be m,, ~ 10~%eV with the reheating temperature T ~ 10'°GeV, while
it must be extremely small as m,, ~ 1073V for the conventional Afleck-Dine mechanism.

We have also investigated the lepton flavor violating processes such as y — ey and
T — py with the supersymmetric Higgs triplets and the supersymmetric seesaw model
in the light of neutrino masses and experimentally verifiable leptogenesis. The branching
ratios of these charged lepton decays are evaluated in terms of the Higg triplet mass
Mpa and the coupling fLAL of Higgs triplet A with lepton doublet pairs LL, which
is proportional to the neutrino mass matrix. In the future collider experiments, these
processes can be discovered as the evidence of the Higgs triplet for the leptogenesis and
neutrino mass generation. In particular, the 4 — 3e decay is promising to test the
existence of Higgs triplets with Mx ~ 1 — 100TeV for |f| ~ 0.1 — 1. The u — ey decay
is also interesting, and its branching ratio can be significant irrespective of Mx in the
supersymmetric model due to the flavor violation in the slepton mass matrices induced
by the renormalization effects.

On the other hand, in the supersymmetric seesaw model for leptogenesis, the flavor
violation is induced only in the slepton mass matrices by the renormalization effects.
This lepton flavor violation can be described in terms of the neutrino mass matrix under
some reasonable assumption. Then, the parameter range for leptogenesis is constrained
by the present upper bound on the branching ration of 4 — ey decay. This model for
leptogenesis via N-L-H, manifold may also be tested by the lepton flavor violating decays

in the future collider experiments.

108



Acknowledgements

I would like to greatly thank Prof. Katsuji Yamamoto for various instructive suggestions,
fruitful discussions and his patience to wait for my very slow writing of manuscripts.
Without his encouragement, this work would not be completed.

I thank all the members of quantum physics group of department of nuclear engineering
at Kyoto University for hospitality.

I wish to thank my parents Marehito Senami and Shuko Senami for their unfailing

support for a long time.

109



References

1]
2]

[5]

(6]

[10]

[11]

Super-Kamiokande Collaboration, S. Fukuda et al., Phys. Rev. Lett. 81, 1562 (1998).

Super-Kamiokande Collaboration, S. Fukuda et al., Phys. Rev. Lett. 86, 5651 (2001);
ibid. 86, 5656 (2001); Phys. Lett. B 539, 179 (2002).

SNO Collaboration, Q. R. Ahmad et al., Phys. Rev. Lett. 87 (2001) 071301; ibid.
89, 011301 (2002); bid. 89, 011302 (2002).

KamLAND Collaboration, K. Eguchi et al., Phys. Rev. Lett. 90, 021802 (2003).

K2K Collaboration, S. H. Ahn et al., Phys. Lett. B 511, 178 (2001); M. H. Ahn et
al., Phys. Rev. Lett. 90, 041801 (2001).

For a review, see H. P. Nilles, Phys. Rept. 110, 1 (1984).

T. Yanagida, in Proceedings of Workshop on Unified Theory and Baryon Number
in the Universe, eds. O. Sawada and A. Sugamoto (KEK 1979); M. Gell-Mann,
P. Ramond and R. Slansky, in Supergravity, eds. P. van Niewenhuizen and D. Z.
Freedman (North Holland 1979).

J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227 (1980); R. N. Mohapatra and
G. Senjanovi¢, Phys. Rev. Lett. 44, 912 (1980); Phys. Rev. D 23, 165 (1981); E. Ma
and U. Sarkar, Phys. Rev. Lett. 80, 5716 (1998);

M. Senami and K. Yamamoto, hep-ph/0305203.
M. Senami and K. Yamamoto, Phys. Rev. D 66, 035006 (2002).

K. Hagiwara et al., Particle Data Group, Phys. Rev. D 66, 010001 (2002),
http://pdg.lbl.gov/.

110



[12] For a review see, E. Kolb and M. Turner, The Early Universe (Addison-Wisley, 1990).
[13] A. T. Lee et al, Astrophys. J. 561, L1 (2001).

[14] Boomerang Collaboration, C. B. Netterfield et al, Astrophys. J. 571, 604 (2002).
[15] C. Pryke et al., Astrophys. J. 568, 46 (2002).

[16] D. N. Spergel et al., astro-ph/0302209.

[17] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B 155, 36 (1985).
[18] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).

[19] W. Buchmiiler and M. Pliimacher, Phys. Rept. 320 (1999) 329; M. Pliimacher, Nucl.
Phys. B 530 (1998) 207 and references therein.

[20] J. Ellis and M. Raidal, Nucl. Phys. B 643, 229 (2002).

[21] J. Ellis, J. E. Kim and D. V. Nanopoulos, Phys. Lett. B 145, 181 (1984); E. Holt-
mann, M. Kawasaki, K. Kohri and T. Moroi, Phys. Rev. D 60, 023506 (1999); M.
Kawasaki, K. Kohri and T. Moroi, ibid. 63, 103502 (2001).

[22] K. Kohri, Phys. Rev. D 64, 043515 (2001).

[23] G.F. Giudice, I. Tkachev, and A. Riotto, JHEP 08, 009 (1999); 11, 036 (1999); R.
Kallosh, L. Kofman, A. Linde, and A. Van Proeyen, Phys. Rev. D 61, 103503 (2000);
A. L. Maroto and A. Mazumdar, Phys. Rev. Lett. 84, 1655 (2000); R. Allahverdi,
M. Bastero-Gil, and A. Mazumdar, Phys. Rev. D 64, 023516 (2001); H. P. Nilles, M.
Peloso, and L. Sorbo, Phys. Rev. Lett 87, 051302 (2001).

[24] T. Hambye, E. Ma and U. Sarkar, Nucl. Phys. B 602, 21 (2001).
[25] I. Affleck and M. Dine, Nucl. Phys. B 249, 361 (1985).

[26] M. Dine, L. Randall and S. Thomas, Phys. Rev. Lett. 75, 398 (1995); Nucl. Phys. B
458, 291 (1996).

[27] M. Senami and K. Yamamoto, Phys. Lett. B 524, 332 (2002).

111



[28] M. Senami and K. Yamamoto, hep-ph/0305202.
[29] M. Senami and K. Yamamoto, Phys. Rev. D 67, 095005 (2003).

[30] G. Jungman, M. Kamionkowski, A. Kosowsky and D. N. Spergel, Phys. Rev. D 54,
1332 (1996).

[31] T. J. Pearson et. al., Astrophys. J 591, 556 (2003).
[32] ACBAR Collaboration, C. L. Kuo et al., astro-ph/0212289.

[33] W. J. Percival et. al., Mon. Not. Roy. Astron. Soc. 327, 1297 (2001). L. Verde et.
al., Mon. Not. Roy. Astron. Soc. 335, 432 (2002).

[34] R. A. C. Croft, et. al., Astrophys. J 581, 20 (2002); N. Y. Gnedin and A. J. S.
Hamilton, Mon. Not. Roy. Astron. Soc. 334, 107 (2002).

[35] M. Yoshimura, Phys. Rev. Lett. 41, 281 (1978); Erratum-ibid. 42, 746 (1978).
[36] H. Pagels and J. R. Primack, Phys. Rev. Lett. 48, 223 (1982).

[37] Fore reviews see, A. G. Cohen, D. B. Kaplan and A. E. Nelson, Ann. Rev. Nucl.
Part. Sci. 43, 27 (1993); M. Trodden, Rev. Mod. Phys. 71, 1463 (1999).

[38] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).

[39] J. A. Harvey and M. S.Turner, Phys. Rev. D 42, 3344 (1990).

[40] L. Covi, E. Roulet and F. Vissani, Phys. Lett. B 384, 169 (1996).

[41] S. Davidson and A. Ibarra, Phys. Lett. B 535, 25 (2002).

[42] H. Murayama and T. Yanagida, Phys. Lett. B. 322, 349 (1994).

[43] T. Moroi and H. Murayama, JHEP 0007, 009 (2000).

[44] T. Asaka, M. Fujii, K. Hamaguchi and T. Yanagida, Phys. Rev. D 62 (2000) 123514.
[45] M. Fujii, K. Hamaguchi and T. Yanagida, Phys. Rev. D 63, 123513 (2001).

[46] R. Allahverdi, B. A. Campbell and J. Ellis, Nucl. Phys. B579, 355 (2000).

112



[47]
[48]
[49]
[50]
[51]
[52]

[53]

[54]

[55]

[56]

[57]

[58]

A. Anisimov and M. Dine, ibid. 619, 729 (2001).

CHOOZ Collaboration, M. Apollonio et al., Phys. Lett. B 466, 415 (1999).

K. Yamamoto, Phys. Lett. B 161, 289 (1985); ibid. B 168, 341 (1986).

D. H. Lyth and E. D. Stewart, Phys. Rev. D 53, 1784 (1996).

K. Hamaguchi, H. Murayama and T.Yanagida, Phys. Rev. D 65, 043512 (2002).
A. Rossi, Phys. Rev. D 66, 075003 (2002).

E. Ma and M. Raidal, Phys. Rev. Lett. 87, 011802 (2001); Erratum-ibid. 87, 159901
(2001).

E. J. Chun, K. Y. Lee, and S. C. Park, hep-ph/0304069; M. Kakizaki, Y. Ogura, and
F. Shima, hep-ph/0304254.

Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28, 870 (1962).

J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi and T. Yanagida, Phys. Lett. B 357,
579 (1995).

M. L. Swartz, Phys. Rev. D 40, 1521 (1989).

SINDRUM Collaboration, U. Bellgardt et al., Nucl. Phys. B. 299, 1 (1988).

[59] Y. Kuno and Y. Okada, Rev. Mod. Phys. 73, 151 (2001).

[60]
[61]
[62]
[63]
[64]

[65]

Belle Collaboration, Y. Yusa et al., e-print hep-ex/0211017.

Belle Collaboration, K. Abe et al., e-print hep-ex/0310029.

L. Willmann et al., Phys. Rev. Lett. 82, 49 (1999).

M. Aoki, Nucl. Instrum. Meth. A 503, 258 (2003).

L. M. Barkov et al., research proposal for an experiment at PSI (1999).

P. Chankowski and Z. Pluciennik, Phys. Lett. B 316, 312 (1993); C. N. Leung, K.
S. Babu and J. Pantaleone, ibid. 319, 191 (1993).

113



