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CHAPTER 1

INTRODUCTION

1.1 What is baryogenesis?

Symmetry of matter and anti-matter has been established in terrestrial colliders, but, at the same
time, all the structures we have observed in the universe—stars, galaxies, clusters, consist of matters
and not anti-matter. We are then led to the question how the universe came about, from a symmetric
initial configuration.

Anti-matter can be observed in the form of anti-proton in cosmic rays. Present data shows thare
are about 10™* anti-protons for each proton [1]. This fraction is consistent with the collider process
P+ P — 3P + P. This shows there is no primordial anti-matter in our galaxy. If there were galaxies
made of anti-matter (we don’t talk about how matter and anti-matter are seperated), we would
observe enhanced v-radiation because of the annihilations within these galaxies and normal galaxies.
This radiation has not been observed. We conclude therefore that the matter-anti-matter symmetry,
or baryon asymmetry, is lost.

There are two ways to determine the baryon asymmetry of the universe [2]. The first is the observa-
tion of the abundance of light elements D, *He, “He and “Li. In the theory of big bang nucleosynthesis,
the abundance of light elements depends sensitively on the number difference between baryon and anti-
baryon. Another is the measurement of cosmic microwave background (CMB) anisotropies. The effect
of baryons is to change the distribution of CMB through gravity. Through these measurements, we

can infer the asymmetry of baryon and antibaryon.



There are two ways to define the baryon asymmetry of the universe [2]:

N5 7B\ _ (6.21+0.16)710,
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S

where ng, ng and s are respectively the density of baryon, antibaryon and entropy, the subscript 0
means “at present time”. We will more often use Yap because the entropy is constant during the
expansion of the universe.

Various considerations suggest that the baryon asymmetry is produced dynamically rather than
through an initial condition of the universe. The first, based on observations, the asymmetry of quark
and antiquark numbers is only around 1077, such a fine tuning is implausible. The second, based on
the features of CMB, is that inflation has taken place in the history of the universe is highly possible.
Any primordial asymmetry has been exponentially suppressed by inflation.

The scenario to address the dynamical production of baryon asymmetry is known as baryogenesis.

1.2 The Sakharov conditions

Three conditions are needed to realize baryon asymmetry, as given by Sakharov:

1. Baryon number violation. This condition is needed to evolve from an initial state with Yag = 0
to a state with Yap # 0.

2. C and CP violation. This condition makes sure that different numbers of baryon and antibaryon
are involved in a process with any chirality.

3. Out of equilibrium dynamics. This condition guarantees that the asymmetry produced in a
reaction process won’t be canceled by the inverted reaction.

For the first condition, we can understand it from quantum mechanics.

Consider baryon number operator B, from quantum mechanics, i%B = [H, B], in an isotropic
universe. We have B(t) = B(t =0) —i fot dt' [H, B(t')]. If the universe has zero initial baryon number

and [H, B] (baryon number conservation), the baryon stays at zero at all times.



For the second condition, consider a process X — Y + B with decay with I'. If C is conserved,

(X —-Y+B)=IX—Y+B), (1.2)

The change rate of baryon number is

%BOCF(X—>Y+B)—F()_(—>)7+B):O, (1.3)

so baryon number vanishes.

If C is violated, but CP is still conserved, we consider X decays into fermions of left-hand and

right-hand,
X — firfor, X — firfer. (1.4)
Under CP,
fL_>.]?R7 fR_>.fTL7 (15>
so CP conservation implies
DX — fipfor) =T(X — fir+ for) and D(X — firfor) = DX — fir + for). (1.6)
Thus we conclude
D(X = firfor) + DX — firfor) = T(X — fir + for) + (X — fir + for). (1.7)

As long as the initial state has the same number of X and X, the total baryon number of fermions
stays at zero.

For the third condition, we consider the same process X — Y + B. In equilibrium, I'(X —
Y + B) =I'(Y + B — X). The product baryon number is destroyed by the inverse decay.

When X decays out of equilibrium, at temperature 7', Mx > T. The energy of decay products
Ey.p ~ T. The energy is not enough for the inverse process and the inverse process is Boltzmann

suppressed, ['(Y + B — X) ~ e Mx/T,



1.3 Models of baryogenesis

Several models have been invented to address the baryon asymmetry in the universe. We can only

give a brief reviews of the models.

1.3.1 Planck-scale baryogenesis

It is generally believed that the quantum theory of gravitation doesn’t conserve any global quantum
numbers. When a star collapses, it can form a black hole. All quantum numbers are lost in the
black hole, since black holes are only characterized by their masses, angular momentums and charges.
Therefore virtual processes involving black holes are expected to violated baryon number.

We cannot reliably extract detailed predictions from quantum gravity for baryon number viola-
tion, we expect the baryon violating processes to be described by effective operators at low energies.
The leading operator allowed by the standard model symmetries and violating baryon number have
dimension 6. An example is

Ly= — e dd. (1.8)

Mp
The fermion fields d, d, e, € etc. represent fermions with left chirality. The % means charge conju-
gate. This kind of operators are tiny at low energies, they can only be important at extremely high
temperatures, T~ Mp. But we don’t have knowledge how such a small baryon asymmetry ~ 10710
can arise at that high temperature. Furthermore, even if baryon number asymmetry was generated in
the early era, this asymmetry was completely diluted by the inflation of the universe. So Planck scale

baryogenesis is not likely the possible one.

1.3.2 GUT baryogenesis

GUT’s satisfy all the three Sakharov’s conditions. B-violating interactions can be from the gauge
interactions. CP violation can be form fermion mixing, as in the standard model. Out-of-equilibrium

can be associated with decays of gauge bosons or Higgs. At high temperature comparable with the



masses of heavy particles, the production rates of these particles are lower than the decay rates.

Generally this mechanism can generate baryon asymmetry compatible with the observation.

We show the mechanism of CP violation in the minimal SU(5) GUT. Fermions with left chirality

of each generation fall into two representations:

d,

5= d; |,and 10;=

representation acquire vacuum expectation value

2

o o o O

0
2
0
0
0

-Q1
—Q1

0
0

s
—Q3
—Q3
where Q! = u; and Q? = d; which transform as doublets under SU(2). A Higgs obeying 24 of SU(5)

—i Qf Q3
uz  Qy Q3
0 @ @QF | (1.9)
Q3 0 e
-Q3 —e 0

: (1.10)

breaking SU(5) — SU(3) x SU(2)r x U(1)y and the vector bosons corresponding to the broken

generators acquire mass of order gv. We refer these massive gauge bosons as X. They are associated

with the SU(5) generators not commuting with (H) such as

0

there are in total 12 of them.

0

010

0

0

0

, (1.11)

We can easily see that these gauge bosons X mediate interactions violating baryon number B and

lepton number L, but conserve B — L. Although CPT theorem guarantees that the total decay width



of X and its anti-particle X are the same, generally there can be slight difference of decay width in

the partial width for

X —dL;, X — Qu (1.12)
and

X —dL; X — Qu. (1.13)

Of course this demands CP violation. CP violation can be induced by the complex mixing of fermions
of different generations.

However, GUT baryogenesis is not the origin of baryon asymmetry in the universe. There are
convincing evidence that the universe underwent an era of inflation. Universe inflation will dilute the
baryon asymmetry generated to close to zero if it happens after the spontaneous symmetry breaking
of SU(5). For inflation dilution not happening, inflation should happen at higher energy scale than
10'¢ GeV which is the scale of GUT symmetry breaking. This means the reheating temperature of the
universe after inflation is of the order 10'¢ GeV. It is shown that in supersymmetry scenario reheating
temperature higher than 10° GeV leads to cosmological problems, especially the over production of

gravitinos [77].

1.3.3 electro-weak baryogenesis

The standard model satisfies all three conditions, but it fails to produce large enough baryon asym-
metry. For more detail please see [60].

1. Baryon number is violated due to triangle anomaly. This anomaly leads to an non-perturbative
sphaleron interaction involving nine left-handed quarks (three of each generation) and three left-handed

leptons (one of each generation). A selection rule is obeyed,
AB = AL = £3. (1.14)

This process is suppressed at low temperature, however, it is unsuppressed at high temperature. We

will need this interaction.



2. Weak interaction violates C maximally. CP is violated through CKM mixing of quarks. CP
violation can be parameterized by Jarlskog invariant, whose magnitude is of order 10=%.

3. Within the standard model, departure from equilibrium can occur at the electro-weak phase
transition. The mass of Higgs, however, limits the strength of the phase transition.

We next discuss the three conditions in the electro-weak theory one by one:

Anomalous B violation

Baryon number and lepton number are conserved in the standard model. Experimentally proton decay

has not been observed, 7, > 10%yrs. However, B violation can happen through the non-perturbative

~Y

interaction in non-Abelian gauge theories because of chiral anomaly [11]. The standard model is
a non-Abelian gauge theory. At low temperatures, these processes are ignorable. But in the early
universe when the temperature was high, such an non-perturbative interaction can be strong. These
configurations are known as “sphalerons”.

Consider the lagrangian for a massless Dirac fermiony with U(1) gauge symmetry [12]:
L= L™ 4 090, — ig A0, (1.15)
It is invariant under the local transformation,
Y(z) — e Wep, Au(@)-Au(z) +10,0(x), (1.16)
with
Fr =gt AY — 9" AM. (1.17)
It is also invariant under the global chiral transformation,

() — 70y (1.18)

with the current,

5 = by, (1.19)



which is conserved at tree level but not at loop level. At one loop,

. g [ geau
Ot = ——F,, F" = p”FpUF“V 1.20
5 = T = Ny 20

The origin of the right side is anomaly. It can be regarded as the total divergence involving gauge fields
and it is related to their topological property: it is the the “winding number” or the “Chern-Simons
number” of the gauge field configuration. In four dimension, the space-time integral of the right side
vanishes for U(1) gauge theory, but not necessarily for non-Abelian gauge theory.

The gauge group of the standard model is SU(3), x SU(2); x U(1)y. The B + L currents arise
only from the SU(2) gauge interactions, which is chiral. We ignore all the other interactions including
Yukawa couplings. The relevant fermion fields are the three generations of quark and lepton doublets

L = {ql ot .}, with f being the family index, a color index. The gauge interaction is

L= wa (8, —i2 a“W@)wL, (1.21)

where o is the Pauli matrix and a=1, 2, 3, is the SU(2) index. It has global U(1) symmetry for each
of the 12 fields, corresponding to each of the 12 fermion numbers of SU(2) doublets (3 families of

quarks and leptons with quarks of 3 colors).
f iB,,f
Yy (z) — ey (x). (1.22)

The associated currents,
§ =y, (1.23)

are conserved at tree level, but not at loop level, by anomaly,

il =

g
For 1.24
64m2 " (1.24)

We define Q' (t) = [ d*zjf, AQ = Q7 (t = +00) — Q' (t = —00). We have

2
f _ g 4 a rrapv
AQ = 6472 /d :cF R (1.25)
From the topological point of view, this corresponds to maps from S® to the gauge group SU(2).

There are generally gauge field configurations such that this is a non-zero integer. This implies that



fermion number is violated, although there is no perturbative interaction generating them. However,
we have the selection rule (4.2).

Different vacua configurations of gauge field correspond to different integer numbers of (4.9). These
integer numbers are the topological property of the vacua. Different vacua cannot be continuously
deformed into each other without generating non-vacuum gauge fields, so these vacua are separated
by a potential barrier. The gauge system is similar to a particle moving in periodical potential, as

shown in Fig.1.1.

n=-1 n=0 n=1 n=2 AQ

Figure 1.1: Schematic plot of the static energy as function of gauge fields. The minima correspond to

the classical vacua

The change of vacua is through the quantum tunneling effect of the potential, described by instan-

tons. If a instanton changes fermion number by an integer N, the action of instanton is [2]

6412 N
4¢2

‘ / d'aFe, P | > : (1.26)

It is large because of the small value of gauge coupling constant g. The associated rate is highly

suppressed,

T o e—(instanton action) < 6—47F/04W (127)



and the baryon number violation is unobservable.

Vacuum can be viewed as the minima of of filed configurations. For the gauge field configurations,
two minima may correspond to different fermion numbers. Sphlaerons are the thermal fluctuations
tunneling between these states in the presence of Higgs vacuum expectation value. At high tem-
perature, the sphaleron fluctuations are large and there is more possibility of B + L violation. At

temperature 7' the B + L violating rate mediated by sphalerons is
Py o ¢~ BT, (1.28)

where Egpn = 2Bmy /aw is the potential energy at the top of field configuration between two such
minima. 1.5 < B < 2.75 for A\/g varying from 0 to oo, where X is the Yukawa coupling.
For leptogenesis, B + L interactions occur at temperatures far above the electro-weak phase tran-

sition. The rate can be estimated as
FB—l—L violating =~ 25006‘5/[/T (129)

This implies that at temperatures higher than the electro-weak phase transition and lower than 102

GeV, sphaleron interactions are strong enough to be in equilibrium.

CP violation in electro-weak theory

CP violation in eletroweak theory is through the quark mixing of the quark sector. The gauge inter-
action in the electro-weak theory is through the coupling of currents and gauge fields. The charged

current interaction of W¥ is
Ly = j:WJr” + 3, W, (1.30)
with
J=>"apytdy, (1.31)

and j~* is its charge conjugate, i is the flavor index. The flavor basis and the mass basis of quarks

are different. They are different by unitary mixing transformations.

L= (Ua)iDY, and  uj = (U,)iU7, (1.32)

10



we use U;(D;) to represent up (down) quarks in the mass basis. The mixing of quarks of mass

eigenstates in the flavor space leads to the charged current in the mass basis:

j =Y Uiy"ViDy = Y Uiy (Ui (Ua); Dy (1.33)
The matrix
c1 —S1C3 —S5183
Vij = S81Co C1CC3 — 82836i5 C1C253 + 5203€i5 (1'34>

S$1S9 (C189C3 + 0283€i6 C15983 — 0203ei6

is the Kobayashi-Maskawa matrix, where s, = sinf,, ¢, = cosf, (o = 1,2,3). It can be proved [5]
that when the number of flavors is 3, the 3 x 3 matrix V}; can be parameterized by 3 angles 6, and
a phase 0. With a complex mixing matrix, it can be proved that CP violation is non-zero. The

magnitude of CP violation in the electro-weak theory is determined by

cop = 2FF'J, (1.35)

with
F = (my —me)(my — my)(me —my)/me,  F' = (my —my)(my — ma)(ms —my)/m3, (1.36)

and
J = Im(V11 Vo Vs Vs = s38983¢1Ca05 sin 6. (1.37)

J is the normally called Jarlskog invariant. It looks asymmetric in the flavor indices. This is not true,
actually the magnitude of Jarlskog invariant with any combination of two different flavor indices are

equal. We can see CP violation is non-zero unless

6, = 0, ei:g, §=0, 6= (1.38)

Out of equilibrium in electro-weak theory

We have shown that two of the three Sakharov conditions are satisfied in the electro-weak theory.

The third one, out-of-equilibrium is through the eletroweak phase transition in the universe. When

11



phase transition happens, portions of the universe with broken phase form bubbles expanding in the
universe. These bubbles collide and finally the whole universe becomes one phase. On the walls of the
expanding phase bubbles, equilibrium is lost. Baryon number violating processes through sphalerons
happen on the walls and generate baryon number asymmetry. After the phase bubbles swipe through
the universe, if the sphaleron processes are fast enough, they washout the generated baryon number
asymmetry. For this not happening, the sphaleron rate (1.28) in the bubbles should be less than the
universe expanding rate H. We can realize the phase transition mechanism is closely related with
brayogenesis. Next we give a brief review of the phase transition mechanism.

In the standard model, the minimal electro-weak theory, the Higgs potential is given by
2012 1 N4
U(®) = —p* || + §|<I>| : (1.39)

The potential has a minimum at (®) = \/m, breaking the gauge symmetry and giving mass to the
gauge bosons by the Higgs mechanism.

This is at zero temperature. At finite temperature, the (®) depends on temperature, to determine
it, we must compute the free energy as a function of . The leading temperature-dependent corrections
are obtained by noting that the masses of the various fields in the theory- W, Z bosons and the Higgs

field, depend on ®. The free energy at finite temperature is given by

3
F(®,T)=+T) / (%3 In(1 + ¢~ VPHHmI(@)/T) (1.40)

where T'is temperature, the sum is over all fields, the plus sign is for bosons and minus sign for fermions.
In the standard model we can regard all fermions are massless except top quark at temperature over
100 GeV. The effective potential (1.40) depends on the top quark mass m;, gauge boson masses My,

My and Higgs mass Mpy. Performing the integral we will find the effective potential is [7]
A
F(®,T)=D(T?> - T})®* — ET®* + Z<I>4 +..., (1.41)
with

T2 = — (12 — 4Bv?) = — (M2 — 8Bv?), (1.42)



and

3 4 4 4
B = = (2My, + My — 4m}),
1
D = —(2My, + M} +2m]),
8vg
1
E = — (M2, + M) ~ 1072, 1.43
Tz (2Miy + M) (1.43)

If the cubic term is absent, we have a second order phase transition at temperature Ty, between a
phase (®) = 0 and (®) # 0. This is a phase transition between massless gauge bosons and massive

gauge bosons, since the gauge boson masses depend on P.

Figure 1.2: Generic free energy functions for first and second order phase transitions

The cubic term is not zero, although it is very small, £ ~ 1072, hence the phase transition is of
first order. This is indicated in Fig. 1.2. There are two distinct minimum at the critical temperature.
A first order transition is not, in general, an adiabatic process.

To avoid washing out the baryon asymmetry generated, the sphaleron rate after the phase transition
should be smaller than the universe expansion rate. This in turn, means that My, and the vacuum
expectation value of Higgs must be large immediately after phase transition. One can relate (P)
with Higgs mass at zero temperature. The condition for sphaleron not washing out baryon number

asymmetry, it is required that the Higgs mass is small

My < 45 GeV. (1.44)

13



However, even for an unrealistically light Higgs, the actual production of baryon asymmetry in the
standard model is highly suppressed. The standard model CP violation arising from quark mixing is
proportional to the Jarlskog invariant (1.35). This leads only to baryon asymmetry of order 1072 in
the standard model.

Supersymmetric extensions of the standard model contain new sources of CP violation and more
parameters, allowing possible larger strength of first order phase transition.

The new sources of CP violation may come from the chargino mass matrix:

m Hy(x wt
) 2 gH(o) +He, (1.45)
R

@RMx@bL = ( F h~2+
gH,(z) % hy

L

where @ and h are the superpartners of W boson wino and the charged Higgs Higgsino. The indices
of the Higgsino indicate the two Higgs in the minimal supersymmetric standard model (MSSM). ms
and p are mass parameters. Other sources of CP violation include phases in scalar masses.

In spite the fact that supersymmetry introduces more sources of CP violation and parameter
space for first order phase transition, it is hard to realize the observed baryon asymmetry. We know,
smaller Higgs mass means easier realization of first order phase transition. A lighter right handed
stop allows for first order phase transition for Higgs of 115 GeV. The LEP experiment puts a low
bound for Higgs mass is 114 GeV. The constraint of electro-weak baryogenesis is mainly from the
phase transition strength. Various extensions of MSSM can increase the phase transition strength,
but they are very sensitive to other phenomenological constraints such as the electric dipole moment
of neutron. Eletroweak baryogenesis is on the verge to be confirmed or ruled out by the upcoming

accelerator experiments.

1.3.4 Affleck-Dine baryogenesis

The Affleck-Dine baryogenesis works in the supersymmetry scenario [6]. In the supersymmetry sce-
nario, some scaler fields carry baryon number or lepton number can acquire large vacuum expectation
value in some directions (flat directions). At high temperature when the expansion rate of the uni-

verse is large, the VEVs of these scaler fields are frozen. When temperature decreases and the universe
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expansion slows down, the scaler fields start to excite. Since these fields carrying baryon number or
lepton number, it can be shown that a net baryon number or lepton number is generated in the
universe.

We next illustrate this point. Consider a complex field ¢ carrying baryon number, the free La-

grangian is
L = 0,0/ — m?lg[2 (1.46)
The current associate with a phase transformation is
Jjp =i(¢70"p — p0"¢"). (1.47)
There is also a “CP” symmetry:
O — ", (1.48)

If the field is spatial constant ¢(x,t) = ¢(t), this system is equivalent to an isotopic harmonic
oscillator in two dimensions. With supersymmetry in mind, we regard m ~ My, In supersymmetric
models, some high order terms will break this symmetry. Since the universe expands, the movement
of the oscillator damps, the effect of the symmetry breaking becomes less and less important.

We next include the quartic terms in the Lagrangian:
L; = Mo|* + e¢®¢* + 66" +c.c.. (1.49)

These terms obviously violate baryon number. For complex € and ¢ they also violate CP. The coupling
constants A, €, § are extremely small, at the order of (My,/Mp)? or (My /Mayr)?*.

Because of the small parameters, the complex field acquires a large VEV. We assume the VEV
¢p is real for simplicity. At early times when the damping motion is not very small the equation of

motion of the imaginary part is

bi + 3Ho; + m>¢; ~ Im(e + 6)¢2, (1.50)

15



Asymptotically we can think the right side falls as t/? (the field is pressureless). We can get the

solutions, with the universe being mainly made of radiation or matter

Im(e +0)¢g . -
Oi "2 (mt)3/A sin(mt 4-6,)  (radiation),
3
b = amw sin(mt + 0,,)  (matter), (1.51)

m3t

These constants can be numerically obtained:
a, = 0.85, a,, = 0.85, 6, = —0.91, 6,, = 1.54. (1.52)

Substituting these solutions to (1.47), we find the baryon number is violated:

_ % -
ng = 2a.Im(e+ 5)m(mt)2 sin(6, +7/8)  (radiation),
_ %
ng = 2a,Im(e+ 5>m(mt)2 sin(dy,) (matter). (1.53)

We can see that if the parameter € and 0 vanish or are real, ng vanishes.

In MSSM, the D-term has many flat directions, with nonrenomalizable terms generated at Planck
scale or GUT scale, baryon number can be easily broken. The Affleck-Dine mechanism of baryogenesis
is a promising scenario. There is a broad range of parameters generating baryon asymmetry ng/n,
as large as observed. This baryon asymmetry is generated long after the inflation, so the reheating of

the universe does not provide significant constraint.

1.4 Leptogenesis

Baryogenesis through leptogenesis is a promising scenario to address the baryon asymmetry of the
universe. Since our later chapters involve leptogenesis, we give a little detailed discussion to the idea
of leptogenesis. Experimentally it has been found neutrino are massive, unlike what the standard
model assumed. An SU(2) singlet Majorana right-handed (RH) neutrinos are introduced into the
standard model, and they couple to left-handed neutrinos throgh Yukawa couplings. When electro-
weak symmetry is broken, neutrinos acquire masses through see-saw mechanism. In the early time, the

universe was like a heat bath in thermal equilibrium. When temperature gets lower, the right handed
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neutrinos start to decay into neutrinos and Higgs. These decays of the RH neutrinos are CP violating
in the background of expanding universe. If the expansion rate of the universe is larger than the decay
rate of the right handed neutrinos, this mechanism provide a potential scenario satisfying the Sakharov
conditions, except that it is lepton number L violation rather than baryon number B violation. We
have shown that at temperature higher than the electro-weak phase transition, the baryon number
violating electro-weak sphaleron processes are in equilibrium. Since these processes has the selection
rule AB = AL, there processes convert lepton number asymmetry into baryon number asymmetry.

We give a presentation of the idea of leptogenesis, to be consistent with supersymmetry, we also
introduce the up sector Higgs H,. The lagrangian of neutrino sector is given by

1
£ = YimLiH Ny = 5 My NNy + hic. (1.54)

where ¢ = 1,2, 3, are family indices and m,n = 1,2,...N with N the number of RH neutrinos. The
Majorana mass matrix of RH neutrinos M,,,, is very heavy. Without losing generality, we choose it
to be diagonal. The Yukawa matrix is generally complex which means CP violation.

When H, acquires vacuum expectation value (VEV), we integrate out the RH neutrino fields and

get the mass matrix of light neutrinos
Lopr =5 Y~V Y viv; + hoe., (1.55)

v, is the VEV of H,, k runs over 1 to N. If we suppose N = 3, then the effective mass matrix of light
neutrinos is symmetric, thus it has 6 phases. 3 of the 6 phases can be absorbed through rephasing the
neutrinos.

The decay of RH neutrinos to light neutrinos and Higgs can produce lepton asymmetry at temper-
ature T' < M, which means that the decay is out of equilibrium. The lepton asymmetry is partially

converted into baryon asymmetry through sphaleron interactions [8]. This is known as leptogenesis.
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1.4.1 CP violation

Generally CP violation is from the interferences of particle decays at tree level and loop level. In the
loop level decays, if the decaying particles are heavy enough and the intermediate states can be on
shell, there is an absorptive part. We will see if this is the fact and the couplings of particle interactions
are complex, the decays widths of CP conjugate are different. This is the origin of CP violation.

As an example, in this section we discuss the mechanism that produces CP violation in the decays
of right handed neutrinos, which is important in leptogenesis. We should keep in mind this is not the
only origin of CP violation of leptogenesis. We will show some new ideas of leptogenesis in the later
chapters.

The CP asymmetry in the lepton flavor o, produced in the decay of RH neutrino NV is defined as

_ T(N — ¢l,) = T(N — él,)
@ = TN = ¢lo) + (N — oln)’ (1.56)

The CP violation is from the interference of tree level (subscript 0) and loop level (subscript 1)
amplitudes. It is important to include all one loop diagrams. We can separate the amplitudes into

coupling constants and amplitude parts,
M= My+ M; =crAy+ 1 A;. (1.57)

The matrix element for the CP conjugate process is

M = g A + Ay, (1.58)

where|A;|? = | 4;]2. So the CP symmetry is

. [dlly, (2m)*64(P; — Py)|coAo + c1A1]2 — [dIly (2m)* 6% (P, — Py)|cg Ao + ;A2
- 2 Zg Jdlly, 1(2m)*4(P; — Py)|coAol?

Im(coc}) 2 [ dlly, ((20) 64 (P, — Pp)Tm(AnA?)

C Dalelr [dIly, i (2m)64(P — Py)| Ao

(1.59)

where we use
d*py d*pi
(2m)32E, (2m)32E;

dl, | = (1.60)
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(£ runs over the lepton flavors. We assume one-loop contributions are much smaller than tree-level
ones and therefore negiligible.

We can always chose proper phase for ¢y to make Ay real, so the imaginary part of A, is very impor-
tant. The imaginary part or the absorptive part of a one-loop diagram is possible if the intermediate

can be on-shell. The absorptive part is determined by the Cutkosky rule [12],

2m(Ag A7) = Ag(N — ¢la) Y / dily y(2m)'0 (P — PpAS(N — ¢ 1) A5/l — &'1;).  (1.61)

B
The ¢ and l’5 refer to the on-shell intermediate states and dI;  is the integral element in this phase.
In the model described by the Lagrangian Eq. (1.9), if we assume hierarchical RH neutrino masses

M, < My, M3, we get the CP violation parameter for Ny [62]:

3 M,
~ Im(YTm,Y);. 1.62
€11 167 (YTY)ll'U?L i;g IIl( m )11 ( )

The upper bound of epsilony; is

3]\41 Mmax
kn‘ﬁ‘f@;ﬁrw/3$;+fﬁg, (1.63)

where Bé)\lfl =I'(N; — ¢l,)/T'p and my,.y is the largest light neutrino mass.

1.4.2 Out of equilibrium processes

The final baryon asymmetry is determined by the three conditions of Sakharov, where each condition

gives a suppression factor,

135¢(3)
Yrp = My 1.64
AB 47T4g* 20;60604 Mo C ) ( 6 )

with a being the lepton flavor index. The first factor is the equilibrium number of RH neutrino of
each generation divided by the entropy density at 7" < M. Its magnitude is of order 4 x 10~3 when
we choose the relativistic degrees of freedom g, to be 106.75, as in the standard model. ¢, is the
CP violation parameter we previously mentioned. 7 is the washout factor. Its range is 0 < 7, < 1.
C' is the sphaleron conversion factor, and counts the lepton number of flavor o needed to generate a

baryon.
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The non-equilibrium is provided by the expansion of the universe. When the RH neutrino decay
rate is slower than the expansion speed of the universe, which is represented by the inverse of Hubble
constant, H~!, the out-of-equilibrium decay guarantees that the lepton number produced in the CP
violating RH neutrino decays is not canceled by the inverse decay, and the lepton asymmetry survives.
we will consider a simple mechanism of the out-of-equilibrium decays of one RH neutrino N; with mass
My, and the conclusion can be generalized to more N-s. The real process can be very complicated
and needs to resolve the Boltzmann equation.

The universe experiences a state of inflation, after which everything is diluted to be nearly zero.
The decaying RH neutrinos are produced when the universe reheats after inflation. A thermal number
of N; can be produced if the reheating temperature Tiepeas > M;i/5. The processes producing N;
can be inverse decay hl, — Nj, the 2 — 2 scattering including ¢ quark tg + Qr — h — [, N7 (s
channel), l,tg — h — QpN; (t channel), or gauge interaction processes. The inverse decays and
gauge interactions are negligible.

The production rate of RH neutrino cab be estimated as
Y?|Ya1|2
Fprod ~ ; TT (165)

If I'yoa > H, since Y; is of order 1, the Ny decay is also in equilibrium, I'p > H(T = M), where

- YY) M
T'p = %:F(Nl — loh, Ih) = % (1.66)
The Hubble constant is
T2
H(T = M) = 1.669}/*— : (1.67)
mpl T=DM-

It is useful to introduce two dimensional parameters, m and m, to represent I'p and H(T = M;).

They are of order of light neutrino mass,

M= fitea =Y Yarl'oy _ g v (1.68)
= - oo — - Ml — M12 D> .
U2
m, = SWMUQH(T = M) ~1.1x1073 (1.69)
1

where v, is the VEV of h,. The condition I'p > H is equivalent to m > m,.
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Next we discuss the out-of-equilibrium effects under 3 conditions:

1. Strong washout, m > m, and Maq > M.

At T ~ My, the number of Ny in the heat bath is in the thermal equilibrium (ny, ~ n,) and the
lepton number symmetry Ya; =~ 0, because the inverse decay is fast enough to cancel the effect of
CP violating decay, and totally wash out the lepton asymmetry. When the temperature decreases to
T < M, the phase space of inverse decay is thermally suppressed, so the washout is not complete and

lepton asymmetry survives. The condition is described as

1
Tip(hla — Np) o~ §rme—M1/T < H. (1.70)

We assume the temperature at which the condition (1.68) is satisfied to be T,,. The number of Ny,

ny, o« e~ Mi/Te Qo the efficient factor of flavor
Ty .
oo —aTa) a0 (1.71)
an (T <K Ml) Moo

2. Intermediate condition, m > m,, Maa < M.

Under this condition the number of N is in equilibrium, but the lepton number flavor of « is
not. This produces a lepton number asymmetry —e,onn, ~ —€aan, in flavor o . As the temperature
decreases and N decay starts to be out of equilibrium, an asymmetry €,,ny, in flavor of « is produced.
Thus at the lowest order of M., the final lepton asymmetry vanishes. What really happens, however,

is that part of the original lepton asymmetry —e,,nn, is washed out. This part is of the order

maa
, o Jaa 1.72

3. Weak washout, m < m,.

In this case the number of N; is not in thermal equilibrium. However

1 1
ny, ~ IproaTony, ~ =T

vod 777 r N . 1.73
2 p dH(TNM1>n'Y<n'Y ( )

So that the efficiency factor is

mmea

No ™~ (174)

*
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The lepton number asymmetry is converted into baryon number asymmetry by sphaleron interac-

tions by the factor C,

%ZYAa standard model

Yap = CZYAQ = (1.75)

% > Yaa supersymmetry
\ «@

Now we can estimate the baryon number asymmetry.

Yap ~ 107 X D €qa X 7, (1.76)

with 7, given above depending on the strength of washout.

1.4.3 CP violation from self-energy correction—resonant leptogenesis

In this section we discuss CP violation from self-energy corrections to the decaying particles. we
will show that if the mass difference of the decaying particles are of the order of decay width, CP
violation is resonantly enhanced. The enhanced CP violation helps decrease the RH neutrino masses

and correspondingly the reheating temperature of the universe. We adopt this section from [14].

Field theoretical background

We first discuss briefly the theoretical description of mixing between stable particles in a simple scalar
theory within the framework of the Lehmann-Symanzik-Zimmermann formulism (LSZ). We will then
extend our consideration to unstable mixing particles. The effective theoretical method will be carried
over to the case of unstable fermions, and finally we calculate CP violation from self-energy corrections
to the fermions.

Consider a field theory with N real scalars S?, with i = 1,2,..., N. We assume they are stable.

The bare fields S? and their bare masses M? can be expressed with their renormalized counterparts,

1
) = Zilj/zsj = (6ij + §Z,-j)5j,
(M)? = (M;)? + oM, (1.77)

22



where summation is assumed in the repeated indices. The Zilj/ ? and dM? are the wave-function and
mass renormalization constants, respectively. They can be determined from the two-point correlation
functions, I1;;(p?), under some renormalization conditions.
The two-point correlation functions, IL;;(p?) has two poles at p> = M? and p* = M?. The two pole
parts are related through
840 o rrz e = 2 e Ve (1.78)

m 9 2 “nj
p* — M?

Using LSZ formalism we can determine the renormalized n — 1-non-amputated amplitudes, .S; . for a

fixed given external line 7, from the corresponding unrenormalized n-point Green functionG; _,

Si,.., — p2li)n]/lw2Gj’Z]—Zl/2T(p2 _ MZQ)
J— : amp 1/2 6mn —1/2T 2 9
= T a0 M)
= T 202 (1.79)

where 7" is the amplitude amputated at the k-th leg. This procedure can be generalized to all
external legs.

For simplicity we consider two unstable scalar particles, Sp,Ss, and the conclusion can be easily
generalized to the situation with more particles. We are interested in the width effects of these particles.
To do this, we calculate all the two point correlation functions II;;, summing up the geometry series

of 1I;;, we obtain the inverse propagator matrix:

Az’_jl(p2) _ p2 - (M{))2 + Hll(p2) Hl?(p2) ’ (180)

I (p?) p* — (M3)? + I (p®)

where I1;5(p?) = Il (p?). The reverting matrix gives

An(p?) = (p2 — (M7)? + Iy (p°) — o (]\?31)22(21)1'[22(1920_ : (1.81)

Ago(p®) = <p2 — (M3)? + Tl (p*) — o (A%;?(Z:L)Hn(ﬁ))_ : (1.82)

A1p(p?) = Ay (p?) = —Tha(p?) [p° — (M3)? + Moo (p*) (p* — (MY)? + IT11 (p°)))

—12,(p%)] (1.83)

23



We can also get the off-diagonal (i # j) resummed scalar propagators

IL; (p) _ I;;(p?)
p* = (MP)? +10(p*)  p* = (M))* + Lai(p?)

Ay (p*) = —Di(p®) A (p%). (1.84)

They are related to the renormalized propagators Ai]— (p?) through

A () = Zi D 0 2,57 (1.85)

im nj

This also holds for renormalized scalar propagator, as long as we replace the unrenormalized quantities

with the renormalized ones. For the renormalized S-matrix elements we get

S = lim TZUAL 2,07 2T AL ()

p2—>MZ-2 Jt i

. . amp r1/2 amp r»1/2 ﬁmi(p2><1 - 5mi)
= 211m2 T 2y = T Ly, 2 02 1 T 5
PP p? — (M3,)? + 1L (p?)

I (M2)(1 = 6;5)

e T e e, (a7
1 7 17 1

(1.86)

where S; . and S; . are the renormalized transition amplitudes in the stable particle approximation.
When renormalize, the counter-terms don’t absorb the imaginary part of self-energy f[U(Mf) This
imaginary part is actually what we want to include into the calculation. Because of the imaginary
part the decay amplitude stays analytic when the particle masses are strictly degenerate. Finally, the
treatment to unstable particles is only effective. The decaying particle can not be an asymptotic state
in the initial state. This resummed decay amplitude should be regarded as an effective part which can
be embedded into a resummed S-matrix element.

Similar to the scalar situation, the resummed fermion propagator matrix is

S () = P — M +20(p) Y12(p) | (1.87)

Yo1(p) P — M3 + oo (p)

inverting it we have

PR : ) 2 ))_ ’ (1.88)

1
P — M?+Xnu(y)

S () = (zzf S MY S0 () - Sal)

S (#) = (zzf M 4 Tan(f) — Tan() sz)) - (1.89)
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Sio(#) = =Suh)Zwe@)P — My +En()] ™!
= —[f— M + S0 ()] S (B) S (¥)

Su(#) = —Sau()Ea()y — M +Eu()] !
= [ — M7 + S0 ()] 'S (B) St (#)

The analogous expression for the fermionic propagators is

St = (2,12 P+ Z22 PR) S (9)(Z1/21 Pr + Z;{;T P,

Lim Rim Lnj

where Z-s are the wave-function renormaization constants and Prg) are chirality projectors.

For the resummed decay width for fermions we get, similarly with Eq. (1.43)

A

CP violation in RH neutrino decays

Si..ui(p) = Si..ui(p) — (1= 0;))S;S5 ()Y — MY + Xy5) ua(p).

(1.90)

(1.91)

(1.92)

(1.93)

We outline the calculation of CP violation from self-energy corrections in the decays of two RH

neutrinos. we will show that when the their masses are nearly degenerate, CP violation is resonantly

enhanced.

Let’s consider the model with Lagrangian like Eq.(1.9), where the decay of RH neutrinos is to

lepton and Higgs, N — [~h*. The decay amplitude of N; can be written down as, with self-energy

correction at one loop,

Tn, = Yot Pruy, — Y Prlp — Mo+ iS55° ()] " S50° () un, -

The absorptive part of E?J'?S, at one loop, has the form

S = Ay (PP + AL (0P Pr,

Y, Yoo r3 1 M?
A(0%) = =35, <§+§<1_p—f))'
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In a wide range of RH neutrino masses we can take My to be zero and

Ay(pt) = L0 (1.97)
EAE T '
The amplitude 7y, of the CP conjugate decay N; — [Th™ can be written as
Ty = Yjon, Pron— Y508 S35 (=) [ — Mo + i35 (—)] " Pruy
= YjuPruy, — iYpu Pl — My +iS5° ()] 7 S5 () un, (1.98)
where the charge-conjugate absorptive part is
i) = Ay (0 )P Pr + A5 (0")$Pr. (1.99)

In the last step we used these identities: u(p,s) = Cv”(p, s) and Cv,C~! = —v,,.
With the Dirac equation of motion for the singlet neutrino, we can find the simple form of the

decay amplitudes:

_ . M2(1 + ZAQQ)A* + M1M2A21
Ty, = W Prun, (Yh — Y — P+ A;l)g yYE (1.100)
_ M3E(1 + iAgg) Agy + My My As
Ty, = 0P, Y -y —L 21 1.101
M= LN, ( NTRRTTOR T A)? — M3 (1-101)

For the decay of Ny, we only need to switch 1 and 2. The charge-conjugate amplitudes differ from
each other by the complex conjugate of Yukawa coupling and the chirality operator, as expected.
The CP violation parameters are

TP 1T P
M TN R | T

(i=1,2) (1.102)

Strictly speaking, we need to include both self-energy corrections and vertex corrections for CP vio-
lation. We didn’t do that because we are mainly interested in the condition that the two RH masses
are nearly degenerate. Under this condition, the contribution from vertex corrections is negligible
compared with from self-energy corrections.

We can write the CP violation parameters in a more compact form. We assume the near degeneracy

of the two RH neutrino masses: AM? = M? — M2 < M? ~ M3, and define a small parameter
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r = AM?/(M,M,). Ignoring high order Yukawa couplings of O(Y?), we get
S(YXYeY Y,
en, ~ (Yii ‘2“2”) — (1.103)
87|Y| r2 +4A5,
SViYiYy Vi) r
87| Yo |2 72 +4A%1'
In supersymmetric models, the decay width of N; is I' = M;(Y1Y);;/(47) = 4A;. We see that CP

(1.104)

ENy,

violation is resonantly enhanced when the mass splitting is of the order of decay width, or 7 is of the
order of A;;. We also see that the inclusion of the finite decay width of the RH neutrinos is important.
They appear in the denominator of the expression of CP violation. When the mass split approaches
zero this expression remains analytic. This makes physical sense. We will use this conclusion in the

study of two particular models in Chapter 2 and Chapter 3.

1.5 Flavor changing neutral currents in SUSY multi-Higgs models

Although the standard model has offered a successful description of the strong and electro-weak
interactions, it fails to address the problems such as the gauge group, the number of flavors, the
dynamics of flavors and the mass generation of fermions. From a phenomenological point of view we
have strong reasons to believe there is three flavors of quarks and leptons, but there is not obvious
theoretical reason of three flavors. Anomaly cancelation requires the number of lepton flavor and quark
flavor are equal, but not the total numbers of flavors. Extensions of the standard model, such as GUT
and supersymmetry, although remedy some of the problems, none of them address the problem of
flavor number.

Given the assumption of three flavors of leptons and quarks, we still have no idea the number of
Higgs doublets. We may wonder if there is similar flavor structures among leptons and Higgs. Actually
in some string motivated models, fermions and Higgs fall into the same group representations [15].
Other models that include a non-minimal Higgs content have also been extensively addressed. The
consequences of extending the Higgs sector are abundant, and have implications which range from
the theoretical to the experimental level. For instance, if the extra Higgses are light, the addition

of these states in a minimal SUSY scenario will spoil the unification of interactions at energy scale
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1016 GeV. In our phenomenological studies, we consider only the low energy physics of the extended
Higgs sector. The most significant phenomenological implication might be the potential problem of
the existence of the tree level flavor changing neutral currents (FCNC) mediated by the neutral Higgs.
In the standard model and its minimal supersymmetry extension, these processes are absent since
the Yukawa couplings of quarks and leptons to neutral Higgs are diagonal in the mass basis. The
experimental data and the standard model prediction are in good agreement, thus these contributions
of the tree level FCNC processes need to be suppressed. The suppression of the effects of the tree level
exchange of neutral Higgs can be achieved in several ways:

(1) Discrete flavor symmetries. Imposing a flavor symmetry to the couplings of the fermions and
Higgs ensures some internal relation among the contributions of neutral Higgs to the phenomenological
contribution of particular fermion combinations. FCNC effects cancelation can be the result of these
symmetries. In addition, the flavor symmetries can realize some special textures of the mass matrices
of the fermions after symmetry breaking. These mass matrices are closely related with some of direct
phenomenological measurements.

(2) Suppression of Yukawa couplings. Most stringent phenomenological constraints are from the
mixing of neutral bosons such as K — K, B — B, etc., associated with quarks of down sector. Smallness
of the Yukawa coupling of the down sector quarks and Higgs suppress the FCNC contribution through
neutral Higgs exchange. The major shortcoming of Yukawa suppression is that we don’t have physical
reason to explain the smallness of the Yukawa couplings.

(3) Decoupling of extra Higgses. Since the contribution of Higgs exchange is inversely proportional
to the square masses of the neutral Higgses, large Higges masses suppress the FCNC contributions. In
some highly predictive models this is the only choice for FCNC suppression. This may lead to a fine-
tuning scenario in association with electro-weak symmetry breaking. When the decoupling approach
and the Yukawa coupling suppression are taken together, it is possible to attain Higgs spectra that is
not very heavy.

We organize the article in 5 parts. In chapter 2 we show a model to address the neutrino masses

and leptogenesis. Left handed neutrinos are coupled to right handed neutrinos and the mass of light
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neutrinos are generated through the see-saw mechanism. We determine some of the free parameters
of in the model through neutrino oscillation data. With this parameter set, we calculated the CP
violation of the right handed neutrino decays generated with the two loop correction of the right
handed Majorana mass matrix. Because of the special texture of the right handed neutrino mass
matrix, CP violation is resonantly enhanced. We then study the resonant leptogenesis and compare
our study with the observed baryon asymmetry of the universe.

Chapter 3 is devoted to the study of leptogenesis in new ways with B — L gauge symmetry in
supersymmetry scenario. Through introduction a pair of Higgs one of which is coupled to right
handed neutrinos, for the conservation of B — L charge. The right handed neutrino Majorana masses
are generated through Higgs mechanism when B — L symmetry is broken. CP violation happens in
the decays of the Higgs fields to right handed neutrinos when supersymmetry is softly broken. We
studied the soft leptogenesis in this scenario.

In Chapter 4 we studied an extension of the model in chapter 3. We introduced two pairs of Higgs
to break B — L symmetry instead of 1 pair. CP violation can happen in the supersymmtry limit in the
decays of the Higgses, since the Yukawa coupling is generically complex. We studied leptogenesis in
this scenario and find wide parameter space for large enough baryon asymmetry as large as observed.

In Chapter 5 we studied a model with discrete flavor symmetry QQs. We concentrate on the
phenomenological FCNC implications. () symmetry exerts strong constraints on the form of mass
matrices of leptons, quarks and their supersymmetry partners. We studied the phenomenological
FCNC implications in the neutral boson mixing, p rare decays and the electric dipole moment of
electron and neutron through neutral Higgs exchange. With the help of precise experimental data we
determined the range of the masses of heavy Higgses.

In Chapter 6 we summarized our study and made some remarks for future work.
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CHAPTER 2

COMMON ORIGIN FOR CP VIOLATION IN COSMOLOGY AND IN NEUTRINO
OSCILLATIONS

2.1 Introduction

While the standard model (SM) of strong and electro-weak interactions has been extremely successful
in confronting experimental data, it leaves several questions unanswered. On the observational side, it
does not provide a viable dark matter candidate, nor a dynamical mechanism to explain the observed
baryon excess in the universe. Furthermore, the model needs to be extended, albeit in a minor way,
to accommodate small neutrino masses as needed for atmospheric [16] and solar neutrino oscillation
data [17]. On the theoretical side, the model suffers from the quadratic divergence problem, which
destabilizes the Higgs boson mass.

An elegant synthesis of these issues is provided by low energy supersymmetry (SUSY) and the
seesaw mechanism [56]. Low energy SUSY can cure the quadratic divergence problem for the Higgs
boson mass. In its simplest form it also provides a natural dark matter candidate, the lightest SUSY
particle (LSP). The seesaw mechanism assumes the existence of right-handed neutrinos (RHN) N
which facilitates small neutrino masses. It also provides a dynamical mechanism for baryon asymmetry
generation via the lepton number violating decays of the N [19]. The induced lepton asymmetry is
converted into baryon asymmetry via the electro-weak sphalerons [20] (for reviews of leptogenesis see
Ref. [21,22]).

Attractive as it is, the SUSY seesaw framework is not without its problems. First, the generic
leptogenesis mechanism is impossible to test experimentally. This is primarily because the dynamics
occurs at a very high energy scale, beyond reach of foreseeable experiments. The parameters that are

relevant for leptogenesis are not the same that appear in low energy neutrino oscillation experiments.
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(The number of low energy observables in neutrino sector is nine, while leptogeneis in the general
setting involves a total of eighteen parameters.) Second, in supergravity models, successful leptogenesis
is in conflict with the gravitino abundance. This is because of the lower bound on the lightest RHN
mass My, 2 10° GeV, (assuming hierarchical masses for N) [23] which would suggest rather high
reheat temperature, of order 10° GeV. This conflicts with reheat temperature suggested by gravitino
abundance Tyenear < 108 GeV [24,25].

In this paper we suggest a scenario where the aforementioned problems of the SUSY seesaw frame-
work are alleviated. The gravitino overproduction problem is avoided by resorting to resonant lepto-
genesis scenario [26-28| which assumes quasi-degenerate N fields. In this case the mass of the N fields
can be as low as a TeV, consistent with successful leptogenesis, thus avoiding the gravitino problem.
We supplement the resonant leptogenesis scenario with flavor symmetries which restrict the form of
the neutrino Yukawa coupling matrices. Such flavor symmetries are anyway needed to guarantee the
near degeneracy of the N states. We identify three possible textures for the Dirac Yukawa couplings
of the neutrinos that yield two quasi—degenerate N fields and a sum rule for the neutrino oscillation
angle #13. Interestingly, in all three models, there is a single phase that controls cosmological CP
asymmetry and CP violation in neutrino oscillations. We are able to constrain the range of the CP
violation parameter || from cosmology. Somewhat similar classification of textures has been recently
pursued in Ref. [29] and earlier in Ref. [30], [31]. Our emphasis is on the connection between cosmo-
logical CP asymmetry and CP violation in neutrino oscillations. It turns out that, in our framework,
there is a lower limit on the SUSY parameter tan 3 > 12. This arises since the mass splitting between
the qusi—degenerate N fields is generated from renormalization group flow, which depends on tan 3.

In our analysis we use the results of a global fit to the neutrino oscilation data [32]:

|Am2, | = (2.18 — 2.64) x 107%eV?* (20) , Am?, = (7.25 — 8.11) x 107%eV? (20) ,

a sol —

sin? fy3 = 0.39 — 0.63 (20) , sin? 0y, = 0.27 — 0.35 (20) . (2.1)

2

ums 1.e. whether neutrinos have normal mass hierarchy or

Currently we do not know the sign of Am

inverted mass hierarchy. Also, the value of the third mixing angle 63 is unknown. Only an upper
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bound [32]

sin? 03 < 0.04 (20) (2.2)

is available currently. Nothing is known about the CP violating phase § (and also about two ‘Majorana’
phases) of the leptonic mixing matrix.

We will identify explicit models wherein these unknown mixing parameters are significantly con-
strained. It will be highly desirable to relate the CP violation parameters in the leptonic mixing
matrix with the cosmological CP asymmetry. Such a strategy was pursued successfully in Ref. [33].
While in Ref. [33] a close connection between cosmological CP violation and neutrino CP violation
was realized, since the setup used hierarchical RHN masses, straightforward SUSY extension of that
scenario would lead to gravitino overproduction. Our texture models are tailor-made for resonant

leptogenesis, which would avoid this problem.!

2.2 Texture Zeros for Predictive Models

Let us consider the lepton sector of MSSM augmented with two right-handed neutrinos (RHN) N,

and Ny. The relevant Yukawa superpotential couplings are given by

VVlept = We + WI/ )

1
with W, =1"Y,ehy, W, =1"Y,Nh, — 5NTMNN , (2.3)

where hy and h, are up and down type MSSM Higgs doublet superfields respectively. We will work

in a basis in which the charged lepton Yukawa matrix is diagonal:

Y, = Diag (Ae, Ay Ar) . (2.4)

For a concrete demonstration within predictive model see [34].
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As far as the RHN mass matrix My is concerned, we will assume that at high scale (identified with

the GUT scale later on) it has the form

0 1
My = M . (2.5)
10

This form of My is crucial for our studies. It has interesting implications for resonant leptogenesis
and also, as we will see below, for building predictive neutrino scenarios. Specific neutrino models
consistent with resonant leptogenesis with a texture similar to (2.5) was investigated in [34]. Here we
attempt to classify all possible scenarios with degenerate RHNs which lead to predictions consistent
with experiments. Thus, with a basis (2.4) and the texture (2.5) we can discuss possible texture zeros
in the matrix Y,,, which is of dimension 3 x 2. One can easily verify that two (and more) texture zeros
in Y, do not lead to results compatible with the neutrino data. However, with only one texture zero,
there are scenarios compatible with experiments and leading to interesting predictions.

The matrix Y, contains two columns. Since due to the form of My (2.5) there is exchange invariance
N; — N5, Ny — Ny, it does not matter in which column of Y,, we set one element to zero. We choose

here the second column of Y,, having one texture zero. This leads to the three following possible forms

for Y,:
aq 0
Texture A : Yo=1a b |, (2.6)
az b3
a; by a; by
Texture Bi: Y, =1 a, 0 , Texture Bo: Y, = | a5 by | - (2.7)
as by ag O

A few words about the parametrization, used in (2.6) and (2.7), are in order. With the basis (2.4) and
the form of My given in (2.5), the one texture zero 3 X 2 matrix Y,, has only one physical phase. Other
phases can be rotated away by proper phase redefinitions of the fields. Moreover, in Y, there are five

real parameters |a; 2 3| and two absolute values of the b-entries. The mass parameter M in (2.5) is in
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general complex, but its phase is not relevant for the physics of neutrino oscillations. These systems
lead to predictive scenarios with texture A corresponding to normal mass hierarchy and textures By

and By corresponding to inverted mass hierarchy. We will study these cases in turn.

2.2.1 Texture A: Normal Hierarchical Case

We will discuss this case in details. With (2.5), (2.6) and using the seesaw formula for the light
neutrino mass matrix M, = (h%)2Y, My'Y,T, we arrive at
0 alb2 a1b3

(vsin 3)?

IVt (2.8)

Mu = albg 2a2b2 agbg + agbg

CL1b3 a263 + CL3b2 2a3b3

where v ~ 174 GeV. The matrix in (2.8) is rank two and leads to the one massless neutrino and two

massive neutrinos labeled my and ms. This structure corresponds to the normal hierarchical case, i.e.
MY — Diag (0, mq, ms) , (2.9)

with mg > ms. From (2.8) we can see that the mixing 65 and 0,3 are generated. The absolute
value of the overall factor asbs(vsin 3)2/M determines one mass scale, say the value of mj. Besides

this overall factor the matrix has four parameters: one phase and three real parameters. Three of

2
An’Lsol
Am?

atm

2
sol T

these parameters can be fixed from three observables 65, 623 and (where Am m3 and

Am?

2 =m2—m3). Due to the condition m; = 0 we will still have one prediction (independent from

the value of the phase), which determines the angle 6;3.

One physical phase remains undetermined. Indeed this single phase will be directly related to
the CP violation in neutrino oscillations and in leptogenesis. We will discuss this connection in more
details in Sect. 2.3.

Now, let us derive the prediction of this model. To achieve this and also get other useful relations

we will use the equality

M, = PU*P'M¥UTP, (2.10)
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where U is the lepton mixing matrix, given in a standard parameterization by:

0

C13C12 C13512 S13€
U= —C23512 — $23513C12€" C93C12 — S23513512€" 523C13 ) (2-11)
is is
523512 — C23513C12€ —523C12 — €23513512€ C23C13

with s;; = sin6,; and ¢;; = cos ;5. The P and P’ are diagonal phase matrices P = Diag (™", ™2, ¢3),
P’ = Diag (1, e, e"?). Phases in P can be removed by field redefinition, while P’ is physical, and
contains the two Majorana phases. The matrix equation (2.10) gives six relations. One of them,

namely the relation for the (1, 1) elements of M, and the right hand side of (2.10) with the form of U

tan913 ~ sin 912 @ . (212)
\/ mg3

Since this case corresponds to the normal hierarchical neutrino mass spectrum (with m; = 0),

given in Eq. (2.11), gives

with the help of (2.1) we have at 20 level my = /Am2, ~ (851 — 9.01) - 1073 eV and m3 =

sol

VIAMam |2 + Am2, ~ (4.7 —5.2) - 1072 eV. Using these values in (2.12), together with 20 accuracy
value of 0,5, we obtain range sin® 63 ~ 0.042 — 0.062. This fits well with an upper bound, within 3o,
given in Ref. [32], while the low limit (0.042) is pretty close to the 20 upper bound of 6;3. Future
measurements of the ;3 will test the validity of this scenario. One more word about the neutrino
sector: since the (1,1) element of the light neutrino mass matrix vanishes, the neutrino—less double
[-decay (0v2f3) does not take place in this scenario. That is, mgs = |U3maee”” + U%ms| = 0. There

is only one Majorana phase, since m; = 0, which is p = ps — p;. This is determined from the phase o

as follows

p=m—26. (2.13)

2.2.2 Textures B; and B, : Inverted Hierarchical Cases

The textures By and By both lead to the inverted hierarchical neutrino mass pattern. Using these

textures (2.7), the form of My given in (2.5) and the seesaw formula for the light neutrino mass
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matrices we obtain:

2(1,1b1 G,le a,lbg + &361
(vsin 3)?
For Texture B1 . M,, = a2b1 0 a2b3 T s (214)
a,lbg + a3b1 &ng 2&363
2a1b1 a1b2 + &le agbl
(vsin 3)?
For Texture By : M, = | a;by + asb; 2a9by asby M (2.15)

azby azby 0
In order to derive predictions for both cases, we can still use the relation (2.10), which is general, but

for M, use the forms corresponding to the cases B o, and for M,jﬁag an inverted hierarchical form:
M%e = Diag (mq, my, 0) . (2.16)

We use the same form as before for the phase matrix P, while for the P’ we use P’ = Diag (€', ¢#2 1).
For cases B; and Bj the predictive relations emerge by equating the (2,2) and (3, 3) elements respec-

tively (which are zero) of the expressions at the both sides of Eq. (2.10). Doing so we arrive at:

. 1 sin 03 tan O93 cos & 1 Am?
For texture By :  sin?6p >~ = — — 4+ — sol | 2.17
! 2= | tan? Bz sin? 13 + 20| 8 |Am2,,| (2.17)

sin #13 tan o3 cos 6 1 Amgol (2.18)

1
For texture B, : sin? @y ~ — . — )
2 2= | tan? Oy + sin? 013€29| 8 |Am2,,|

As we see, for both cases, the deviation of sin? ;5 from 1/2 (i.e. deviation of 65 from 7/4) is due
to the non-zero value of 6;5 and it also depends on cosd?. In fact, the product sin 63 cosd should
not be too small, otherwise the angle 615 will be close to w/4 which is excluded. Using the current

experimental data (2.1) (within 20-deviations) we obtain the following constraints for #;3 and cos d:

For texture By : 6132 0.12, cosd 2 0.573  (]9] £0.96) ,

2Similar relation has been obtained in Ref. [34] within a specific model with 6235 ~ 7/4. Here, since fa3 is not
fixed from the model, we will have somewhat wider allowed ranges for 613 and especially for §. Cases of texture zeros
giving these relations have been identified recently in Ref. [29]. Correlation similar to Eqgs. (2.17) and (2.18) have been

obtained within scenarios with ‘quark-lepton complementarity’ [35].
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For texture By : #0132 0.129 | cosd S —0.614 (| —4|<0.91). (2.19)

The last terms in Eqgs. (2.17), (2.18) are practically unimportant for the neutrino sector, but as we will
see in section 2.3.1 they become crucial for the leptogenesis CP violation. The leptonic asymmetry
will be determined by a phase ‘AAng‘;‘n' sin 0 which would vanish in the limit ﬁng‘:;‘ — 0.

By the fixed model parameters (see sect. 2.3.1 for relation between Yukawa couplings and the
angles 6;;,0) we can compute one more observable. In contrast to the normal hierarchical neutrinos

(corresponding to the texture A), cases By and Bs; have non—zero (), amplitudes, for both cases

given by
mpg = |UZymie’ + Ugymo| ,  with  p=py—p1 . (2.20)

For mgg and p for scenarios B; and Bj respectively we derive:

tg2, — 1 + 2tgiateassize’
For texture Bj : mgg = 4/ ‘Amgtm‘C%iJ Bl g g2§5 ;3 | ’
|tg12 + tgassi3€%]

D tgos (1 + tg? in §

cot £ = — Bza(l + t81p)s135i0 , (2.21)

2 tg1a(1 — tg3ss93) + tgas(1 — tgly)si3 cosd
tg2, — 1 — 2tgiact 0
For texture By : Mmgs = /|Am§tm|cf3‘ g12 g12C g2§68;3€ | ’
|[tg12 — ctgassize®|

D tgas(1 + tg? in §

cot © gas(1 + tejy)s1s sin (2.22)

2 N tglg(tggg — 8%3) — tggg(l — tg%Q)Slg cos 0 ’
where tg; = tan6;; and ctg; = cot 6;;. Applying allowed ranges for ¢ and 6;3 given in Eq. (2.19) and

the measured neutrino oscillation parameters (2.1) (within 20) for mgz we obtain:
For textures By & By : 0.013 eV S mgg < 0.023 eV . (2.23)

Upper bounds for mgg are obtained for |§| = 0.96 and |7 — | = 0.91 for cases B; and B, respectively,
while lower limits correspond to 6 = 0 and § = 7. Planned experiments will certainly be able to
test viability of these predictions. Note that the textures B; and B, in the neutrino sector give results
which are practically indistinguishable (besides the allowed ranges for §). However, as we will see in
the next section the scenario B, fails to generate sufficient leptogenesis, while the texture B; (and also

the texture A) will work very well for this purpose.
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2.3 Resonant Leptogenesis

Within the scenarios considered in the previous section, we have assumed an off-diagonal form for
the RHN mass matrix My. This gives the desired degeneracy between the two RHN states. The
degeneracy will be lifted with small corrections to the (1,1) and/or (2,2) elements of My. Even in
the unbroken SUSY limit, 1-loop corrections (corresponding to the wave function renormalization)
will split the degeneracy. The SUSY breaking effects has dramatic impact on the degeneracy of the
scalar components of N; o superfields. This is discussed separately in the Appendix. As far as the
fermionic RHN sector is concerned, the degeneracy there holds with pretty high accuracy. Therefore,
this is an appealing framework for resonant leptogenesis, in which enhancement of the CP asymmetry
happens because of quasi-degenerate RHN neutrinos [26-28]. One nice property of the resonant
leptogenesis is that, it avoids the lower bound (My, 2 10° GeV) for the lightest RHN mass. This
bound, called as Davidson-Ibarra bound, emerges within most of the scenarios with hierarchical right—
handed neutrinos [23]. Once this bound is avoided, the reheat temperature can be sufficiently low to
avoid the gravitino problem, which is common for low scale SUSY models [24,25] with the gravity
mediated SUSY breaking.

Since our models of neutrino masses and mixing are predictive and involve very limited number of
parameters, we expect that we will not have much freedom in the calculation of leptogenesis. As we
have already mentioned, an important ingredient for the resonant leptogenesis is the form of My given
in Eq. (2.5). Note that the mass matrix of the fermionic RHNs coincides with My of the superpotential
mass term. First we will discuss radiative corrections to the superpotential mass matrix My, which
directly can be applied to the fermionic RHNs. This structure can be justified by some symmetry at
high scale. However, at low energies, due to the radiative corrections the (1, 1) and (2, 2) entries in My
will receive non-zero corrections. These corrections are calculable thanks to the well defined neutrino
models we have presented above. To be brief, eventually two RHNs are become quasi-degenerate, and

the CP asymmetries ¢; and €5 generated by out-of-equilibrium decays of the fermionic components of
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N; and N, states respectively are given by [27,28]

Im(Y,}Y;)3, (M3 — M?) MiT
(?jyu)ll(yjyu)22 (M22 - M12)2 + M%F% ’

€1 = €y = 61(1 — 2) . (224)

Here M; and M, (we will use the convention My > M;) are the mass eigenvalues of the RH neutrino
mass eigenstates. YV = Y, Uy is the Dirac Yukawa coupling matrix in the basis where RH neutrino
mass matrix is diagonal and real: UJEM ~vUn = Diag (M;, M;). T'; is the tree level decay width of N;
(mass eigenstates of RHN) and is given by I'; = Z%(Y,[Y}));;. From (2.24) we see that in order to have
non—zero CP asymmetry two conditions need to be satisfied. First, the RHN masses should be split,
and secondly the element (YVT 17,,)12 must be complex. To realize both of these conditions, we need to
include radiative corrections into our study. As we will see shortly, the desired result can be obtained
only at two-loop level. In our treatment we assume that the textures we have considered are realized
at the GUT scale Mg ~ 2-10'6 GeV. At low scales, due to the renormalization group effects the zero
entries in the flavor matrices will receive some corrections. To compute these corrections we set up
the RG equation for the matrix My (only its renormalization has relevance for us), which at two—loop
order is given by [36]:
16w2%MN = 2MN\YY, + 2V Y My

1
—ga My (YY1, + VIV Y, + VY, (30 + tr(YY)))
s

3
YVT}/;*}/;TYV* + YVTY;YVTYV* + YVTYV* (3)\? + tr(YVTY,,)) MN + WMN (g% + 5g§) y (225)

1
5
where ¢ = Inp. The first line in (2.25) corresponds to the 1-loop correction and will be responsible
for the mass splitting between RHNs. However, the two-loop correction, presented in a second line of
Eq. (2.25), will be crucial for the CP phase of (Y;[Y,);,. Since we intend to have M5 < 107 GeV, in
order to get reasonable scale for the light neutrino mass, the matrix elements of Y, should be much

less than unity. Thus, we can solve the RG equation analytically to a good approximation. One—loop

correction to the My can be found from (2.25) to be

1

1—loop
SM ~
N 82

M,
(MNYY, + Y,V My) In =2 (2.26)

p=Me = M
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From this we see that at scale p = M the form of My will become

oy 1
My =M . (2.27)

1 =6

Interestingly enough, this structure, of correlated phases of (1,1) and (2,2) entries of My, persists also
at two—loop order. What is more important, one can see that at the one-loop level the phase of dy is
determined by the phase of (Y'Y, )1, and therefore (Y1, )15 will be real at this level. This property can
be easily seen also from different angle. Regardless of the form of Y, (including all possible radiative

corrections to it), it can be written in the form

0 O
V,=U|a 0 |P, (2.28)
as by

with U some unitary matrix, as 3, by all real parameters and P = Diag (1, elf). Using now the form
(2.28) in the first line of (2.25), one can show that ¢ drops out and we remain with the non physical
phase £ which can be absorbed in N,. With this, any complexity in 6 M ]1\[_1001; and (Y,1Y,);2 disappears
and we have no CP violation at the one—loop level. That is why it is important to include two—loop
radiative corrections for the renormalization of My . Indeed, the term M NYVT YGYETYV in the second line
of Eq. (2.25) is important. The appearance of the combination Y,Y. plays an important role. With
the basis (2.28) we see that the matrix U does not disappear, and thus we expect to have CP violation

(induced through two-loop correction). From (2.25), this correction can be approximated as follows:

Mg
p=Me Rg ln ﬁ . (229)

5M2—loop ~ 2

~ MNYIYYY, + YTV YTY M
N (].671'2)2( N1y e + v te“e v N)

where we have suitably absorbed CP conserving and flavor universal corrections (coming from the
entries Tr(YY,), g2, A\? etc.) in the overall scale M. The RG factor Ry (¢; = (e, pu,7)) is for the

running of Y, Yukawa couplings and can strongly deviate from one. It is defined as:

[eN2 (t)dt

67/’1’77—

T2, (My)n Me

67/’1’77—

Rer (2.30)
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In the approximation (2.29), the fourth powers of Y, have been neglected. Actually, for calculating the
mass splitting M3 — M? - the combination appearing in (2.24) - it is enough to keep only correction
oM ]1\,_1°°p of (2.26). However, to deal with the CP violating effect, we need to include also two—-loop

effects. Thus, at the scale y = M for My we use
My (M) = My(Mg) + SMy% + 6 My % (2.31)

with My (Mg), My % and My '°P given by Eqs. (2.5), (2.26) and (2.29) respectively. This
completes the calculation of supersymmetric part, which will be useful for calculation of leptogenesis
via fermionic RHN decays. However, inclusion of soft SUSY breaking terms, in general, may affect the
leptogenesis induced through the right-handed sneutrino decays. In an Appendix we studied this case
separately and shown that under plausible assumptions the right—handed sneutrino decays practically
do not contribute to the net baryon asymmetry. Thus, we should relay on the fermionic RHN decays

which, as we show below, generate sufficient baryon asymmetry.

2.3.1 Asymmetry Via Fermionic RHN Decays

Leptogenesis for Normal Hierarchical Case

For this case we will take the form of Y, given by Eq. (2.6). For leptogenesis study, it is convenient

to parameterize this Yukawa matrix as follows:

Ton 0
Texture A : Y= zag b B, (2.32)
e 1

where the couplings Oél’g,b,ﬁ and x are real parameters. Only single phase ¢ appears. This has
been achieved by suitable redefinition of phases of 123 and N; o superfields. First we will relate the
parameters appearing in Y, to some observables. The relation (2.10) enables us to express aq, s, b
and (3 in terms of z, neutrino mass, the scale |M| and lepton mixing matrix elements. Also ¢ can

be determined by the phase ¢ and the leptonic mixing angles. Doing so, we arrive to the following
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relations

A, As Ay As _ 1 (mg | AMNY?
“ Al “ ‘AlAg ’ Ay |’ < vsinf \ 2 | =z ’ (2.33)
A2A
¢ = Arg (A?Ag) : (2.34)
3
where
3.17]
1.
3.16
05t
3.15
s 0 314
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-n -Z 0 z n - -3 0 5 n
5 5

Figure 2.1: Correlation between ¢ and §. Left side: normal hierarchical case (texture A). Right side:

inverted hierarchical case (texture By). The vertical lines, for right panel, correspond to the maximal

allowed value of |§] = 0.96.
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T2U—622 ) A2 = Ue3U7'3 - U‘r2

These will be useful upon studying the leptogenesis. As we have already mentioned, remarkable thing
is the fact that there is a single CP violating phase ¢ which is related to the phase d controlling the
CP violation in the neutrino oscillations. The same phase will appear in the CP asymmetry of the
resonant leptogenesis. In Fig. 2.1 we show correlation between ¢ and 4.

Furthermore, applying expressions (2.26), (2.29), for the splitting parameter dy of (2.27) we obtain

)\72—R'r i¢) 1'62 MG

16.2¢ In , (2.36)

~ i _
(SN ~ (bOéQ +e A2 Vi

where we have ignored the couplings A, and A\, because the main effect is obtained by the tau Yukawa

coupling. In Eq. (2.36), the coupling A, is defined at M scale, and therefore the quantity R, accounts
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for the renormalization effects mostly due to A, running, and is given in Eq. (2.30). Now we can give

the unitary matrix Uy diagonalizing My (by the transformation UL MyUy = M) *8):

1 e—in/2 _ie—in/2
V2 ein/2 jetn/2
where
. MR
_ i¢ T ip
n = Arg <ba2 + e — T6.2¢ ) : (2.38)
At the same time we have
(Y1Y,)o = ‘bag + ei‘b‘ e, with 5 = Arg (bag + ei‘z’) ) (2.39)

Therefore, the complex phase appearing in (Yj )A/V)21 will be proportional to the mismatch n—n', which
using (2.38) and (2.39) takes the form

MR, bay
'~ T T . 1 . 2.40
167 Joouy + o O © (2:40)

12

n—n

Note once again that the phase n — 1/, determining the lepton asymmetry, is proportional to sin ¢,
which itself is related to the phase ¢ of the lepton mixing matrix. The model gives the relation between
them by Eq. (2.34). Also, it is rather impressive that other parameters, b and «s, appearing in (2.40)
can be calculated by the lepton mixing matrix elements through the relations (2.33), (2.35).

The masses of two right handed neutrinos are

32
. M,
M, =|M|(1—k), M=|M|(1+r), with m:‘x(bag—i—em)‘mlnﬁ.

(2.41)
Here, the unknown parameter x appears which is free and can be varied upon numerical calculations.
Finally, we give expressions build from the elements of the matrix (}Afj f/',,) appearing in the expressions

of the CP asymmetries of Eq. (2.24). These are:

32
(YY) ~ 5 (2*(1+ af + a3) + 1+ b* + 2z|bas + €'|) |

(Vi¥o)e o - (a(1+ 0 + ad) + 148 — 2afbay + )
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o x 101

Figure 2.2: Baryon asymmetry for normal hierarchical case (texture A), for different values of tan (3

and M = 107 GeV, § = 1.3.

N MR,
1672

sin ¢
|bay + €19

Im(Y]Y,)2, Fabay (22(1+ af +a3) — 1 —b7) (2.42)

In order to compute generated baryon asymmetry of the Universe, recall that the lepton asymmetry
is converted to the baryon asymmetry via sphaleron processes [20] and is given by ™2 ~ —1.48 x

1073(rk;We; + 1P ey), where the efficiency factors k(1 are given by the extrapolating formula [21]:

_ ~ 116\ !
7’71172 0.55 x 10—3eV ’

vsin 5)? .o~ ~ vsin 5)% . ox
D s = U ) 2.43

Collecting all this, we can now calculate 2. One can try the different values of M in a mass range
which would not cause the gravitino problem. We can also try different values of the phase 4, relevant
also for the CP violation into the neutrino oscillations. As we have already mentioned, there is one

more free parameter x, which we will vary. It is quite interesting that this system, by requiring to
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have baryon asymmetry in the range of the observed amount ("TB) (8.7540.23) - 1071, dictates

exp
the preferred range for the MSSM parameter tan 3. The reason for this is simple. The strength of
the Yukawa coupling \,, determining the amount of the CP violation [see Eq. (2.40)], depends on the
value of tan 3: A, = 7= \/m . By simple but quite complete numerical simulation we obtain, in
this model, the low bound on the tan 3. Upon calculations we take into account the renormalization
effects. Namely, the running of A\.. Obtained low bound for tan( is: tan( 2 12 (corresponds to
|6] ~ 1.3 and M = 107 GeV, R, = 0.617). Smaller values of tan 3 do not give sufficient baryon
asymmetry. This also indicates that the non SUSY version (i.e. SM augmented by two RHNs) of this
scenario will fail to generate baryon asymmetry through the leptogenesis. The presented scenario also
allows to derive the low bound for the absolute value of the phase d. This comes out from the maximal
allowed value of tan 3 < 58 (from the requirement that X\, , < 1 all the way up to the GUT scale).
With tan 8 = 58, M = 107 GeV (R, = 2.17) in order to have needed baryon asymmetry we should
have |[0| 2 0.012. It is interesting to note that for tan 3 < 35, for generating the baryon asymmetry

we need || 2 0.1. This limit for the CP violating phase is within the reach of future experiments. In

Figs. 2.2 and 2.3 we plot *2 for different choices of the model parameters.
Leptogenesis for Inverted Hierarchical Case

Now we study the leptogenesis for the inverted hierarchical case. We note right away that the
scenario with texture By of (2.7) does not work for the leptogenesis. The reason is following. Due
to the zero in (3,2) entry of this texture, it is easy to see from Eq. (2.29) that the A, coupling do
not contribute to the CP asymmetry induced at 2-loop level. The couplings A. and A, do contribute,
however they are small and can not induce needed asymmetry.

Thus, we focus here only on case with texture B;. For this case, it is convenient to write Y, with

the parameterization

zop b
Texture By Y, = | zay 0 B, (2.44)
rel® 1
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Figure 2.3: Baryon asymmetry for normal hierarchical case (texture A), for different values of M and

tan 3 =15, 6 = 1.3.

where, as in case of texture A, by suitable phase redefinition of [; 5 3, V1 2 superfields we left with only
single phase ¢. Remaining parameters are real. First we will express the model parameters a; ,b, 3
in terms of matrix elements of U, neutrino mass ms, the M, and x. By solving the equations derived

from the relation (2.10) we obtain

. . 8284 . Bg . 83 a2 1 mo BlM 1/2
fortosure B =g =2 | "B, ﬁ‘mﬂ(? . ) |
6 = Arg [ 225 (2.45)
where
[]2 U2 U2 U2
Bl = U32 - Ule—!f ) 82 = Uu2UT2 - 177—1(]—M2 y B3 == UQQUHQ - UelU—M y 84 - Ue22 - UflU—’f(QélG)
pl pl pl pl

As we see, also in this case the phase ¢ is related to the d-phase of the leptonic mixing matrix U (see

Eq. (2.11)). In particular using the relation (2.17) in (2.45) for ¢ and performing simple algebra we
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derive

Am? et
~ A sol
¢ ~ Arg <| A2

Am?2, cot 6
— ]_ —— QS ~ 7 sol 23
2| 4s13 tan Oa3

— 0. 2.47
|Am?2, .| 4sin 63 S (247)
Since the phase ¢ will appear in the leptonic CP asymmetry, with relation (2.47) we will be able to
make calculations in terms of measured neutrino oscillation parameters and the CP phase 4. In Fig.
2.1 the correlation between ¢ and ¢ is shown.
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Figure 2.4: Baryon asymmetry for inverted hierarchical case (texture By), for different values of tan (3
and M = 10* GeV, § = 0.96.

Now we are ready to investigate the leptogenesis for the inverted hierarchical scenario (Bj). The
way of calculation is same as was presented in the previous subsection, so we will keep discussion short

and give only several expressions and final results. Using the expressions of Eqs. (2.26)-(2.31) and the

form of the texture B in (2.44), for the phase mismatch (in analogy of Eq. (2.40) we obtain
(= )P o 2l

bOél

— ——sin ¢ 2.48
1672 |bay + €i?|? ¢ (2.48)
where here and below we will use superscript ‘(Bj)’ in order to distinguish expressions corresponding

to the scenario B; from those of the texture A. Moreover, for the splitting parameter (in analog to
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Eq. (2.41)) we have

B2 M,
P o~ |z (bay + )] % In WG : (2.49)

We will also give the expression for Im(ffj fﬁ,)%l which will help to understand some physics. We have

(B1)  A2R,
- 1672

sin ¢
by + €]

(Im(i/jf/y)gl) Babay (12(1+ a2 + a2) — 1 — b?) (2.50)

Note, that according to (2.47) the phase ¢ is close to m and one may suspect that also final result
for the CP violation should be suppressed by the factor~ Am?2,/(|Am2,,|4sin63) ~ 1/20. However,
such suppression do not takes place because the combination |ba; + €|, appearing in the denominator

of the last multiplier of (2.50), is suppressed by precisely same factor! Indeed, using the relations of

Eqs. (2.17), (2.45)-(2.47) we derive

Am?2.,  cot O

b ]~ sol : 2.51
‘ mre ‘ |Am2,,,| 4sin 63 (2:51)
With these for the combination appearing in (2.50) we get
sin ¢ )
m ~ Sin 5, (252)

showing that suppression factors mentioned above drop out and it is maximized with [§] ~ 1.115
(maximal allowed value which is acceptable for viable neutrino sector). Moreover, because of the
suppression of the combination ‘bal + ei‘z", also the RHN mass splitting parameter in (2.49) gets
additional suppression, which makes two RHNs more degenerate. This also gives some enhancement
of the (resonant) CP asymmetry factors € o.

Without bothering to give other expressions, we will move to the presentation of the main results.
In this scenario, from the requirement of needed baryon asymmetry, the tan 3 is bounded from below.
Interesting thing is that the leptogenesis dictates tan 3 2 21 (lower values do not give sufficient baryon
asymmetry) For obtaining this low bound we have taken M = 10* GeV (R, ~ 0.71) and maximal
allowed value for the § ~ 0.96. Note that within this scenario low values of M give larger lepton
asymmetries. It is also possible to derive low bound for |4|. This is obtained by largest allowed (from

requirement Ay, S 1 up to the GUT scale) value of tan 3. Namely, with tan 3 ~ 58, M = 10* GeV (we
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Figure 2.5: Baryon asymmetry for inverted hierarchical case (texture Bj), for different values of M

and tan § = 30, 6 = 0.96.

have for these choices R, ~ 1.95), needed baryon asymmetry can be generated with |4| 2 0.021 (note
that for |§| = 0.021, for acceptable solar mixing angle we should choose sin? fy3 ~ 0.6 and sin? 6,3 ~
0.04). Worthwhile for noting that for tan 5 < 45 for generating sufficient baryon asymmetry we need
|0| 2 0.1. The latter value is within the reach of planned experiments. We have performed numerical
calculations without approximations and made sure that our analytical expressions, presented above,
are good approximations. In Figs. 2.4 and 2.5 we show baryon asymmetries for several different

choices of the model parameters.

2.4 Summary

In this paper we have considered an extension of MSSM with two quasi-degenerate right—handed
neutrinos. Our motivation was to realize resonant leptogenesis which avoids the gravitino problem

generic for low scale SUSY scenarios. With this setup we have classified all viable texture zeros of
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the neutrino Dirac Yukawa matrices which lead to consitent predictions. We find three predictive
scenarios, each with one texture zero. One model has normal hierarchical neutrino mass spectrum,
while the remaining two have inverted hierarchical mass pattern. The predictive power of these models
show up also in the resonant leptogenesis. The model with the normal mass hierarchy (texture A)
and one of the inverted hierarchical scenario (with texture Bj) lead to the successful leptogenesis.
In Appendix we have discussed the impact of the soft SUSY breaking terms on the CP asymmetry
generated by RH sneutrino decays and concluded that with natural choice of the soft SUSY breaking
terms, scalar RH neutrinos do not contribute sizably to the total baryon asymmetry. Thus, the baryon
asymmetry is due to fermionic RHN decays and the leptonic CP phase is directly related to to CP
violation in neutrino oscillation. Putting together the predictions from the neutrino sector and the

results from leptogenesis calculations, we have obtained the following predictions:

For normal hierarchical case (texture A)
sin®f13 2 0.05, [6]20.012, mg=0, tanB212;
with  tan3 <35, [§]20.1.
For the inverted hierarchical case corresponding to texture Bj:
6132 0.12, 0.0215|0] £0.96, 0.013eV Smgs<0.023eV, tanfz 21 ;
with  tan3 <45, [§]20.1.

The texture By do not generate the baryon asymmetry within this scenario and other mechanism
need to be invoked [38]. However, from the viewpoint of the neutrino sector the texture By is viable
and gives:

013 2 0.129 , |m—60/ 5091, 0.013eV Smgg <0.023 eV .

Future experiments will examine the viability of these scenarios.
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Appendix: Asymmetry Via N Decays

In this appendix we will discuss the contribution to the net baryon asymmetry from the out of equilib-
rium resonant decays of the right handed sneutrinos (RHS). With inclusion of the soft SUSY breaking
terms, the RHS mass spectrum and couplings will be altered and one should expect result different
from that corresponding to the fermionic RHN decays. Besides soft SUSY breaking couplings, there
are other particularities, highlighted below, which distinguish cases of RHN and RHS decays. We are
considering the system with two RHN superfields N; » which have two complex scalar components N 1,2-
With SUSY breaking term, the masses of RHS’s will differ from their fermionic partners’ masses. Thus
we will have four real mass-eigenstate RHS’s 7;=1 234 with masses Mi:172,374 respectively. Assuming
that the SUSY scale is smaller (at least by factor of 10) than the scale M (the overall tree level mass
for the RHN superfields) we expect that the states n; remain quasi-degenerate. To study the resonant
n-decays we will apply ressumed effective amplitude technic [27]. An effective amplitudes for the real
fi; decay, say into the lepton [, (o = 1,2,3 is a generation index) and antilepton [, respectively are

given by [27]

Sai — Saz' - Saj _ J ( - )( J)N , Sai — S;z _ E S;j _ J ( - )( J)N , (25?))
Zj MZ — M? + I (M;) T MR = M+ 1055 (M)

where S,; is a tree level amplitude and II;; is a two point Green function’s (polarization operator of

n; — n;) absorptive part. The CP asymmetry is then given by
o (180l = [Sil?)
S (18uil? + [Sail?)

We will apply (2.53) and (2.54) for our scenario, however, also derive general expressions applicable

(2.54)

for different models.

Toegether with superpotential couplings (2.3) we include the following soft SUSY breaking terms
- 1 - .
Vs = 1A, Nh, — 5NTBNN +h.c. (2.55)

We do not display here soft mass® terms, such as m%72|N172|2, because By plays much more signif-

icant role in the splitting of RHS masses. For simplicity we will assume at GUT scale (M) the
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‘proportionality’ A, o« Y, and degeneracy in By o Mpy. Thus,
at /J,:MG . A,,:mAY,, y BN:mBMN . (256)

Similarly, for the charged lepton sector we can assume A, = mgY,.. Performing RG studies, similar

way as we have done in section 2.3, we will have

—(1+22—;)5N 1

at o= M BN ~ mBM (257)

1 —(1+274)0%
Note that with A, = m,Y, and A. = mgY, at high scale, the A, will remain well aligned with Y,

also at low scales. With diagonalization of total mass matrix of the RHS’s, for mass-eigenstate (7;)

masses we get
M = |M*(1—[65)* = [M||mp — (mp + 2ma)|0n]| ,
M3 = |MP(1— |6x])* + [ M||mp — (mp + 2ma)|on]|

MZ = |MP(1+|0x])? — [M||mp + (mp + 2ma)|dn]|

Mf = ‘M‘2(1 + |5N|>2 + \MHmB + (mB + 2mA)|5N|| . (258)
Interaction of n states with leptons and sleptons has the form
hulYei + hylYph + h.c. (2.59)

where

Yr=Y,V , Y= Y,,Mj(,f/* + AV , where V =Uy (pueié, ,od) ,

(1 1 [0 o0 i -
with p, = — g = — G~ omm (24 16a] 2.60
| D a1 (24 1o (2.60)

With these we can calculate the absorptive part of the polarization diagram with external legs n; and
n;. At 1-loop level it is given by

l
y(p) = - (PPYiYe + PYEYE + ViV +YEY3) (2.61)

v
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where p denotes external momentum in the diagram.

Now we are ready to calculate the lepton asymmetry. Note that in unbroken SUSY limit, neglecting
finite temperature effects (7' — 0), the N decay does not produce lepton asymmetry. The reason for
this is following. The decay of N in two fermion is N — lh,,, while in two scalars is N — l~*hz. Since
the rates of these processes are same due to SUSY (at 7' = 0), the lepton asymmetries created from

these decays cancel each other. However, with T" # 0 the cancelation is partial and one has
& = €i(; — Lhy)App | (2.62)

with temperature dependent factor Agp given in [37]. We note that Eq. (3.35) is valid when we
have the alignment A, = m,Y,. Without this alignment other terms in r.h.s of (3.35) proportional to
ma /M will appear. Since we are assuming the alignment and m4/M < 0.1, the SUSY breaking effects
would not affect decay amplitudes significantly and we can apply (3.35) for our study. Thus, we just
need to compute €;(n; — lizu) - the asymmetry created by 7n; decays in two fermions. Using in (2.53)
Sei = (Yr)ai, with (2.54) after straightforward calculation we obtain

(Y}YF)M (Mzz - M]z)2 + ‘Hjj|2

J

S (Y, i) (M} — ME)Im([ly) — (M — M?)m(IL;y)

- — ~ — 100k o - (2.63)
i (02 = N2y + 1135 ) (312 = B2 + [Te]?)

In (2.63) for the absorptive part I we should use (2.61) with p = M;. Now, the baryon asymmetry

created from the lepton asymmetry due to n decays is:

- 4
np _4 i
— ~ —8.46-10 i

4
= —846-107) " €(i; — Lhy)mi (2.64)
i=1

where we have taken into account that an effective number of degrees of freedom, including two RHN
superfields, is g. = 228.75. 7, are an efficiency factors which depend on m; ~ WQ(Y;YF)M, and
take into account temperature effects by integrating the Boltzmann equations [37]. Before discussing
this in more details, it is more instructive to see what are the effects of the soft SUSY breaking terms

in the CP asymmetry given by Eq. (2.63). The parameter ¢; is controlled by the imaginary parts of
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the elements of the matrix Y}YF. First note that the phase § appearing in this matrix (see Eq. (2.60))

for M <107 GeV is § < 107'° and can be safely ignored. With this, the matrix Y,}¥x has the form

s(YV,)u oV, 1 1
YiVe = (A ) )“ (A ) it 6 5 , (2.65)
VIV (YY) —i 1

where Y, = Y, Uy is the same matrix appearing in the CP asymmetries (2.24) induced by fermionic
RHN decays. Note that the matrix ¢ has purely imaginary entries and they can be new sources for the
CP violation. For instance, the element (Y}Yp)m has the large phase. This means that there happens
the ‘conversion’ between 7; and 75 states. On the other hand, from Eq. (2.58) one can see that the
degeneracy of Mf and M22 is split by the B-term and unless mp < 10 MeV the resonant enhancement
does not happen (similar to the case of soft leptogenesis [37]). Since the natural value of mpg is from
fewx 100 GeV to few TeV, we conclude that this channel does not give important contribution to the
CP asymmetry. For those states amongst which degeneracy is not ruined (the ‘pairs’ n; — ng and
ng — ny) by the B-terms, the CP asymmetry is controlled not by imaginary components of  but
by Im(YVT Yy)lg (like to those corresponding to the fermionic RHN decays, Eq. (2.24)). Thus, the
CP asymmetry via n; decays would not be larger than asymmetry generated due to their fermionic
partners. Moreover, due to the efficiency factors n;, the np/s turns out to get additional suppression
in comparison to the ng/s (the total baryon asymmetry due fermionic RHNs). We have checked this
on two examples corresponding to the textures of A and B;. Namely, we have performed calculations
for (m4, mp) = (103, 10%) GeV and for several choice of model parameters (tan 3, M, §). For a given
set of these parameters, for fixed x we can calculate the values of the masses m; = %2(3/};}%)“.
With given values of m;, according to Ref. [37] we picked up the corresponding values of 7; and with
help of Egs. (2.63), (3.36) calculated ng/s. For the texture A we obtained Z—g < 4-1073, while for
the texture Bj: Z—ﬁ < 1072. These confirm that the baryon asymmetry via 7 decays is a negligible

effect. For completeness we also examined the case corresponding to texture Bs. The latter does not

give relevant asymmetry also through n decays.
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CHAPTER 3
NEW WAYS TO LEPTOGENESIS WITH GAUGED B - L SYMMETRY

3.1 Introduction

Baryon number minus lepton number (B — L) is a non-anomalous symmetry in the standard model.
There is a perception that all non—anomalous symmetries may have a gauge origin. B — L may then
be a true gauge symmetry broken spontaneously at a high energy scale. Such a scenario fits well
with the small neutrino masses observed in experiments. This is because gauging of B — L requires
the introduction of right-handed neutrinos N;, one per family, for canceling the triangle anomaly
associated with [U(1)p_z]3. These N; fields facilitate the seesaw mechanism [56] to generate small
neutrino masses. In this context one is able to relate the mass of the heavy right-handed neutrino
to the scale of B — L symmetry breaking. With just the standard model gauge symmetry the right—
handed neutrinos are not compelling, and even if they are introduced, their bare Majorana masses are
not protected and can take values as large as the Planck mass.

In the supersymmetric context there is yet another motivation for gauging B — L. It would lead to
a natural understanding of R—parity [57,58]. This can be seen by writing the R—parity transformation
as R = (—1)3B=0)+25 which clearly shows the close relation between R parity and B — L. If the B— L
gauge symmetry is broken by Higgs fields carrying even number of B — L charge, then a discrete Z,
symmetry will remain unbroken, which would serve as R—parity. Such Higgs fields are just the ones
needed for generating large Majorana neutrino masses for the right—handed neutrinos, which requires
B — L breaking by two units. R—parity is usually assumed in MSSM as an ad hoc symmetry, in order
to avoid rapid proton decay and to identify the lightest SUSY particle as the cosmological dark matter.
These are natural consequences of gauged B — L symmetry. This symmetry also fits inside of SO(10)

grand unification, which is very well motivated because of the unification of quarks and leptons of
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a family into a single multiplet. It is well known that with or without supersymmetry, existence of
right—handed neutrinos can explain the observed excess of baryons over antibaryons in the universe
via leptogenesis [59]. The N field decays into leptons, generating an asymmetry in lepton number,
which is converted to baryon asymmetry by electro-weak sphalerons [60]. (For reviews on leptogenesis
see [61,62].)

In this paper we investigate baryogenesis via leptogenesis in supersymmetric models with gauged
B — L. We have identified a new source for leptogenesis in this context. The symmetry breaking sector
that spontaneously breaks B — L symmetry produces an excess of N over N* in their decays, where
N stands for the scalar partner of the right-handed neutrino N. This asymmetry in N is converted
into ordinary lepton asymmetry when the N decays into leptons and Higgs bosons. The electro-weak
sphalerons convert this lepton asymmetry into baryon asymmetry.

In this scenario, one realizes resonant [63-65] and soft leptogenesis [66,67]. Resonant leptogenesis
assumes nearly degenerate states (fermions or scalars) that decay into leptons producing an asymmetry.
Usually the needed degeneracy is achieved by postulating additional symmetries. In our context,
supersymmetry guarantees near degeneracy of the Higgs states. This comes about since in the SUSY
limit, the Higgs scalars responsible for B — L symmetry breaking form partners of a Dirac fermion,
leading to two complex (or four real) degenerate scalar states. Once SUSY breaking is turned on,
this degeneracy is lifted, but by terms that are suppressed by a factor Mg,s,/Ma, where Ma denotes
the mass of the decaying heavy Higgs particle. In the simplest model with gauged B — L symmetry,
CP violation needed for leptogenesis is provided by soft SUSY breaking effects. Thus the model
realizes soft leptogenesis. We compute the baryon asymmetry generated through this N asymmetry
in a simple model with gauged B — L symmetry. As in soft leptogeneis, we find that for a range
of soft SUSY breaking parameters, reasonable values of baryon asymmetry can be generated. This
mechanism works well when the mass of the decaying Higgs filed is less than about 108 GeV. The
Davidson—Ibarra bound [68], which requires the decaying right—-handed neutrino to be heavier than
10° GeV in conventional leptogeneis, is evaded in our framework because the source of CP violation

resides in SUSY breaking couplings. Such a bound causes a problem with gravitino abundance [69,70],
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which requires the reheat temperature after inflation to be T < 107 GeV. Our scenario does not have
gravitino problem, since the mass of the heavy Higgs particle is < 10® GeV. Some of the soft SUSY
parameters have to take unusually small values, a situation common with soft leptogenesis, although
the parameters that are small in our models are different ones, associated with B — L symmetry
breaking.

We present the minimal gauged SUSY model in Sec. 2, work out the spectrum of the model after

SUSY breaking in Sec. 3, and compute the cosmological lepton asymmetry in Sec. 4.

3.2 Minimal Supersymmetric Gauged B — L Model

The minimal supersymmetric model with gauged B — L symmetry extends the gauge group of MSSM
to SU(3)e x SU(2), x U(1)y x U(1)p_r. The triangle anomaly associated with [U(1)g_1]? is canceled
by contributions from right-handed neutrinos V;, which must exist, one per family. Since the N; fields
should be much heavier than the weak scale in order for the seesaw mechanism for small neutrino
masses to be effective, we assume that B — L symmetry is broken in the SUSY limit. The simplest
set of scalar superfields that would achieve this — if one insists, as we do, on renormalizable coulings
—is {A, A, S}, where the first two fields carry B — L charges of £2, while S is neutral. All three
fields are neutral under SU(3)c x SU(2);, x U(1)y. The B — L charge of the A field is chosen so
that it has direct Yukawa couplings with the N fields, which would provide large Majorana masses
for them upon spontaneous symmetry breaking. This choice also guarantees that R—parity of MSSM
will remain unbroken even after spontaneous symmetry breaking, since (A) # 0 leaves an unbroken
Zs symmetry, which functions as R—parity. Our normalization of B — L charge is as follows. (N, e°)
have charge +1, L has charge —1, @ has charge 1/3 while (u¢, d°) fields carry charge —1/3. No other
fields beyond MSSM fields are introduced.

The superpotential of the model consistent with the extended gauge symmetry is given by

W = Wyussm + WEL

1 )
WE-L — X\S(AA — M?) + 5 fiiNiN;A + Y Lo N;H, . (3.1)
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Here Wyissn is the MSSM superpotential. L, denotes the left—-handed lepton doublets, H, is the
up-type Higgs doublet, and i, are family indices. Note that all R—parity violating couplings are
forbidden in the superpotential by the B — L symmetry. The Majorana masses for the right—handed
neutrinos arise only after spontaneous breaking of B — L symmetry after (A) # 0 develops, via the
couplings f;;. The Dirac Yukawa couplings Y, will then generate small neutrino masses via the seesaw
mechanism. Bare mass terms for S as well as for AA and an S? term have not been written in Eq.
(3.1). This is for simplicity and their omission can be justified by invoking an R symmetry.

We minimize the potential, which contains F—terms resulting from Eq. (3.1) and a D—term
corresponding to the B — L symmetry, in the SUSY limit. Demanding the vanishing of F—terms,
Fs = Fa = Fa = 0, yields (S) = 0 and (AA) = M?. The vanishing of the D—term implies |A| = |A].
Without loss of generality we choose (A) = |M|. Consequently we have (A) = |M|e!m2, with the
definition ¢,z = arg(M?). The spectrum of the model in the SUSY limit consists of a massive vector

multiplet Vp and a pair of degenerate chiral multiplets (A, S) with masses given by
My, = 2g5|M|, Ma = V2|)\||M] . (3.2)

Here gp denotes the B — L gauge coupling. In this limit, the B — L gaugino pairs up with a Higgsino
(denoted A’) which is a linear combination of A and A fields. The orthogonal combination A pairs up
with the S—Higgsino to forma a Dirac fermion. Small SUSY breaking effects, to be discussed shortly,
will split the masses of the two Weyl components in each of these Dirac fermions. The (4, S) system
consists of two complex scalars as well — corresponding to four real nearly degenerate scalar states
once small SUSY breaking effects are included, which are physical. It is these nearly degenerate scalar
states that will be relevant for leptogenesis.

We will be interested in the limit where the physical Higgs multiplet (A, S) is somewhat lighter
than the gauge supermultiplet, that is, in the limit v/2\ < 2¢p. Precisely how much lighter will be
quantified later, but we will not need a larger hierarchy in masses, Ma < 0.1 M, or so will suffice.
With such a mild hierarchy in masses, the dominant decay of the (A, S) Higgs fields will be into
right-handed neutrino fields. This will enable a new way of generating lepton asymmetry stored in

N fields. With Ma < My, we can integrate out the vector supermultiplet to obtain an effective
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superpotential Weg and an effective Kéhler potential K¢ involving only the (A, S) fields and the
MSSM superfields.

To obtain the effective Lagrangian of the theory after integrating out the vector superfield, we
work in the unitary gauge and make supersymmetric transformations on the (A, A) fields, the gauge
vector multiplet Vg, and all fields ®; carrying B — L charge ¢; to go to a new basis with (A’, Ay)

fields and a shifted Vg gauge superfield:

1 , _ 1 o
A = (|M]+ —=Ag)e®985" A = (|M|+ —=Ag)e 12988 +idn2
V2 V2

Vg = VWA AT D; — 19BN P, | (3.3)

We have kept the B — L charge of A, A fields to be (ga, — qa) to be more general.

With these redefinitions, the original Kahler Lagrangian, given by
£§f b /d49 (ATeqMBVBA 4 ATem1898VE A 1 Z Pl etignVe (I)Z-) (3.4)
transform into Z
£E0 = / d' ({Q\MP FV2IM|(Ag + A} + A(T)AO} Cosh(qagsV) + > @je%%v%@i) . (35)

Observe that the A’ field has disappeared in Eq. (3.5), it has been eaten up by the gauge superfield V9.
In the process the gauge field V becomes massive, all its components acquire a mass My, = qig°|M?,
as can be readily seen by expanding the Cosh function in Eq. (3.5).

Now we can integrate out the massive gauge superfiled V%. We obtain the following effective Kéhler

Lagrangian:

2
1
(B-L) _ 4 I E T § ' T
‘CDeﬁ" = /d 0 A0A0+ ' (bz(bz— 4qZ|M|2 ( i qz®1®z>

2
Ag+A 1
ot (e ) s 8530 (St | 00

where the - - - indicate terms with higher powers of 1/|M|. Eq. (3.6) describes the interactions of the
light Ay field with other light MSSM fields through the exchange of the gauge supermultiplet. Notice

that these interactions are suppressed by 1/|M 3.
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With the redefinition of fields given in Eq. (3.3), the superpotential of Eq. (3.1) becomes W.g =
Wassm + W(Ag, N) where W (A, N) involving Ay and N states is given by:

. 1 1 )
W(Ag, N) = \Se'ém? (\MWMO + §A3) +5 fii(|M| + YN;N; + Y LoN;H, . (3.7)

7
Note that the A’ field has disappeared in Eq. (3.7). Majorana masses for N have been generated with
My, = |fi||M|, where |f;| are the real and diagonal eigenvalues of the matrix f;;. It is also clear from
Eq. (3.7) that (Ag, S) fields pair up to form a Dirac fermion with a mass given by Ma = v/2|\||M].
Their scalar partners (Ag, S) are of course degenerate with these fermions, since SUSY breaking has
not yet been turned on.

We assume that at least one of the NN; fields is lighter than Ay. Such situation is quite natural,
especially when the NN; fields have hierarchical masses. We denote this light N; field simply as N
(assuming for simplicity that only one such field is lighter than Ay) with its mass given by My = |fM]|.
The dominant decays of Aq scalar will then be Ay — N+ N, Ag — N*N*, and Ay — NN. There
is also a subdominant decay of Ay into NN*. Here N denotes the right—handed neutrino, while N
stands for its scalar partner. Supersymmetry will dictate that the decays of the fermionic partner of

Ay, denoted as Ay will be to NN and N*N final states with an identical width. The total width for

the decays of the scalar Aq is given by

NT AT N Tk N Tk NT T |JC|2 4MJ2V
A

(3.8)

Since in our scheme, lepton asymmetry is initially created as an asymmetry in N versus N*, we
are interested in range of model parameters where these decays are essentially out-of-equilibrium at
temperatures around the mass of Ag. For Ma ~ (10° — 108) GeV, this requirement implies that |f]
in Eq. (3.8) should obey |f| < 10( — 5). For such small values of |f|, it is important to check if the
gauge boson mediated decays of Ay will have a comparable rate. To check this, we have computed
the total decay width of A scalars into four MSSM fields. These could be four scalars, four fermions,

or two scalars plus two fermions, all of the MSSM. The total width is given by

256 x 4(gp/2)° ( MT )
T(Ag — O1D;%D,) = : 3.9
(B0 i) = 360% (2m)P \ Mg, (3.9)
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In Eq. (3.9), ®; stands for any of the scalar or fermion fields of MSSM. The factor 256 arises as
[Tr(g?)]?, while the factor 4 is to account for the various types of final states stated above. We see
that these decays are suppressed by phase space and inverse power of the Vs mass. If we demand that
the decays of A given in Eq. (3.8) dominates over the ones in Eq. (3.9), we arrive at an inequality
(gB/2)Ma/ My, < 1.5|f[¥/3, or using Eq. (3.2), |\| < 4.3|f|/3. If | f| = 107, this translates into a
limit |A| < 0.09. This a rather mild hierarchy, which is quite natural. We will henceforth assume that
the two body decay of Ay into NN dominates over the four body decay, which would enable us to

create lepton asymmetry in N.

3.3 Spectrum including SUSY breaking

In the supersymmetric limit we have seen that four real scalar fields belonging to the (Ag, ) superfileds
are degenerate in mass. The corresponding fermions are also degenerate in mass. This degeneracy
will be lifted once SUSY breaking interactions are taken into account. One would arrive at two quasi—
degenerate Majorana fermions and four quasi—degenerate real scalar fields. Their mass splitting and
coupling to the (N, N ) fields are crucial for the estimation of the induced lepton asymmetry in N.
Here we compute these splitting and couplings.

Soft supersymmetry breaking interactions are introduced in the usual way as in supergravity. For

the (Ag, S, N) sector the relevant soft breaking terms are given by
_ Arfii o -
Veort = {ANASAA — CYOAM?S + fo]ANZ-Nj + h.c.} + mi®;o; . (3.10)

The dimensional parameters {Ay, A;, C\} will be taken to have values near the TeV scale. Mass—
splitting within degenerate multiplets will be induced at order M., ~ TeV, so we will ignore terms
of order Mszusy and higher. The soft squared mass parameters m? in Eq. (3.10) can then be neglected.

We now minimize the potential including soft SUSY breaking, keeping linear terms in Mg,q,. First

we obtain the redefined soft breaking terms after the transformation of Eq. (3.3) is applied to Eq.
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(3.10). This yields

, 1
Viott = AMZ(Ay — Cy)S + Ay\e'®n2 S(V2|M|Ag + iAg)

1 1 -
—Arfii(IM] + —=A)N;N; + h.c. 219,12 . 3.11
+2 ff](| |+\/§ 0) ]+ C +mz| | ( )

The full potential is given by V' = Vg + Vgo, with Ve obtained from Eq. (3.7) as

1 e~ n2 1 -
= 2 — Ay |? 2| M Ao+ —— i NiN 2+ | fi: (|M ]|+ —=A0) N, > . (3.12
VF |)\A0| |\/§|M|+2AO| ‘|’|)‘\/_| |S+)‘S 0o+ 2\/5 fw i ]| +|fw(| |+\/§ 0) ]| (3 )

Minimization of V' shows that the field S develops a vacuum expectation value (VEV) of order

Mgsy given by

Cy—A

() = =5 Aeiduz | (3.13)

The shift in the VEV of the A field is of order M2

susy

and thus negligible. As a consequence of (S) # 0,
the mass matrix in the fermion sector spanning (AO, S ) gets modified. We now have this matrix given

by

My = clnran | A1) Ma 314
fermi — M .

M 0
Here we have denoted the phase of A as ¢,. Eq. (3.14) leads to two quasi-degenerate Majorana
fermions with masses given by My, , = Ma %+ [A(S) |.
In the bosonic sector, the squared mass matrix spanning (Re(4Ay), Re(S), Im(Ay), Im(S)), is found

to be (to order Mgysy)

1 kr+ Ky 0 Kr—k)
KR+ K 1 —K/ 0 (3.15)
Mgosan = MZ f ! )
0 —K) 1 —Klp
Kr — Kp 0 — K 1
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2 A,y et A, e
with <KR,KI,K;,54>:=-§Q%-(fvx<s>>,:nn<cs>x Re( =), Im(—— ) (3.16)
The eigenvalues of the matrix in Eq. (3.15) are found to be:
Mgﬁ,z = MZ (1 + A12 F A14) s M§3,4 = MZ (1 — Alg + A14) (317)
with the definitions
|>\U5| }|A>\| +)\'U56i¢M2‘
Ay = —= Ay = . 1
2= 14 A (3.18)

Thus Ay, = (M3, — M%,)/M3 parameterizes the fractional mass splitting in X; and X5, and similarly
Ay in X7 and X,. These two mass splitting will be relevant for leptogenesis calculation. We also note
the identities A1 = Ay3 and Ay = Agz. There are two other mass splitting which can be obtained
in terms of Ay and A4, but those two turn out to be not relevant for leptogenesis.

The mass eigenstates X; are related to the original states as

Re(Ao) %(X1 X))+ %()@ + X)), Re(S)= %(X1 ~ X))+ %(X2 ~ X)),
Im(Ag) = — %(X) + Xa) + —(Xa+ Xa) , Im(S) = —5 (X, = Xy) + (X, — Xy). (3.19)

V2 V2 V2 V2

Here two mixing angles appear which we denote as (a, 3). We use the notation ¢, = cosa, s, = sina,

etc. These two angles are given by

|Ax|/Ma sin{arg(C) — Ay)}

tan 2a0 = — )
|A)\|/MA cos{arg(C’)\ — A)\)} + Alg

ﬁ:Oé—QSM2 —qu)\—arg(CA—AA) . (320)

We shall use these results in the next section where we compute the lepton asymmetry stored in N

arising from the decays of these scalar states.

3.4 Cosmological lepton asymmetry

In our scenario, cosmological lepton asymmetry is generated in the out of equilibrium decays of the
X; scalars into N and N*, the scalar partners of the right-handed neutrino. One loop corrections to

the decay induces CP asymmetry, leading to an asymmetry in N versus N*. This induced asymmetry
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is converted to usual lepton asymmetry when N and N* decay into leptons and a Higgs boson, which
subsequently is converted to baryon asymmetry via electro-weak sphaleron processes.

As shown in Sec. 2, the dominant decay of the X; scalars will be into final states with N scalars
and N fermions, with a smallish coupling A < 0.1 and |f| ~ 1075. The tree level decay diagrams are
shown in Fig.3.1. The total decay rate for these decays is given in Eq. (3.8). The decay of X;, which
are real scalars, into final states with opposite lepton number (—2 and +2) (see Fig. 3.1 (a) and (b))
raises the possibility that an asymmetry can be produced in N number. For Ma = 105 — 10® GeV
and |f| = 1075 — 107%, the lepton number violating decays of the X; fields will be out of equilibrium.

The efficiency factor in the production of N asymmetry will then be nearly one.

. —~— .

Xi il xi ad
——————— ~< —————
\\ \\
~ A
~ N ~ ~N
(a) N . (b) N~
N N~
Xi X; Rl
_______________ <
~N
N
%
(© N (d) N .

Figure 3.1: Tree level decays of X; scalars into N, N* and N.

We now proceed to calculate the induced N asymmetry. For this purpose we need to identify the
interaction of the X; fields with N. Since the X fields are quasi-degenerate, the dominant contribution
to lepton asymmetry will arise from wave function corrections shown in Fig. 3.2. These corrections
have a resonance enhancement, which is lacking in the vertex correction diagrams. SUSY provides the
quasi-degeneracy of X; fields, which enables us to realize resonant leptogenesis in N. The required

CP violation arises in the model from soft SUSY breaking couplings. Thus this scenario is also soft

64



leptogenesis, but with four X; fields involved in the decay.
From the Lagrangian given in Egs. (3.11) and (3.12), one can read off the cubic scalar interactions

relevant for the wave function corrections of Fig. 2. The couplings of X; to N is found to be
VO — (NN Fygg X+ he. ) + [NPFg X | (3.21)
where we have defined

Fyg = i(a1+a2+MA€iw> —i(a1—as+Mae™), ar+as—Mpe™, —i(ay—az—Mupe™)),

4 ?
|1 My]
F]N\i = \/§ (Com Sa; Cay Sa)i
. C\— A, .
with a, = %em . ae =AY, w=0—¢r— o2 . (3.22)
'_:'_+,— N
X; X _ _Xl___|// \\] Xj Xi X;
nea o b ()
N
N, N
@)
N~
>

(b)

Figure 3.2: Loop diagrams generating CP asymmetry in the decay X; — N*N*. The blob in (b)

corresponds to the resummed two point functions shown in (a).

The N and N* states mix after SUSY breaking. This splitting effect will show up in the loops of
Fig. 2. To take these effects into account, we go to the mass eigenbasis of these states N, and N_

which are given by

- s N 1 . - .
eTN + e =N*) | N_=—(eN — e @ N*) . 3.23
( ) o ) (323)
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Note that Ny are real fields with masses given by

C,—A Cy—A
= [Mxl* + | Myl |Ar + 252 = [Mx[* = | My | A + =5 (3.24)
Here we have defined the phase parameter z as x = % (qbf + arg(Af + CSA*)) )
In the N, = (N4, N_) (a = +) basis, the cubic scalar interactions can be written as
V® = N,NyFpi X (3.25)
where
1 —2iz 2ix * 1 —2iz 2ix *
F+_|_i = 5 (6 FNNZ+€ FNN2+F"N|Z) y F__i:—§ <€ FNNZ+€ FNNZ F]N‘Z> s
(3.26)

Foy = Foy=i(e ™ Fyy—€"Fig.) -
It is now straightforward to work out the absorptive part of the two point function arising from

the N-loops. We find it to be
1
(") = 35 e Fipiblinj + 2K F__iF__j+ Ko FooiFyy)
M2 M2 (MZ M2 )2\
where Ky = <1 — N "+ Ne 1 Al ) (3.27)
p p

We have, for example, for the absorptive part

When considering X;-decay, one should set p* = M5 .

Of ng,
M2 1/2
) . (3.28)

5, ~ |f|2AlMA 1-4-72
MA

We will also need the Yukawa couplings of the X; fields with the N fermions. It is given by

ENNY = NNYFX+hC.
) e . .
with Yr = J;\/_ (1, 4, 1, 7) . (3.29)

The absorptive part arising through the fermionic loop in Fig. 2 is found to be

M5(?) = (1 - (3.30)

)

AME /o) (Yive + YEYE)

v
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We now combine these results to compute €5, the N asymmetry parameter defined as

I'(X; - NN) - T(X; — N*N*
v=D (Xi = NN) = [(X; = V') (3.31)
We find it to be
20157 /M A 2A T /My A,
e =4 |— . _ = (3.32)
Here we have defined two effective A—parameters as follows.
~ . C\— A\ (My/Ma)?* .
A = |Af|sm¢1—2'Af+ 5 = 4(My /Mp )2 sin g3
p 1 ) Cy — Ax (My/Ma)? .
A, = §|c)\—A>\|sm¢2—2'Af+ 5 1= 1(My /Ma)? sin ¢y (3.33)

The phases appearing in Eq. (3.32) are related to the original phases in the model through the relations

gbl = 20( — 2¢M2 — 2¢)\ — arg(Af) — arg(C’,\ — A)\) s

gbg = 2¢M2 —|—2¢>\—|—2arg(C)\ —A)\) s
Cy — Ay
T) )
Ch — Ay

2 )

¢35 = 20— 2¢pp2 —arg(Cy — Ay) —arg(Af +

¢4 = 2¢M2 + Q(b)\ + arg(C’A — A)\) + arg(Af + (334)

It should be mentioned that the asymmetry given in Eq. (3.32) includes fermionic and bosonic
loop contributions. It turns out that the fermionic loop is entirely canceled by the bosonic loop, the
left-over piece from the bosonic loop is what is given in Eq. (3.32). This cancelation is not surprising,
since the fermion loop corrections do not feel the effects of SUSY breaking. We also note that the off-
diagonal II;; have one power of M., /Mx suppression, so the decay vertex has to be supersymmetric.
This feature simplifies the calculations somewhat. In Eq. (3.32) we have added the asymmetry arising
from all four of the X, scalar fields.

In principle, the decays of the Higgsinos (Ao, S ) into N and N can create an asymmetry in N.
However, we find that there is not sufficient CP violation in these decays in the minimal model.

Now we are ready to estimate the lepton asymmetry created by N-decays at the second stage

where N decays into a lepton and a Higgs boson. Note that lepton asymmetry between N and N* will
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be completely converted into lepton asymmetry in the MSSM sector. There is however one peculiarity
related to SUSY. N has two primary decay channels N — LH, and N — E*HZ. Since the rates
of these processes are the same due to SUSY (at zero temperature), the lepton asymmetries created
from these decays cancel each other. However, with 7" # 0 the cancelation is only partial (due to

temperature effects which explicitly break SUSY) and one has

¢ =¢e(N — LH,)Agp | (3.35)

with the temperature dependent factor Agp given in [61]. Now, the baryon asymmetry created from

the lepton asymmetry due to N decays is:

BB L 86 10~y — —8.6. 10t~
286107 8.6-10 %qn (3.36)

where we have taken into account an effective number of degrees of freedom, including one RHN
superfield, to be g, = 236. In the last stage of Eq. (3.36) we have substituted € by €5 - the N
asymmetry created at the first stage by X;-decays. 7 is an efficiency factor which depends on m ~
%Yﬁ, and which takes into account temperature effects by integrating the Boltzmann equations

[61]. For instance, efficiency 1 reaches its maximal value, n ~ 0.1 for m ~ 107 eV. Thus, in

order to generate the experimentally observed asymmetry ("TB) = (8.75£0.23) - 107", we need

exp
to have €5 2 107% Going back to Eq. (3.32), we see that an enhancement of ey will happen
for small values of A;;. The natural values of these parameters are ~ My,s,/Ma. However, some
cancelation can make either of these parameters smaller. Assuming that this happens for A4, with
the parametrization Ay = d14 Mysy/Ma and Ay = do Mysy we have €5 & 20,1/ (6Ma). On the other
hand, out of equilibrium decay of X, states requires I' S H = 1.7\/@M2 /Mp;. Therefore, we have
€y S 3.41/9:02Ma/(0Mpy). With the choice d; ~ 3 and § ~ 1/300 and Mp ~ 10® GeV, we obtain
€y =~ 107% This has be achieved by the suppressed value §, which does not seems quite natural.
Similar situation occurs in the soft leptogenesis scenario. However, note that within our setup we do
not need to constrain the value of the Dirac Yukawa coupling Y, very much. Only thing which is

needed to be fulfilled is the out of equilibrium decays of N. At the first stage, we have assumed I' < H

which insures no additional dilution. One can also investigate the dilution effects within this scenario
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in the regime where there is significant departures from the condition I' $ H, but we do not attempt
it here.

We conclude with a few remarks. We have kept corrections of order Mg,s,/Ma in the computation
of CP asymmetry, and not any higher power. It is known that if the mass of the decaying field is
closer to the SUSY scale, second order vertex corrections can be important proportional to the mass
of the MSSM gaugino [71]. In our scheme, these vertex corrections do not exist, since the B — L
gaugino has decoupled and since N does not couple to MSSM gauginos. A natural question to ask is
whether the soft SUSY breaking corrections that induce lepton asymmetry can also lead to excessive
CP violation in electron and neutron dipole moments. With universal soft breaking mass parameters
there is a potential problem. We note that if the theory is embedded in SUSY left-right model, then
all the Dirac Yukawa couplings and A-terms are hemitian due to parity symmetry. That will make
all EDM contributions vanishingly small [72]. On the other hand, parity symmetry implies that the
Majorana-type couplings (such as Ay and f in our model) are complex symmetric, which can serve

to induce the lepton asymmetry.
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CHAPTER 4
LEPTOGENESIS OF B - L GAUGE THEORY IN SUSY LIMIT

4.1 Introduction

An attractive way to explain the tiny neutrino masses is the seesaw mechanics which extends the
standard model by introducing three right handed neutrinos which are standard model singlets. In
this scenario, however, these right handed neutrinos can have masses as large as the Planck scale,
which would be inconsistent with neutrino oscillation data. In B — L gauge theories [73,74], right
handed neutrinos are naturally introduced, one for each family, for canceling the triangle anomaly
associated with [U(1)p_r]3. By this right handed neutrino masses are no longer arbitrary, but related
to the B — L gauge symmetry breaking at high scales.

In addition, the R-parity [57,58], R = (—1)3B=0+29 is supposed to be conserved in supersymmetric
models to suppress proton decay rates and to identify the lightest supersymmetric particle as the dark
matter candidate. In B — L gauge theories, the B — L charge of the Higgs coupled to right handed
neutrinos requires B — L is broken by two. This gives a natural understanding of R-parity.

It is widely believed that the baryon asymmetry of the universe can be generated through lepto-
genesis [59]. In the leptogenesis scenario, the lepton number asymmetry is through the CP violating
decay of right handed neutrinos to leptons and Higgs. In a foregoing work [74] we studied the new ways
of leptogenesis by the decay to B — L breaking Higgs to the super partners of right handed neutrinos,
N and N*. CP violation necessary for leptogenesis is from the complex soft supersymmetry breaking
terms. Although acceptable values of baryon asymmetry can be found without incurring the gravitino
abundance problem, a 1/300 fine tuning is need to have large enough CP violation. In this work we
have extended the study of the B — L gauge theory leptogenesis to include two Higgs. With generally

complex Yukawa coupling of the Higgs and right handed neutrino, we have showed that with one loop
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corrections to the Higgs wave function and the Yukawa coupling, large enough asymmetry of N over
N* can be acquired in the SUSY limit. Our evaluation works well when the decaying Higgs is less
than 10% GeV. In supersymmetry scenario the abundance of gravitino consistent with nucleosynthesis
requires the reheat temperature T < 108 GeV. The requirement with the so-called Davidson-Ibarra
bound [68] requires the masses of decaying particles in the scenario of leptogenesis to be close less
than 10° GeV. In our study, the masses of decaying Higgs lighter than 10® GeV are consistent with

the gravitino abundance.

4.2 The supersymmetric gauged B — L model

We extend the study of [74] by introducing two pairs of scalar fields A; and A; (i = 1, 2) with B — L
charge respectively 2 and -2 and a scalar field S with B — L charge 0. They are all SM gauge group
SU(3) x SU(2)r, x U(1)y, singlets. We list the B — L charges of all fields in this model in the table:

e’ | L (uc, dc) Q N Al Zz S

1|-1| -1/3 |1/3|1|-2|2]0

The general renormalizable superpotential with B — L symmetry can be written down as

W = Wussm + Wis-r)
Wiory = MjAA;+\;ANS + %MSSQ + %FLS?) + % fiaDiNaNg + Y LNo H,.  (4.1)
Here the lepton generation indices k£ and right handed neutrino generation indices are from 1 to 3.
When the B — L symmetry is broken, the right handed neutrinos acquire their Majorana masses.
Since B; charge is broken by 2, R-parity is still conserved. The singlet field S guarantees that B — L
symmetry can be broken in the SUSY limit.
We need to minimize the potential. In the SUSY limit F-terms from (4.1) and the D-term of the

B — L gauge symmetry should vanish. We write down the minimum conditions:
FS = )\ijﬁivj + pss + :‘<LS2 = 0,
FA. = Mjﬂ_)j + )\ji’(_JjS = 0,

FAZ_ = Mijvj + )\Z’j’UjS = 0, (42)
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where we have defined the vacuum expectation value of v; = (A1), o; = (A;) and s = (S).

Without losing generality, we assume diagonal M;; with eigenvalues M;, M, and the vacuum

condition for v; and v; are

M0y + M1018 + Ag1T98 = 0,

Moy + Aa018 + AgolUss = 0,

Mll)l + )\11’1118 + )\12’1128 = O,

Movy + Ag1015 + Agovas = 0. (4.3)

For nonzero solutions for vy, ve, U1, U2, we need

(Ml + )\118) (M2 + )\228) — )\12)\2182 = O, (44)

which has the solutions

- _M2)\11 - Ml)\22 + \/(M2)\11 + A]\41)\22)2 - 4M1M2()\11)\22 - )\12)\21)

s = 4.5
2(A11 22 — A2 )ar) (4.5)
and
M1 +)\118 _ M1—|—)\118_
- _ e = — "%, 4.
U2 A2S U1, U2 AL U1 ( 6)
The vanishing D-term requires
o1 + [v3] = |00 + |52, (4.7)

With the condition of (4.6), we have

o [ A2t v/ A128]2 + [ My + Aqps|?
1
|)\12|\/|)\21$|2 + | My + Aps|?

where

M+ Aiis n Ao (M + App8)?

s A2 o182 = |pss + rsle’?, (4.8)

M+ Mis  Adoa(My + Aips)?
¢ =7 — arg(i1/v1) + arg(ugs + rs?) —arg [ Ay — 2—— 1% 4 22(My + Miss) : (4.9)
S A2 91 52
is an arbitrary phase. It can be chosen so that v; is real. We follow this choice and we get

1 _1

M+ X Aao(My + Aps)? |72 [ A Masl? + [My+ Aas? |

vy = |,US$—|-I€S2|% Ay — 2 1+ As 22 (M; + 2118) | 21\\/\ 1282 + | My + Aqys| ’

S )\12)\215 |)\12|\/|)\21$|2+|M1+)\118|2
A A28|? + | My + A1s|?

5 [Aar| [|Ar2s[* + [Mi + Ans| e, (4.10)

v
1|)\12‘ |)\218|2+‘M1+)\118|2
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where 6 = arg(v;/v;) can be determined from (4.9) by setting ¢ = 0, vy and vy are determined from
(4.6).
We then redefine 4 orthogonal fields from A; and A,

B
|

¥ v
_1A1 + _2A27
u U

X o -
1 2

Az = TAI + TA27
u u

A () (1 V2 % U1 %
Az = —=A1— —Ag+ —A; — — Ay,
v v v v
N U\ UV1V; UVV ~ ULV ~
Ay = val | 2 AL — 2 Ay, (4.11)

1 2+ — 1= —
vu vu|ve| VU |vg| VU |vg|

where

V= \/|’Ul|2—|— |U2|2+|T21|2+|@2|2, U= \/|’Ul|2+|1}2|2, U= |@1|2—|— |@2|2. (4.12)

It can be shown that <A1> =u, <A2> = u, <A3> = <A4> = 0. The Goldstone field should be a

linear combination of A; and A,. Rewriting the superpotential with newly defined fields
Ay = (u+ A)etBosd A, = (g + A)e989sA (4.13)

the A’ doesn’t appear in the superpotential. It is the Goldstone and is absorbed in the gauge field. 3

fields contribute to leptogenesis, A, Ay and A, of (4.11).

4.3 The effective interactions

With these newly defined fields, the effective superpotential of the A, A; and A, is

Hi1 Hi2  H13 A
Wer(A) = < A Ay A ) Mz H22 M3 As | (4.14)
Hi13  H23 33 A4
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where

par = (M + M18) Vi Vag + AiasVar Vg + Aa15Vii Vi + (Ma + A2s) Var Vi,
paz = (M7 + A18)VigVag + AiasVagVag + Aa1sVizVig + (Ma + Aas) Vag Vi,

psz = (M1 + M18)ViaVag + MiasVoaVaa + Ao18ViaVig + (Ma + Ap2s) Vs Vi,

pi1e = % ((My + Aas)(VigVaz + Vi Vag) + Aas(VasVag + Va1 Vas)
FA215(ViViz + Vi1 Vig) + (Maz + Ag2s) (VasViz + Va1 Vig))
piz = % (M1 + A1) (ViaVaa + VinVag) + Aias(VaaVaz + Vai Vas)
+A215(ViaViz + Vit Vi) + (Ma + Ao2s) (VaaViz + VarVaa))
H23 = % (M1 + A118)(ViaVag + VizVaa) + Aias(VaaVag + VazVas)

+A218(ViaVis + VigViu) + (Ma + Xa2s) (VaaVas + VasVia))

and from (4.11)

vi/u 0 vi/v ulva|/(vu)
ve/u 0 —vf/v —uvyvi/(vulvy|)

0 oi/u v3/v  ulsvy/(vi|va)

0 w/u —vf/v —udjvy/(vu|vsl)

The symmetric matrix p;; can be diagonalized with an orthogonal matrix O,

Oki,uklOlj = ,Uiéij

and we represent the mass eigenstates with A; (i = 1, 2, 3). This should not induce confusion.

In the mass eigenstates 4;, the effective superpotential can be given as

where

1 1. 1
Weff(Aia Na) = i,uzAzAz + iFégAzNaNﬁ + §mo¢No¢Naa

Fég = (V11015 + V1309 + V14O3z')f;5 + (Vo101 + VazOg; + V24O3i)f25>
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we use Roman letters (4, 7) to indicate the generation the Higgs and Greek letters (o, ) to indicate
the generation of right handed neutrinos. Without losing generality we work at the mass basis of right

handed neutrinos. The Yukawa coupling F éﬁ is generally complex. The F-terms derived are
1 . < <
Fy. = F.3A:Ng +maN,, (4.20)

and we can read the Feynman rules from them.

The lepton number violation is from the CP violation decays of A; and the super partners to right
handed neutrinos and super partners. We assume the CP violation is only at this stage of decays.
At the next stage of decays, lepton numbers transfer to leptons and sleptons completely. Since the
ferminonic right handed neutrinos decay both to leptons and anti-leptons, the decays don’t lead to
lepton number violation, therefore we only consider the decays which have at least on bosonic right
handed neutrino in the decay products. The tree level decays which can lead to lepton asymmetry are

listed in Fig. refdecaymodes.

—~

Aj Aj 7

(@) (b)

Figure 4.1: Tree level decays contributing lepton number asymmetry

CP violation necessary to the final lepton number asymmetry is from the interferences of tree level
processes and loop level processes. At one loop there are two types of diagrams, self-energy and vertex
diagrams. The CP violations from the interferences of these two types of diagrams with tree level

diagrams are respectively € type and € type. We list the self-energy diagrams in Fig. 4.2.
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©) (d)

Figure 4.2: One loop self energy diagrams

If the masses of the decaying particles are nearly degenerate the e type CP violation is much
larger than the € type. We don’t make this assumption here, rather study the more general case by

considering the contribution of vertex correction. We list the one loop vertex diagrams in Fig. 4.3.

4.4 CP violation

In this part we calculate the magnitude of CP violation necessary for leptogenesis. In the calculations
we have freely used the results of [80]. In addition we have taken the approximation that m, < u;.

This is not an unreasonable choice, but simplifies the calculation. We have gained the results of the
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Figure 4.3: One loop vertex diagrams
absorptive parts.
2L () = —p [AyPr+ AP -2,
Hgbsij(pz) = 2A;'kj 2‘2>
2P (0%) = 2Aiui; - 2,
5™, (") = 0, (4.21)

with A;; = —tr (FF7) and Ppr = 222, The number behind the “” is the symmetry factor of

the corresponding diagram. We suppose the lightest A field is much lighter than the heavier ones and

is the one decays out of equilibrium. The € type CP violation factor of the decay of fermionic A; is

generated by the interference of the tree level process Fig. 4.1-a and the loop process Fig. 4.2-1.
751~ 175,

1
€ = B aB
%5: T30+ T3]

(4.22)
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with

T = _FY%uy. P Z P W)
Ay 2 aﬁuNa LuAl ﬁ Na Lﬁ uj+lZabS(¢) A’

_ 1 : S ()
_ o '_ ) J
T3 = SFagting PLug, — i ;FQBUNQPL T ) e (4.23)
where
S =33, () = AypPL+ AjpPr
and S25(p) = AypPr+ APy, (4.24)

which are the charge conjugate self-energies, similar with [63-65]. Generally the masses of A’s are not

degenerate (no resonant CP violation), with good approximation, we get

Z Im (tr(FlTFj)2) H1pg
o 32m - tr(FUFY) pf — i3

eh = —

(4.25)

The CP violation of bosonic A; decay is from the interference of Fig. 4.1-b and Fig. 4.2-2, 3.

77| — |T2°

1
B~ 2 aB| | aB) (4.26)
; TR7) + T3]
with
1 1 Habs
Tog = F FI*
2#1 a,@ 2 ZJ: ,LL +Z]:[abSlLLj afr
_ 1 1 Habs*
1 1 .
Top = §M1Fa5 — i3 zj: 2 + ’LHabS quaﬁ, (4.27)
where
TP (%) = T (p%) + 1%, (7). (4.28)
We have
Im (tr(FYF7)2 .

— 32m - w(FHEY) 41 — 4

under the approximation that the masses of decaying particles are far from degenerate.

78



The € type of CP violation is generated through the interference of tree level processes and vertex
corrections. The diagrams 1 of Fig. 4.3 interfere with Fig. 4.1-a, b, generating CP violation in
fermionic A’s decays, diagrams Fig. 4.3-c, d, e interfere with Fig. 4.1-b, generating CP violation in
bosonic A’s decays. Under the approximation that m, < p;, we have the absorptive parts of the

diagrams in Fig. 4.3:

A2bs = ﬂ._FJTFzFJTa (122 V(122 )| Ap .o
5 (p1,p2) . 167 8( )as +p% 1 +,u§ 2 L4
Aghs = S L Cpitpipity 1S m 1+ 8 ) | Lpy 2
p?
A () = —Z M (145 2
j
abs 11 it i i
A5 (p1,p2) = 16 gMZtY(F FOE -2,
A (p1,ps) = 0, (4.30)

where p; and p, are respectively the momentums of N, (N,) and the decaying A;(A;).

The € type CP violation parameter of fermionic A; decay is

Tiaﬁ|2 _ | _iaﬁ|2
4.31
Z|Taﬁ|2+|Taﬁ|2 ( )
with
[e76] 1 1% — _
TAl =5 apln, Prug, + un, Arug,, (4.32)

where Ap is the one loop vertex function, only the absorptive part has contribution to CP violation.

The absorptive part of Ap is

AR (p1,p2) = A3 (p1, pa).- (4.33)
We get
r=> b () Ly (1 2‘“2 In(1+ 5 “% ac] (4.34)
¥ = 32w - t(FITFY) 112 12)] '
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The € type CP violation parameter of bosonic A; decay is

TP |2 — | TP

/1
€ B = o —a (435)
% |Tglﬁ‘2 + ‘T/AFP
where
7es — L e g (4.36)
Al 2/’1’1 aﬁ B7 *

as the fermionic decay, only the absorptive part of Ag has contribution to CP violation, and we have

A (py, p2) = A2%(py, o) + AZ(py, pa). (4.37)

We get

I t (FY 9 ;
Zm TR | 1+“1 il (4.38)
327 - tr(FHEY) w:)

For simplicity, we give an order of magnitude analysis of the CP violation parameter. To simplify

the analysis, we choose
A1/ Mg ~ @, A2 ~ A < 1, A1 M > M. (4.39)

From this choice of parameter and (4.5)(4.6) s ~ xMaA2, vo/v1 ~ Uy/U; ~ x. From (4.15)(4.16), we

get,

pin ~ May(Aig + )z, oz ~ Mo, pzz ~ My, (4.40)

paz ~ Ma(Mo + ), puz ~ Ma(Aa + ),  pag ~ Ma(Ai2 + ). (4.41)

Masses of right handed neutrinos are generated through Higgs mechanism. For satisfying the out of
equilibrium condition of Ay decay, F5 ~ 107 for py ~ 10% GeV, which means that the VEV of A,
contributes very little to the right handed neutrino masses. The constraint to the Ay Yukawa coupling

F25 is, from (4.5), (4.6), (4.10)

«Q

sS + KS?

2
)\11 :L’Faﬁ ~ ma. (442)
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Typically we choose  ~ 1072, A\j5 ~ 1071, My ~ 108 GeV, and furthermore we choose k ~ 1072—1073,
fis ~ 10* = 10° GeV, so we can have mq ~ 10* — 10° GeV for F2; ~ 107" Similar for F2;. With this
set of parameters we find y; ~ 10° GeV and jiy ~ g ~ 108 GeV. CP violation doesn’t distinguish the

types of CP violation. The total CP violation parameter is

ek = e+ 2¢h + €5 + 2¢p, (4.43)

we have counted the number of N which is effective to generate the final lepton number asymmetry in
the decay products. With the optimal choice of the phase of Yukawa couplings we get E}V ~1075—10"°

with the mentioned parameters above.

4.5 Departure from Equilibrium

In the last section we estimated the amount of CP violation in the decays of the B — L symmetry
breaking scalars A; and A; (i = 1,2) into N and N*. If the decays of the lightest physical A, satisfy

the out-of-equilibrium condition,

1 . T°

then the decays of A; would generate an asymmetry in N and N*. As mentioned in the previous
section, this is satisfied for F;; ~ 107> and py ~ 10° GeV. Here H(T) is the Hubble constant at the
temperature T', Mp; is the Planck scale and g, is the effective degrees of freedom.

Below the temperature, T ~ u; ~ 106 GeV, the number density of A; will fall off exponentially.
Since supersymmetry is unbroken at this scale, this will also mean that there is an asymmetry in the
number density of the particles and antiparticles of the N-s [74], before they decay. In other words, the
physical Majorana particles will have unequal combination of N and N¢, reflected by Majorana phases
and complex decay widths. If the lepton number violating interactions, produced by the Majorana
masses are not in equilibrium, a nonvanishing chemical potential p will be generated for N during
the decays of A;.

We shall now assume that both the particles N-s decays very weakly, so that there is no fast lepton

number violation after the decays of A;, which can erase the asymmetry in N-s and N*-s. In other
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words, we require that N-s satisfy the out-of-equilibrium condition during the period p; > T > my,.

This can be stated as

1 sk (0% T2
Y= ﬁ(Y YY) m, < 1.66 T at T ~ myg, (4.45)

with o = 1, 2, 3. This condition is satisfied with the Yukawa couplings Y® ~ 1076.
The smallness of the Yukawa couplings Y* will imply that there cannot be enough CP violation
in the decays of N-s, which can contribute towards the lepton asymmetry of the universe. So, around

the temperature T' ~ m,, the only lepton asymmetry available is the asymmetry stored in N-s and

N*-s.

Below the temperature T ~ my, say at T ~ 0.1 my ~ 10® GeV, although most of the N-s and N*-s
have decayed away and their number densities have fallen exponentially, the difference in the number
densities of N-s and N*-s will remain unchanged as there are no fast lepton number violation at this
stage. The lepton number violating decays of N, is suppressed by T'/m,, where m,, is also the scale

of lepton number violation, and still satisfies the out-of-equilibrium condition

1 T T2
Y= Tom (YY) my, (—) < \/1.669*M—Pl. at T ~ 0.1 my, (4.46)

Ma

But the lepton number conserving decays of IV, into light leptons and the usual standard model Higgs
doublet is not suppressed by the lepton number violating scale. Thus the equilibrium decays of N-s
and N*-s will convert the lepton asymmetry stored in the difference in number densities of N, and
N; into a lepton asymmetry of the light left-handed leptons, which in turn, will generate the baryon
asymmetry of the universe in the presence of the sphalerons.

Thus the asymmetry in N-s and N*-s, created during the decays of the A;, will generate the
baryon asymmetry of the universe. The amount of asymmetry thus depends only on the couplings
F', and not on the Yukawa couplings Y*, which enters in the light neutrino mass matrices. Thus the
amount of generated baryon asymmetry is not related to the light neutrino masses, and hence, the DI

bound is absent in this model.

To estimate the amount of lepton asymmetry at the different stages, we need to solve the Boltzmann
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equations. The number density na of the scalar A; will evolve following the Boltzmann equation

d
% 4 3Hna = —I2(na — %), (4.47)

where n% is the equilibrium distribution of A;. The first term in the left represents the time evolution
of the number density of A;, while the second term appears for the expansion of the universe. The
right-hand side gives the departure from equilibrium distribution during the decays and inverse decays
of A;. Given the number densities of A, we can now determine the time evolution of the asymmetry

in N-s and N *-s, which we write as ng. The corresponding Boltzmann equation will be given by

- )
% +3Hng = ¢'TT(na —ny) — (—nN) n{IT = 2n,ng (o), (4.48)
'nm/

where the first term in the right corresponds to generation of an asymmetry in N-s and N*-s due to
the CP violation in the decays and inverse decays of A;, while the other terms deplete the generated
asymmetry due to lepton number violating interactions.

The lepton asymmetry will come from the decays of the right-handed neutrinos § (which is negli-
gible in this case because Y* is too small) and also from the asymmetry stored in N,. We can thus

write down the Boltzmann equation for the generation of lepton asymmetry as

d
% + 3Hn; = €'T%(na — nd) + 0T (ny —n%d) — (

ﬂ) nTA —onong(o,) . (4.49)

Ty
Since the out-of-equilibrium condition is satisfied by the decays of A; and N-s, the amount of asym-

metry will be given by the amount of CP violation ¢!.

4.6 Leptogenesis

The CP violating decays of A and A generate an asymmetry of N over N*. Following the arguments
in the previous section, this asymmetry will be converted into a baryon asymmetry before the electro-
weak phase transition. This may be understood from the following arguments also. At the next stage
of decay, N decays to LH, or f)*H;j. At zero temperature, these decays have the same width because

of SUSY, and the lepton asymmetries from the decays of N and N* cancel each other. When T # 0,
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the cancelation is partial due to the thermal effects [81]. This is because of the effective mass acquired
by particle excitations inside the early universe plasma and because of final-state Fermi blocking and
Bose stimulation. We assume the decays of N and N* are CP conserved (this is because the Yukawa
couplings Y are extremely small), the number asymmetry of A and A is fully converted to lepton

number asymmetry through the temperature effects. Then we have

— ~ —8.05-10 %€k 4.50
S GNT]’ ( )

where we have taken into account an effective number of degree of freedom g, = 240 with 3 right handed
neutrinos and number of Higgs doublet 2. 7 is the efficiency factor, it includes the nonequilibrium
sneutrino density, the partial wash-out, and the temperature effects. The value of 1 depends on the
m ~ v2(Y,Y])/m, and the right handed neutrino mass m,. The efficiency factor reaches its maximal
value 1) = 0.1 for 7 ~ 10~* eV. With the choice of parameters realizing €} ~ 107> —107°, the baryon
asymmetry “£ can be as large as the observed value of (8.75 £ 0.23) - 1071

For completeness we shall now relate the amount of CP asymmetry in N and N* to the amount
of baryon asymmetry before the electro-weak phase transition. We consider all the particles to be

ultra-relativistic, which is the case above the electro-weak scale, and express the difference between

the number of particles (n,) and antiparticles (n_) in terms of their chemical potential i as

Ny —n_ = nd%Tg (%) , (4.51)

where ng = 2 for bosons and ng = 1 for fermions. For all the interactions in equilibrium, the chemical
potentials of all the fields appearing in the interaction will get related. Using the interactions allowed
by the standard model, we can relate the chemical potentials of the quarks, leptons, gauge bosons and

the Higgs scalar and express them in terms of four independent quantities

Ho = ,U(]);I7 Hws My = UuLs Ko = Hpel + HypL + HurL- (452)

In our model we also include the chemical potential of the right-handed neutrinos gy, which corre-
sponds to the difference in the number densities of N and N*. Since the lepton number violating

interactions of IV, given by the Majorana masses, are not in equilibrium, and an asymmetry in N over
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N* has been created in the decays of Ay, [ty is nonvanishing. However, the lepton number conserving

Yukawa interactions of N are in equilibrium before the electro-weak phase transition, implying
N = [y + Ho - (4.53)
We shall now use the sphaleron condition for three generations,
by, + 6wy + 1, = 0. (4.54)

and express the baryon number (B), lepton numbers (L), electric charge (@) and the hypercharge (V)

number densities in terms of these independent chemical potentials,

B = 12u, + 6puw (4.55)
L = 3u, + 6uw — 3o (4.56)
Q = 24p,+ (12 +2m)pup — (4 + 2m)uw (4.57)
Qs = —(10+m)uw (4.58)

where m is the number of Higgs doublets ¢. We regard m = 2, as we counted the effective degrees of
freedom of the system when leptogenesis happens.

At temperatures above the electro-weak phase transition, T' > T, both ) and )3 vanish, giving
us the relations g = —12/(6 + m)u, and py = 0, whereas the sphaleron transition gives i, = —9u,.
Including the interactions of the right-handed neutrinos, we can now express the amount of baryon
asymmetry in terms of the B — L asymmetry, which in turn can be expressed in terms of the chemical

potential of the right-handed neutrinos as

24 + 4m
B = — " (B-1L 4.
66+13m( ) (4.59)
66 + 13m
B-L) = ——"— 4.
( ) 22+ 3m 'Y (4.60)

Thus the amount of baryon asymmetry is directly related to the amount of N asymmetry, given by
the chemical potential sy, which is generated in the decays of A; and stored as an asymmetry in N

over N*.
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4.7 Summary

In summary, we studied the question of leptogenesis in a supersymmetric extension of the standard
model, in which B — L is a gauge symmetry. Two pairs of Higgs scalar fields that break the B — L
symmetry can produce a nonvanishing chemical potential for the right-handed neutrinos, given by an
asymmetry in N and N*. Before the electro-weak phase transition, this asymmetry can be transferred
to a baryon asymmetry of the universe. Since the final baryon asymmetry depends only on the
couplings of the Higgs scalars, and not on the Yukawa couplings that give the Dirac masses to the
neutrinos, the amount of generated baryon asymmetry is now independent of the neutrino masses. As
a result, the asymmetry can be created in this model at a much lower scale without conflicting with

the gravitino problem and thus evading the DI bound.
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CHAPTER 5
FIAVOR VIOLATION IN SUPERSYMMETRIC s MODEL

5.1 Introduction

The gauge interactions of the standard model (SM) fermions are invariant under separate U(3), X
U(3)r transformations. This global symmetry is broken explicitly by the fermion Yukawa couplings.
For the light fermions violation of this symmetry is small, being proportional to their masses. This
feature has played a crucial role in the success of the SM in the flavor sector. In extensions of the
SM this property is generally lost, often leading to excessive flavor changing neutral current (FCNC)
processes.

A case in point is the supersymmetric standard model which is the subject of this paper. While
the gauge interactions of the SUSY SM respect the U(3); x U(3)r global symmetry, there are new
sources of violation of this symmetry, in the soft SUSY breaking sector. Indeed, generic soft SUSY
breaking scenarios lead to excessive FCNC in processes such ad K° — K9 mixing, B® — B° mixing,
D° — DO mixing, and flavor changing leptonic decays such as 1 — ey [83]. This problem is most severe
in the K° — K0 system. SUSY box diagrams involving gluino and squarks modify the successful SM
prediction for AMy and ey, leading to the following constraints for the real and imaginary parts of

the amplitude [84]:

1/2 _ _ m
|(Re, Im)(37,)12(0%g)1e| "~ < (9.6-107%, 1.3-107%) (m) : (5.1)

Here (045)ij = (m%p)i;/m? is a flavor violating squark mass insertion parameter, for (A, B) = (L, R),
with 7 being the average mass of the relevant squarks (d and § in this case). For this estimate
the gluino mass was assumed to equal the average squark mass. Now, the natural magnitude of the

mixing parameters (09 )15 and (0%5)12, in the absence of additional symmetries, should be of order
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the Cabibbo angle, ~ 0.2. Since the parameters (645);; split the masses of the squarks, one sees from
Eq. (5.1) that a high degree of squark mass degeneracy is needed for consistency.

Analogous limits from B} — BY mixing are less severe, as given by [85]:

1/2 _ ~ m
|(Re, Im)(37,)13(0%g)1s| "~ < (2.1-107%, 9.0-107%) <m) : (5.2)

Note that the natural value of this mixing parameter, in the absence of other symmetries, is V,, ~
3 x 1073, The constraints from Eq. (5.2) are well within limits. B, — B, mixing provides even weaker
constraints.

It can be argued that a natural explanation for solving this problem is to enhance the symmetry of
the SUSY SM by assuming a non—Abelian symmetry G (a subgroup of the U(3), x U(3)g) that pairs
the first two families into a doublet, with the third family transforming trivially [87].! Invariance under
G will then lead to degeneracy of squarks, as needed for phenomenology. A variety of such models
have been proposed in the literature [87], [88], [89], [90], [91]. In Ref. [87], SU(2) family symmetry
and its variants were proposed to solve the SUSY FCNC problem. If the symmetry is global, one
has to deal with the Goldstone bosons associated with its spontaneous breaking. Global symmetries
are susceptible to violations from quantum gravity. Local gauge symmetries are more natural, but in
the SUSY context there would be new FCNC processes arising from the family SU(2) D—terms [92].
Exceptions to this generic problem are known to exist [88].

A more natural solution to the problem is perhaps to choose G to be a non—Abelian discrete
symmetry group [89]. In this case there would be no D—term problem, since there are no gauge bosons
associated with GG. Spontaneous breaking of such symmetries will not lead to Goldstone bosons. If the
symmetry breaking occurs before the inflationary era, such models should also be safe from potential
cosmological domain wall problems. Such non—Abelian discrete symmetries have found application in
understanding the various puzzles associated with the quark and lepton masses and mixing angles with

or without supersymmetry [93], more recently for understanding the tri-bimaximal neutrino mixing

!Grouping all three families into an irreducible triplet representation of G is also possible. The large top quark mass
however reduces the original U(3), x U(3)r symmetry to U(2)r x U(2)g, so we find it is easier to work with (2 + 1)

assignment.
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pattern [94]. It would be desirable to find a symmetry that sheds light on the fermion mass and mixing
puzzle, and at the same time solves the SUSY FCNC problem.

The supersymmetric standard model has another problem. In the flavor conserving sector CP
violation is generically too large. Neutron and electron electric dipole moments (EDM) receive new
contributions from SUSY loops. Unless the new phases in the SUSY breaking sector are small or
conspire to be small, experimental limits on the EDM of the neutron (d,,), electron (d.), and atoms will
be violated by two to three orders of magnitude (depending on the squark and slepton masses) [95], [96].
The imaginary parts of the left-right squark mixing parameters must satisfy the constraints (from the

experimental constraints d,, < 6.3 x 10726 e-cm, d, < 4.3 X 10727 e-cm) [97]

m

_ . _ m
Im[(agR)ll] S 1.9 x 10 6 (m) s Im[(éLR)ll] S 1.7 x 10 7 (m) s (53)

assuming that the gluino/Bino has the same mass as the squark/slepton. Now, since these mixing
parameters are expected to be suppressed by fermion helicity factors (but enhanced by the MSSM
parameter tan3) the natural values for these mixing parameters are of order (1 x 1074, 3 x 107)
respectively, (for tan 5 = 10 and assuming order one phases). This implies that the CP violating
phases arising from the soft SUSY breaking sector must satisfy 6, < 1/53, . < 1/63 (for gluino
(Bino) mass of 500 GeV (100 GeV). Why this is so, while the Kobayashi-Maskawa phase takes order
one value, is the SUSY CP puzzle. It would be desirable to resolve this puzzle based on a symmetry
principle in the same context where the SUSY FCNC problem is solved.

The purpose of this paper is to study a recently proposed SUSY model based on the non—Abelian
symmetry group (¢ [90] which addresses these issues. Qg is a finite subgroup of SU(2) with twelve
elements. Apart from providing a solution to the SUSY flavor problem, this class of models can
also constrain the quark masses and mixing. It was shown in Ref. [90] that with the assumption of
spontaneous (or soft) CP violation, there is a non-trivial relation between quark masses and mixing
in this model. This sum rule was found to be consistent with experimental data.

A crucial aspect of the Qg model relevant for the quark mixing sum rule is that CP violation occurs
either spontaneously or softly. This can help ameliorate the SUSY CP problem mentioned above. CP

invariance requires that the gaugino masses, the p terms and the trilinear A terms be all real. In the
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Qs model of Ref. [90] it was found that there is a phase alignment mechanism that makes the phases of
the sfermion mixing terms arising from the A-terms to align with the phases of the fermion masses. So
SUSY CP violation is suppressed to a large extent. However, spontaneously induced complex VEVs
do lead to non-zero contributions to EDM. Here we analyze these contributions. Since these complex
VEVs are accompanied by the Higgsino p terms, a simple solution to the problem is found by making
the Higgsinos to be lighter than the squarks. Adequate suppression of EDM is obtained for pu ~ 100
GeV, while squark masses are of order 500 GeV. This suggestion obviously has testable implications
for physics that will be probed at the LHC.

The fermion mass matrices that allow for a non-trivial prediction and the phase alignment is a
generalization of well studied models [98]. The mass matrices for up and down quarks and the charged

leptons take the following form:

0 C 0
M=| +C 0 B | - (5.4)
0 B A

The main feature of such mass matrices is that the phases can be factorized, i.e., M = P - M° - Q,
with M° being real and P,@Q being diagonal phase matrices. This feature, when combined with
the Q)¢ symmetry, has an the interesting consequence that CP violation induced by SUSY loops are
suppressed. This will be discussed in more detail in Sec. 4.

The form of Eq. (5.4) can be obtained in renormalizable theories based on (g symmetry. This
requires the introduction of three families of Higgs doublets, which fall into 2 4+ 1 representations of
the Qg group, very much like the quarks and leptons. With multiple Higgs fields coupling to fermions,
invariably there will be tree-level FCNC mediated by the Higgs bosons. The flavor changing Higgs
couplings are not arbitrary, but can be computed in terms of the fermion masses and mixing. We will
show that these FCNC processes are within acceptable range, provided that the Higgs boson masses
lie in the (1 —5) TeV range (except of course for the standard model-like Higgs boson, which has
a mass in the (100 — 130) GeV range). While Higgsinos are naturally light in this scenario, in the

bosonic sector only the lightest SM-like Higgs will be accessible to LHC experiments.
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One of our major results is that non—standard CP violation is highly suppressed in this class
of models. The phase factorizability of the fermion mass matrices implies that much of the SUSY
induced CP violation is small. The structure of the Yukawa couplings in the model implies that the
amplitudes for tree-level FCNC induced by neutral Higgs bosons are nearly real (see discussions in
Sec. 5). While there can be significant new contributions to meson—anti-meson mixing, there is very
little CP violation beyond the standard model.

Our analysis is similar in spirit to that of Ref. [91]. Our approach is slightly different, with some
differences in analytical results, fits, spectrum, and conclusions. In particular, we have presented
complete analytical results for the Higgs boson spectrum, and we have a new proposal to solve the
SUSY EDM problem, which requires light Higgsinos. We have also derived generalized constraints on
SUSY FCNC parameters for the By, — By system appropriate for a (241) mass spectrum.

The plan of the paper is as follows. In Sec. 2 we describe the SUSY ()¢ model, lay out the parameter
choice, and summarize the prediction for the quark sector. In Sec. 3 we analyze the Higgs potential
involving the three pairs of Higgs doublets. We provide analytic expressions for the mass spectrum
of Higgs bosons as well as numerical fits. Consistency of symmetry breaking and spontaneous CP
violation will be established here. In Sec. 4 we address tree—level FCNC processes mediated by the
heavy Higgs bosons. Sec. 5 is devoted to analysis of the SUSY flavor violation and EDM within the

model. In Sec. 6 we conclude.

5.2 Supersymmetric ()¢ Model
Q)¢ is the binary dihedral group, a subgroup of SU(2), of order 12. It has the presentation
{AB;A°=E B*= A% B'AB= A"} . (5.5)
The 12 elements of ()¢ can be represented as

(B, A, A2, ..., A°, B, BA, BA%, ..., BA®}. (5.6)
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In the two dimensional representation the generators are given in a certain basis by

cosg sin% 1 0
A= B = . (5.7)
—sin g CcoS % 0 —1

The irreducible representation of Qg fall into 2,2",1,1",1",1”, where the 2 is complex—valued but
pseudo-real, while the 2" is real valued. (Qg is the simplest group with two distinct doublet represen-
tations, which is very useful for model building.) The 1 and 1" are real representations, while 1" and

1" are complex conjugates to each other. The group multiplication rules are given as
1/ % 1/ — 1 1// X 1// — 1 1/// % 1/// — 1/ 1// X 1/// — 1 1/ X 1/// — 1// 1 X 1// — 1/// (5 8)

Ix1 =2 2x1"=2,2x1"=2,2x1"=2,2x1"=2 2x1"=2 (5.9)
2x2=14+14+2,2x2=14+1+2,2x2=1"+1"+2 (5.10)

The Clebsch-Gordon coefficients for these multiplication can be found in Ref. [90].
The fermions of all sectors (up—quark, down—quark, charged leptons) are assigned to 2 + 1 repre-

sentations of (Jg. The model assumes three families of Higgs bosons, which are also assigned to 2 + 1

under (Jg. Their transformation properties are given by

Y= @2) =2, = <‘£1> =2, Yy=1 yYs=1", (5.11)
_ H1 _ o/ _qm
H = (Hz) =2, Hy=1" (5.12)

Here 1 generically denotes the fermion fields, and H denotes the up—type and the down—type Higgs
fields which are doublets of SU(2),. Due to the constraints of supersymmetry, H* and H{ couple
only to up quarks, while H¢ and H¢ couple to down—type quarks and leptons. The Yukawa couplings

of the model in the down quark sector arise from the superpotential
W = agbsbsHs + BT mip§ H — Bibsb™ i H + 640" 1y Hz + h.c. (5.13)

with similar results for up-type quarks and charged leptons. This leads to the mass matrix for the
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down quarks given by
0 0ava3  Bavaz
Ma=| =603 0 B | - (5.14)
6&%2 5&%1 QgUqg3
Here vg1, v42, vg3 are the vacuum expectation values of H 5,2,3 fields, which break the Qg symmetry.
Now, the potential of the Qg model admits an unbroken S, symmetry which interchanges H;' 4

Hy " This unbroken symmetry allows us to choose a VEV pattern
Uyl = Vu2,  Vd1 = V42, . (5.15)

Consequently, a 45° rotation of the matrix in Eq. (5.14) in the 1-2 plane can be done both in the up
and the down quark sectors without inducing CKM mixing. This will bring the mass matrices to the
desired form of Eq. (5.4). By using the unbroken S, symmetry, we make a 45° rotation on the Higgs
fields, f[l,g = (H, £ H5)/v/2, so that H, acquires a VEV, while <[:[2> = 0. We shall drop the hat on
these redefined fields, and simply denote the VEV of the redefined H; as v;.

We assume that CP is a good symmetry of the Lagrangian, and that it is broken spontaneously by
the VEVs of scalar fields. If the full theory contains SM singlet Higgs fields, spontaneous CP violation
in the singlet sector will show up as soft CP violation in the Higgs doublet sector. Explicit examples
of this sort have been given in Ref. [90]. For now we simply assume that the Yukawa couplings in Eq.
(5.13) are real, and the CKM CP violation has a spontaneous origin, via complex VEVs of the Higgs
doublet fields. We denote the phase of these (redefined) VEVs as

Af, = arg(vys) — arg(vy), Ab,; = arg(vgs) — arg(vay). (5.16)

We make an overall 45° rotation on the Qg doublets, (), D¢ and U¢, and then a phase rotations on
these fields:
U— P,U, U¢ — P,U° (5.17)
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and similarly for D and D¢ fields, where

1 0 0
Pua=1 0 exp(i2A0,, 4) 0 ,
0 0 exp(iAb,, q)
exp(—i2A0,, 4) 0 0
Pye g = 0 1 0 ) (5.18)
0 0 exp(—iAb,, 4)

This will make the originally complex mass matrices of Eq. (5.4) real, which we parameterize as

0 qu, d/yu, d 0
My, q = mg, b | —Qu, a/Yu, d 0 by, a | - (5.19)
0 b;, d ?/5 d

These real mass matrices can be diagonalized by the following orthogonal transformations:

my 4 0 0
OL My M, Ou 4 = 0 m2, 0 ;
0 0 m;,
my 4 0 0
0567 chZ—: dMuc’ chuc’ dc = 0 mz s 0 . (520)
0 0 m;,
The CKM matrix Vokw is then given by
Vexum = OLP,0,, (5.21)
where
1 0 0
P,=PiPy=1| 0 &% (5.22)
0 0 €%

with 0, = Af; — Ad,.
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Now it is clear how the Q¢ setup reduces the number of parameters in the quark sector. The total
number of parameters in the quark sector is nine (four real parameters each in M, and My, plus a single
phase 6,), which should fit ten observables. Spontaneous CP violation is crucial for this reduction of
parameters. With explicit CP violation, there would have been one more phase parameter. The single
prediction of this model was numerically studied in Ref. [90], and shown to be fully consistent with
data. Here we present a numerical fit to all the quark sector observables, which deviates somewhat
from the fit given in Ref. [90]. The difference arises since here we have attempted to be consistent
with the recent lattice determination of light quark masses. An excellent fit to the quark masses
and mixing, including CKM CP violation, is obtained with the following choice of parameters at a

momentum scale of =1 TeV.
m) = 150.7 GeV, mj = 2.5515 GeV, 0, = Ab; — Aj, = —1.40,

gu = 1.5142-107%, b, =0.0395, b, = 0.0770474, 1y, = 0.99746,
ga = 0.0043435, by = 0.02609, b, = 0.69138, y4 = 0.8100, (5.23)

This choice yields at =1 TeV, the following masses and mixing for the quarks:

m, = 1.13MeV, m.=0.461 GeV, m; = 150.50 GeV,
mg = 2.53 MeV, m, =50.99MeV, m;, = 2.43 GeV,
0.9745 0.2244 0.0033
Vexnm| = | 0.2242 09737 0.0408 | ,
0.0093 0.0399 0.9991

ny = 0.3465, (5.24)
where 7y is the CP violation parameter in the Wolfenstein parametrization. These values, when
extrapolated to lower energy scales, give extremely good agreement with data [100].

We have computed the orthogonal matrices that diagonalize M, and M,. These rotation matrices

will be relevant for our discussion of Higgs—induced flavor violation, as well as FCNC arising via SUSY
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loop diagrams. We find

0.9840 —0.1782 0.0041 0.9645 —0.2640 —0.0001
Oa= 1 01781 09838 0.0188 |, Os=| —0.1817 0.6642 0.7251 |,
—0.0074 —0.0178 0.9998 0.1915  —0.6994  0.6886
0.9988 —0.0495 1.17-107° 0.9988  0.0496 —6.00-107°
Ou.=| 00494 09980  0.0395 : Oue = | —0.0494 0.9958 0.0771 (5.25)
—0.0020 —0.0394  0.9992 0.0038 —0.0770  0.9970

In the case of charged leptons, there is some arbitrariness in the values of (A, B, B’, C),; of Eq.
(5.4), since we have three observables (charged lepton masses) and four parameters (without including
the neutrino sector). We shall present a fit with a simplifying assumption B, = By,. At p =1 TeV, a

consistent fit for all the lepton masses is found with the following input values:
Ay =1.67536 GeV, By, = B, =0.430588 GeV, C, = 0.00742877 GeV . (5.26)
These yield the following eigenvalues at y =1 TeV:
me = 0.4963 MeV, m,, = 104.686 MeV, m, = 1779.5 MeV. (5.27)

These values correspond to the central values of charged lepton masses when extrapolated down to

their respective mass scales [100]. The orthogonal matrix that diagonalizes M, is given by

0.9976  0.0688 9.81-10~*
Oc.=1] 00664 —09697 0.2352 : (5.28)
—0.0171 02346  0.9720

with O.. obtained from the above by flipping the signs in the first row and column.
5.3 Symmetry breaking and the Higgs boson spectrum

We now turn to the discussion of symmetry breaking and the Higgs boson spectrum in the model.

We shall confine here to the case of having three pairs of Higgs doublets, and no Higgs singlets in the
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low energy theory. It is however, assumed that singlet fields are present in the full theory, so that
spontaneous Qg breaking in the singlet sector appears as soft breaking in the doublet sector. As shown
in Ref. [90], it is possible to realize such a scenario while preserving the 1 «» 2 interchange symmetry
for members (1, 2) inside Q¢ doublets. We seek a consistent picture where CP violating phases are
generated in the Higgs doublet VEVs. As it turns out, CP also has to be softly broken in the bilinear
soft SUSY breaking terms, or else there would be no CP phases in the VEVs.

The superpotential that we consider is the most general one consistent with softly broken Qg

symmetry, but preserving the Sy interchange symmetry:
Wer = p(H{HY + Hy HY) + psHY H + pus(HY' + Hy) H
+ ps1 Hy (HY + HS) + pno(H Hy + HYHy). (5.29)

. . . . . Ay H*+HY
As mentioned earlier, we make a 45° rotations in H{, HY and H{*, HY space, with H , = N and

A~ d d
H{l, g = M, so that the superpotential becomes

Wegg = (11 + ,Ulz)ﬁfﬁfl + (p1 — u12)f15‘f1§l + M3ﬁ§ﬁg + \/§M13gfﬁg + \/§N3lﬁgﬁf . (5.30)

The redefined fields have (HY) = (H$) = 0. We work in the hatted basis from now on, and drop the
hat on the new fields.
The soft SUSY breaking Lagrangian is given, in the rotated basis, as
Viott = (b1 + bio) Hi'eH{ + (by — bia) HyeHy + by HyeHY
+V2b1s HY e HY 4 /2bgy HEe HY + h.c.

+my ([H? + [HEJ?) + migs | HS|? + miy (|HY? + [Hy %) + mis | Hy 2, (5.31)

where € = i05.
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The full scalar potential including the soft terms, the I’ terms and the D terms has the form

Vo= MHE(HPP+ [ HTP) + ME(HS P+ [HE )
+ M2 (HPP + [ HiH?) + M2 HE? + | Hy )
M HP HE + HTOHST) + M2 (HYHY + HY ™ HYY) + hee.)
+ MA(HS [P+ | HY ) + M% (| H P + [Hy*?)
O (P HE — HEHE) + by (HY T HY — HyH")

+V 2y (i HY ™ — HIH) + V205 (Hy HY ™ — HHY)
O (HYYHE — H2OHY) 4 he)
+é<g% + ) HYT P o [HOP + [H P o [H0P + [H P o+ [0
— [H{TP = PP — H P - HY R HP | HE )
|H{{L+Hd0* +HOHT ¢ get g geogd

FHYTHS 4 HOHETP? (5.32)

Here we have redefined new effective parameters for convenience as

Mg, = |1 + paol? + 2|ps|* + mi,
My = |+ ol + 2| |* +mi,,
Mg, = |1 — paz]? + miy,

My = V2(py + i) s + V23185,

bll — bl + blg,

My = |s]? + 2|ps|* + mis,

My = |psl® + 2| [ 4 mis,

M3y = |y — ol +miy,

M3y = V21 + paa) iy + V20303,

b/2 == bl - b12. (533)

Before analyzing the spectrum, let us note that the potential should be bounded from below along

all D—flat directions. The following conditions should be satisfied:

M2 + M2 — 24/2|bs1| > 0

M2, 4+ M2, — 2v/2|bys| > 0,

M3z + M2, > 0,

M3, + M2, — 2|bs| > 0. (5.34)



In our numerical analysis, we shall verify that these conditions are indeed met.

We parameterize the VEVs of the four neutral Higgs fields as

043

’9“1, Vys = vsin B cosy, €73,

Uyl = vsin Fsiny, e

Vg1 = v cos Bsinyy el Vgg = v cos B cosyy €04, (5.35)

Thus we have |v,1|? + |vs]® + [va1|* + |vas|? = v = (174 GeV)?. 7, reflect the orientation of the
VEVs in the Hy@ap — Hya)s space, while tan 3 is analogous to the up/down VEV ratio of MSSM.
We can rewrite the potential of the H; — H3 sector of the neutral Higgs fields which acquire VEVs

in a compact form:

2 2 u0 2 2 d0
V]\(fl—?)) _ ( Hf‘o* Hgo* ) Mul M3l Hl + ( Hfo* Hglo* ) Mdl M13 Hl
Mg M Hy? Mis™ M Hg?
—by —V2bys ayp
+ <Hfo H};O) + h.c.
—/2b3; —bs3 H{°
2
1 H® H{P
vsat+ad) | (e me ) - (o mp ) . (5.36)
8 HuO HdO
3 3

This suggests a unitary transformation that would diagonalize the first two matrices in Eq. (5.36),

while leaving the D-term unaffected. With such a rotation we have

— m? 0 hl m2 0 hg
Vf&‘”z(h’{ h;) b +<h§ h;;) C
0 my h2 0 my h4
m%s mi, hs
+ hi hy , ) + h.c.
M3 Moy hy
2
1 hy hs
+3 97+ a) < hy hy ) - ( hy bl ) . (5.37)
hg h4
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The unitary transformations to go from Eq. (5.36) to Eq. (5.37) are defined as

hy H} CoSw, — sinwy eitu 0 H!
hs HY sinw,  COSwy 0 ei(Putbng) HY
hs HY cosSwy — sinwy e’ 0 H{
=Up = Qua . , (5.38)
hy HY sinwg  coswy 0 eiPatbiny) H

with 9]\/[31 = al"g(Mz%), 9M13 = arg(M123) and

1 2| M2 | 1 2| M2,
w=—tan"! [ 2 = —tan ' [ —18L ) 5.39
G (M&—M?)’ T o\ o (5:39)

ul
The two phases ¢, and ¢, here are arbitrary. ¢, — ¢4 does not appear in the potential (being
proportional to U(1)y charges). ¢, + ¢4 can be used to remove one phase of the bilinear terms in
the potential. @, 4 are arbitrary diagonal phase matrices. If desired, one can take advantage of these
phases to remove all but one phase from the parameters of the potential. Since we are interested in

going back to the original basis from this rotated basis, we find it convenient to set ), 4 to be identity.

The other parameters of this transformation are

1
m%,z =5 [Mis + Mgl + \/(Mgs - M31)2 + 4|M§1|2} )

2
1
m§,4 =5 [Md23 + M7 + \/(Md23 — M3)? + 4|M123|2} . (5.40)
and
m2, m? - —/2b
R ! Yol (5.41)
mgg m§4 —\/5631 —bg
If we choose
Ou + Pg = T+ arg [bll sin w,, sin wy + \/§b31 COS Wy, Sin wge " Ms1
+/2by3 sin w,, cos wge Mz + by cos w,, cos wde_i(eMBl”Ml-‘i)] , (5.42)

m3, is real and positive (with @, 4 set to identity). We shall adopt this phase convention in our nu-

merical study. However, we shall present analytical results that hold in an arbitrary phase convention.
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The task at hand is somewhat simplified, since Eq. (5.37) is relatively simple to analyze. The

eight real neutral Higgs bosons in H 1“ ’; can be conveniently parameterized as

, 1 ]
hy = ¢ o1+ 5 (61 + ieds + dagn + i%G)_ ,
hy = €2 _v +i(¢ +if e + ib +z'@G)_
2 I 2 \/§ 2 6 7 v ] 9

; 1 . . .U3 |
hy = €% |vg + —(p3 + i +icpr —1—G) |,
3 3 \/§(¢3 995 o7 y )

%(6254 + ihog + idopr — i%G)- (5.43)

Here v; (i = 1, 2, 3, 4) are the magnitudes of the VEVs of the redefined fields h;, and §; are their

h4:'U4+

phases. Without loss of generality we have taken vy to be real. G in Eq. (5.43) is the Goldstone field
eaten up by the Z gauge boson. We shall work in the unitary gauge and set G = 0. We have checked
explicitly that the G field does not mix with other scalar fields, and that its mass is exactly zero. The

coefficients of various fields in Eq. (5.43) are functions of the v;’s:

v14/V3 + 03 Va\/V} + U3 U3/ V3 + U3 vy V3 + V3
a= T 0= 52 e AR R S &
v/ V] + V3 v/ V5 + v U/ V] + V3 U/ V5 + v
V3 (% (% (%)

e h=—— (5.44)

4 1
“Vasa T ara T eea NEERT:

We shall allow for the soft SUSY breaking parameters (b;) in the Higgs potential to be complex.
Phase rotations cannot remove all phases from the potential, one phase is unremovable. Without this
phase, the model cannot induce complex VEVs to the doublets, as shown in Ref. [101] by a geometric
argument. For the case when all parameters in the Higgs potential are real, we have numerically
verified that the CP violating extremum would generate two massless modes, signalling inconsistency
with symmetry breaking [101].

We take the soft bilinear terms m?,, m?,, m3;, m3, of Eq. (5.37) to be complex, and denote the
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phase of m;; as 6;;. The minimization conditions then read as

1
m3vy + |mis|vs cos(Bz + 6 + 03) + [miy|vgcos(iy + 61) + = (g7 + g3)vi(vi + v3 — v3 —v]) =0,

4
1
mavy + |miag|vs cos(fas + 0y + 03) 4 |m3,|vs cos(da + Oay) + i(g% + g2) vy (v} + 03 —v3 —v3) =0,
1
m%vg + \m%3|v1 cos(fi3 + 01 + 03) + |m§3\v2 cos(fa3 + 0o + 03) — Z(g% + 93)03(1)% + v% — 1)32, — UZ) =0,
1
mim + |m%4|v1 cos(by4 + 01) + |m§4|vg cos(dy + Oay) — —(g% + g%)m(v% + U% - vg - vi) =0,

4
Im75] (v +v3) sin(fis + 61 + J5) + |m3s|vivasin(fas + 62 + J5) + [m,|vzvasin(fis + 61) = 0,

|m§4|(v§ + UZ) sin(fay + 92) + |mf4|v1v2 sin(fh4 + 1) + |m§3|v3v4 sin(faz + 9y + 03) = 0,

[y |vrvs sin(B1s + 1) — [mis|vavs sin(Bas + 62 + d3) = 0. (5.45)
Denoting the squared matrix for ¢;, i = 1,2,...7 from the H; — H3 sector as

MG 15y = M} (5.46)

K
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we obtain

M%l = )\’U% -+ m%[cot(ﬁm —+ (51) — COt(¢913 —+ (51 -+ 53)],
1

M%z = )\US + m?[cot(%g + 93 + d3) — cot(Bay + o),
2

Mgg = )\’Ug -+ K%[Cot(em —+ (52 —+ (53) — cot(913 -+ 51 —+ (53)],
3

v
Mﬁ214 = )\Ui + /€—2[C0t(914 + 51) — COt(924 + (52)],
Uy

VoUy V3 V2 02 + v2)2
B=h - 2[_3 cot(f14 + 01) + —é cot(baz + 9y + 03) — M

vl + v3 vy v3 V202

1

2 2 22

=R ——F5 5\ t(6 ) (0 09 + 0. t(0 )
66 %U204(U2+U4)[v200 (014 4 01) 4 v} cot(Bas + 6y + 05) — (02 + v2)? cot(Bag + )],

vovg (v} + V3 + VI + v?)

M
M
ME =k [cot (14 + 01) + cot(fas + dy + J3)],
M
M

COt(913 + 51 + 53)],

(v} 4 v3)(v3 + v3)

VU
%2 = )\’01’02, M13 = >\U1’03 —+ Hﬁ cot(«913 —+ (51 -+ 53),
1V3

v VoV
2 = — vy — k— cot(Byy + 6y), Mis = =

) )
U1 ’Ug\/’U%—f—Ug le/vg%—vi

2 .2 2 2
VoUs \/ V] + V5 + V3 + v V4
Mi =k v 12 22 ;’ ;1, M2, = —Avgvs — k— cot(faz + 6o + J3),
VUi +v3y/03 4] U3
U1Uq 2 ()
M3, = —Xvps + £ cot (o + 2), M = M2y = —h———,
* o0 + 02 V02 + 02
2 2 2 .2
Ug/ V] + U5 + 05+ Voy
Mi = —k \/21 22 23 24’ M2, = \usuy, M = —k e
VUi + v3V/03 + 0] U1/ V] + U3
M2 = Hviz M2 — U2U4 \/U% + U% + U?z’ _'_ Uﬁ% M2 — Kk VoU3
R s o U3 \/v? 02\ /v3 vl b V1V + V3
s vy s UaJv?+ v 403 + 0l
Mis = Nk Mig = 2 .2 /2 3
v3 + v} \/U1+U3\/U2 + v;
1
Mz = i (0303 cot(1 + 81) + 0307 cot(6as + 8 + 3a)],

vivz\ /0] + vi/03 + 0
VU4 \/vl + v3 + v + 0]

Mz =& cot(B1g + 1) — v2 cot(foz + 0y + 53)],
57 V13 ('Ul +v3)m [ U3 ( 14 1) 1 ( 23 2 3)]
M \/Ul + U2 + U3 + U4 [ Uy COt(¢914 + 51) — Uy COt(egg + (52 + 53)] (547)

Vi 402 (v3 +03)

Here we have defined A = (g7 + ¢3)/2 = M2 /v? and k = m2, sin(fay + 02).
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The potential of the HY — H¢ fields which do not acquire VEVs is

2 u ! TTU
Vz(v) = MZL|HY|? + M, |Hy|)* — {byHyHy + h.c.}

9+ 95

o (H3” = [H3 2 + o + [vasl® = [var|* = Jvas]*)? - (5.48)

_l_

The corresponding squared mass matrix for the scalars in the basis (ReHy, ImHY, ReHY, ImHY) is

M2, — mT2Z cos 23 0 Reb, —Tmb,
0 M2, — 22 cos 23 —Imb, —Reb,
My = / ? L ’ . (5.49)
Reb, —Imb2 M3, + £ cos 23 0
—TImb, —Reb, 0 M3z, + mTQZ cos 23

This matrix has two pairs of degenerate eigenstates, owing to an unbroken U(1) symmetry.

The H"*— H}" sector charged Higgs boson mass matrix is, in the basis { H*+, Hy*, Hfl_*, H?fl_*},
Mg = (M?)y,
with

1 1 1 1
My = M3 —~ §m2z cos 23 + 593‘”d1|27 M3y = My — §m22 cos 23 + 5

1 1 1 1
M3y = Mg + §m2z cos 20 + §9§‘Uu1|27 My = Mg+ §m22 cos 200 + §9§‘Uu3|27

g§|vd3‘2v

Mi, = M3 = M;, + iggvdlvdiiu Mig= M3~ =t + 593%1%17
1 * * 1 * *
M14 = M41 = \/§b13 + 593%3%17 M23 = ./\/132 = \/51931 + 593%1%37
1 v s 1
M24 = M42 = bz + 593%3%37 M34 = M43 = M13 2 %Uul%s (5-50)

Finally, the HY — H¢ sector charged Higgs mass matrix is, in the basis { H¥*, Hg_*},

M2, — 3m% cos 23 b.
Mi@) = ’ z ? (5.51)

by M3, + im? cos 203

Now we present two sets of numerical fits (cases (1) and (2)) which show the consistency of
symmetry breaking. We are interested in choosing the SUSY breaking parameters (including the p

terms) around the TeV scale, guided by arguments of naturalness. At the same time we wish the
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spectrum to be consistent with FCNC constraints arising from meson—anti-meson mixing. We have
explored parameter space of the Higgs potential where both these constraints are met. For the FCNC
constraint, we allow the new Higgs exchange contribution to AM be not more than the experimentally

measured values.
Case (1)

The parameters in the original Higgs potential of Eq. (5.36) are taken to have the following values.

My = 3.754 TeV, My; = 3.586 TeV, M, =4.782 TeV, M, = 2.152 TeV,
My; = 2.336 €% TeV, Mz = 1.346 e712% TeV, b, = 3.144 €295 TeV?,
by = 3.196 €291 TeV?2 by = 4.052 €186 TeV?, by = 3.438 €319 TeV?,

M, = 4.550 TeV, Mgy = 4.850 TeV by = 0.000 TeV?, (5.52)
In the representation of Eq. (5.37) this choice corresponds to

my = 4.937 TeV, mo = 1.767 TeV, mgz = 3.923 TeV,m4 = 3.401 TeV,
Mg = 1.851e BT TeV, myy = 2.736e 0732 TeV, my; = 2.442 137 TeV,

For completeness we also give values of other parameters, w, = 0.70, wy = 0.622, ¢, + ¢4 = 1.005.

We obtain numerically the VEV parameters to be
tan § = 2.00, A8, =—-0.03, Af,=1.37, tanyy; =250, tan~y, = 0.33. (5.54)
The mass eigenvalues of the Higgs bosons in the H; — H3 sector are found to be

Mo = (99.4, 115.1) GeV, M; = 3.299 TeV, M, — M; = 0.226 GeV,

M;s = 4.161 TeV, M, — Mz = 0.411 GeV, Ms =5.124 TeV, Mg — Ms = 0.040 GeV.  (5.55)

Note the appearance of nearly degenerate states (M;, M) etc, with their mass splitting being pro-

portional to m%/4. The Higgs bosons from the Hy sector have degenerate masses given by
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The charged Higgs bosons are nearly degenerate with its neutral partner, so we list the mass

splitting:
My, — My = —-0.532 GeV, My — M3 = —0.156 GeV, My35— M5 =0.032 GeV . (5.57)

In the (HY — HY) sector, the two charged Higgs bosons are degenerate with the neutral ones given
in Eq. (5.56).
The mass eigenstates H; are mixtures of h;, i = 1, 2, ... 7 states in the (1-3) sector. The

orthogonal transformation that diagonalizes the mass matrix of Eq. (5.46) is

0.0662  0.8919  0.2708  0.3562 8.60-1077 1.23-107% 2.15-107 hy
0.0314 —0.0023 0.0427 —0.0324 —0.4002 0.8800 0.2482 o
0.3322  —0.2620 —0.3269 0.8428 0.0204 0.0293 0.0509 hs

H* = —0.0357 0.0026 —0.0484 0.0368 0.1514 0.3354 —0.9272 hy |
—0.0644 0.3645 —0.9010 -0.2159  0.0231 0.0332 0.0578 s
0.0430 —0.0032 0.0584 —0.0444  0.9029 0.3311 0.2607 he
—0.9365 —0.0553 —0.0289 0.3345 0.0279 0.0401 0.0697 h7

(5.58)

with k = 0,---6. Since b, = 0 in this case, the HY mass matrix is diagonal, and thus the mass

eigenstates are the original state.
Case (2)

Here we take the input parameters corresponding to Eq. (5.36) to be

My = 3.980 TeV, My =5.412 TeV, M, = 2.765 TeV, M, = 3.692 TeV,
Mgy = 2.825 €78 TeV, Mg = 1.693 e 0% TeV, b = 3.698 €149 TeV?,
by = 3.007 1922 TeV?, by = 7.420 €212 TeV?, b5 = 1.840 e 2772 TeV?,

M5 = 3.550 TeV, Myy = 5.850 TeV, by, = 1.234¢1°0 TeV2, (5.59)
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This choice corresponds to parameters in Eq. (5.37) to be

my = 4.377 TeV, my = 1.154 TeV, mgz = 5.466 TeV,m4 = 3.906 TeV,
masg = 3.281e12™ TeV, myy = 1.702e9 TeV, mos = 3.190 e~ TeV,

Moy = 2.326 TeV,

with w, = —0.501, wy = —0.606, ¢, + by = 4.786.

The Higgs VEV parameters are found for this input to be
tan § = 2.40, A#; = —0.06, Af, =1.34, tan~y,; =1.80, tan-, = 1.00.
The mass spectrum of Higgs boson in the H; — Hj3 sector is

Mo = (104.1, 119.2) GeV, M, = 2.869 TeV, M, — M; = 0.325 GeV

Mz =5.114 TeV, M, — M3 =0.132 GeV, M; =5.658 TeV, Mg — M5 = 0.087 GeV,
while the mass eigenvalues of Eq. (5.49) are
M7 = Mg = 5.856 TeV My = My = 3.541 TeV.
The charged Higgs boson masses are given by

M:I:l — Ml = 0.225 GeV, M:tg — M3 =0.182 GeV, Mig — M5 = —0.064 GeV .

(5.60)

(5.61)

(5.62)

(5.63)

(5.64)

with the remaining two charged Higgs bosons being degenerate with the neutral ones given in Eq.

(5.63).

The orthogonal matrix diagonalizing Eq. (5.46) is

0.3919  0.8356  0.2620  0.2819 1.02-107* —5.99-107° 7.35-107°
0.4761 —0.2234 —0.1898 0.1764 0.6693 0.4070 0.2065
—0.5233 —0.0380 0.4553  0.4166 0.4223 —0.2386 0.3295
H" = 0.5065 —0.2376 0.1014 —0.0942  0.0903 —0.8105 0.0535
—0.0893 0.2828  0.0490 —0.7599  0.1969 0.0134 0.5415
—0.0625 0.0293 0.3803 —0.3534  0.4512 0.0437 —0.7212
0.2783 —0.3363 0.7285 —0.0671 —0.3510 0.3422 0.1805
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The matrix diagonalizing Eq. (5.49) is

—0.0568  0.000  0.9984 0.0000 Re

0.0000 —0.0568 0.0000 0.9984 Im(Hy (5.66)

)
)
0.0000  0.9984 0.0000 0.0568 Re(HY)
0.9984  0.0000 0.0568 0.0000 Im(HY)

with £k =7,---10.

In these fits, My, is the light standard model-like Higgs boson mass, for which radiative corrections
are significant. In our computation we have included known two loop corrections. The two values
listed for M}, correspond to zero and maximal left-right stop mixing (X; = 0 or 6). We have taken
my = 174 GeV, Msysy = 1.5 TeV and a,(m;) = 0.108 for these evaluations and used the analytic
approximation given in Ref. [102].

An interesting feature of these two fits is that the diagonal entries of the quadratic mass matrix of
the potential of Eq. (5.36) are all positive. This of course does not preclude some soft squared masses
turning negative as in the MSSM via large top quark Yukawa coupling (since the diagonal entries also
receive 4 term contributions), however, this is not necessary for symmetry breaking to be triggered.
Yet, one of the eigenvalues of this matrix is negative, which facilitates symmetry breaking. For the

two cases we find these eigenvalues to be

Case (1) : {(5.123 TeV)?, (4.161 TeV)?, (3.300 TeV)?, — (38.682 GeV)?} ,

Case (2) : {(5.658 TeV)?, (5.115 TeV)?, (2.869 TeV)?, — (45.40 GeV)?*}. (5.67)

The conditions for boundedness of the potential listed in Eq. (5.34) are found to be satisfied for both

cases.

5.3.1 Neutralino and Chargino masses

The symmetry breaking parameters do not fully determine the masses of the neutralinos and the

charginos. Here we present analytical results for their mass matrices.
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~ ~ ~ —~ ~0 —~0 —0 —0
The mass matrix of H; — Hj sector neutralino in the basis of {B, W° H® K6 HY , H¢ 6 H{ }is

Mx°(13) = V2

- —~0 —0
The mass matrix of the Hy sector in the basis { HY , HY } is

o

Mx°(2)

—(p1 + p12) —\/§M31

—\/§,U13

0

—(p1 — p12)

0

—H3

0

_ g92vd1 _ 92v43
V2 V2
g1vd1 g1v43
V2 V2
— (11 + p12) —V2413
—V2p3 — 3
0 0
0 0

—(Ml - /~L12)

(5.68)

(5.69)

The mass matrix of charginos of the Hy — Hj sector in the basis { W™, ffv{ﬁ, ffgﬁ, w-, fff_, flgi_}

has a block—diagonal form:

with

X —

9143

AJW’ G1Vu1

g1Uu3
Givar 1+ iz V2ps
\/§M13

M3

~ ~ —~ + =
The chargino mass matrix in the HY — H¢ sector in the basis of {HY , HY } is

0

Myt(9) =

M1 — H12

M1 — Hi12

0

5.4 Tree level Higgs induced FCNC processes

(5.70)

(5.71)

(5.72)

In this section we discuss various FCNC processes mediated by tree-level neutral Higgs boson exchange.



5.4.1 Neutral meson mixing via Higgs exchange

Accurate measurements exist [103] for neutral meson-anti-meson mixing in the K° — K0, BY — gg,
B? — BY and in D° — DY sectors. In the Qg model there are new contributions to these mixing arising
through tree—level Higgs exchange. These new contributions will modify the SM predictions, which
are all in good agreement with data. Here we compute these new contributions, following the analysis
of Ref. [104], with updated QCD corrections and hadronic matrix elements.

The Yukawa coupling o, 4, Bu, ds 5;7 ¢ Ou, a of Eq. (5.14) can be determined from the mass

matrix Eq. (5.19):

mﬁ byi, d mﬁ pbu, d
Oy, d= — > ﬁu,dzi
|V, a3l |V, a1l
0 / 0
m bbu d my 1qu, d/yu, d
By a= ——== 0y, 4 = — 5.73
2 i v R T (5:73)

Using the input values given in Eq. (5.23) we get for the two cases
Case (1)
ag=00409, By =6.51-10"%  8,=00173, &y =3.35-10"*
o, =0.7195, (3, =0.0858,  B3,=0.1672, §,=1.10-10"*
Case (2)
ag = 0.0526, By =T7.46-1074, ﬂ; = 0.0198, 0g = 4.30- 1074,
ap = 09354, B, =0.0372, fB.=00724, 4§, =143-10"%

After 45° rotation in the (¢ doublet space, the Yukawa coupling matrices in the down sector are

0 0 O 0 0 Bq
Yau=0;Pi| 0 0 8; |PeOw, Ye=0iFPi| 0 0 0 | PO,
0 By 0 3,0 0
0 04 O
Yis=04FPy| 5, 0 0 | PsOu, (5.74)
0 0 oy
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where P;, Py are defined in Eq. (5.18). The Yukawa couplings in the up—quark sector and the charged
lepton sector are similar.
The new Higgs—mediated contributions to AF = 2 Hamiltonian, responsible for the neutral meson—

antimeson mixing has the form [104]

1/ 1+ s I s 2
Hg=—-(q|YF Yk . 5.75
= oM (q { iy Tl Ty | W (5.75)

Here ¢; ; are the relevant quark fields contained in the meson. YZ;“ are the Yukawa couplings of ¢;,
q; with Higgs mass eigenstates H* mediating FCNC interactions, k = 1, 2, ...10 in our model, 6
from the (H; — Hj) sector and 4 from the Hy sector. (The light standard model-like Higgs boson has
practically no FCNC couplings.) Y}¥ can be obtained via inverse transformations, Eq. (5.38), (5.43)

and (5.58) or (5.65).

We obtain
n folmyg ) mi 52 Jox2
M¢, = (¢|H, 2—7[———(5/. V% )-B-
12 = (9| Hert|®) OM,2 24 (mqi_l_mqj)z it g - Na(ft)
* 1 1 m 2
yeEyR (L2 ) .p,. ] 5.76
MRS (12+2(mqi+mqj)2) 1 m(p) (5.76)

Here ¢ is the neutral meson (K°, BY, B? D). For our numerical study we use the modified vacuum
saturation and factorization approximation results for the matrix elements [84, 85]

- - - 2 1 m¢2
O£ 5 Fo(1 T 28)f3l3) = Fo2me (— ; —)) B,

6 (mg + My,

m¢2

— . B,. 5.77
(in + mQj)2 ? ( )

(G725 (L% 5)f10) = =2 fomg
By and B, are equal to one in the vacuum saturation approximation, but are found to be slightly
different from one in lattice simulations. We use (Bs, By) = (0.66, 1.03) for the K° system, (0.82, 1.16)
for the BY and B? systems, and (0.82, 1.08) for the D° system [84]. In Eq. (5.76) no(u), na(p) are
QCD correction factors of the Wilson coefficients C5 and Cj of the effective AF = 2 Hamiltonian in
going from the SUSY scale M; to the hadronic scale . These factors are computed as follows. The

AF = 2 effective Hamiltonian has the general form

5 3
Mo = Z C; Qi+ Z@ Q. (5.78)
i=1 i=1
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where

Q1 = @‘iwqﬁcﬁﬁv“qﬁ, Q2 = q_i%qj%q_i%%g, Q3 = qi%(ljﬁ@%%%;
Qi = q_i%%(z@g%g, Qs = CE%%[E@%%%’ (5.79)
with Q17273 obtained from ()23 by the interchange L < R.
For computing 79 4 we take the SUSY scale M, to be 1 TeV. All the supersymmetric particles and

heavy Higgs bosons are integrated out at 1 TeV. The Wilson coefficients evolve from M, down to the

hadron scale i according to the equations
Colp) = D2 Y0 + ey Co(M), (5.80)

Here 7 is defined as i = oy (M,) /ovs(my). The magic numbers a;, b and ¢\"*) can be found in Ref. [84]
for the K system, in Ref. [85] for the By system and in Ref. [86] for the D system. With M =1 TeV
and ag(my) = 0.118, and my(m;) = 163.6 GeV we find n = a4(1 TeV)/az(m;) = 0.0882/0.108 =
0.8167.

At the SUSY scale, the neutral Higgs bosons in our model generate only operators ()2 and Q.

Consequently, at the hadron scale, for the K system, we find

03(:u) = C2(Ms) ’ (_18 X 10_3)7 C5(:u) = 04(Ms) : (0186)a (581)
leading to no(p) = 2.54, n4(p) = 4.81. Although operator mixing induce non-zero C3 and Cj at the

hadronic scale, their coefficients are found to be rather small.

For the Bgs system, following the same procedure, we find

Co(p) = Co(Ms) - (2.00),  Cu(p) = Ca(M) - (3.12),

Cs(p) = Co(My) - (—2.44 x 107%),  Cs(p) = Cy(M,) - (0.0874). (5.82)
And for the D° system we have

Co(p) = Co(Ms) - (2.31),  Cu(p) = Cu(M;) - (3.99),

Cs(p) = Cy(My) - (—1.30 x 107%),  Cs(p) = Cy(M,) - (0.144). (5.83)
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In all cases we see that the induced operators C3 and C5 are negligible.
K° — KO mixing constraint:

In the K system, tree-level neutral Higgs boson exchange contributes to K — Kg mass difference,

as well as to the indirect CP violation parameter, modifying the successful SM predictions. The mass

K
difference is computed from Amg = 2ReM}S, while the CP violation parameter is |ex| ~ ;;AAQQK We

seek consistency with the precisely measured experimental values Amg /mp ~ (7.1 +0.014) x 1071°
and |ex| ~ 2.3 x 1073, In our calculation, we choose myg = 498 MeV and fx = 160 MeV. For the two

numerical fits we find the new contributions to be

Case (1) : (Amg/mg)™™ =7.361 x 1071, 2V =2.00 x 1074,

Case (2): (Amg/mg)™™ =5.721 x 1071, 5V =2.28 x 107°. (5.84)

The contributions from HY — HY sector and HY sector to Re(M{§) are respectively (3.033 x 10715,
—1.200 x 1071%) GeV for case (1) and (2.512x 1071%, —1.088 x 1071%) GeV for case (2). We see that the
new contributions to the mass difference is significant, but consistent with data. New contributions
to CP violation is suppressed, which is a generic feature of Higgs exchange in this class of models. We

elaborate on this issue later in this section.
BY — BY mixing constraint:

For the B} — Eg system We use as input mp, = 5.281 GeV, fp, = 240 MeV and seek consistency

with the experimental value Amp, = 3.12 x 107'3 GeV. We find for the Higgs induced contribution

Case (1) : (Amp,)"" =2.997 x 107" GeV,

Case (2): (Amp,)™™ =2.728 x 107" GeV. (5.85)

The contributions from H? — HY sector and HY sector to M4 are (2.298 x 1074, 1.269 x 107'3) GeV

for case (1) and (2.137 x 107'*, 1.150 x 107!3) GeV. Again, we see consistency with experimental
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values. CP violation parameter is found to be extremely tiny, ~ 107°, from Higgs boson exchange.
B? — B9 mixing constraint:

For the B? — B system, we use mp, = 5.37 GeV, fp, = 295 MeV and compare the new contribu-
tions with Amp, = 1.067 x 107! GeV.

Case (1) : (Amp,)™" = 1.688 x 1072 GeV,

Case (2): (Amp,)"" = 1.396 x 1072 GeV, (5.86)

The H?— HY sector and the HY sector contribute to M given by (8.532 x 1013, —9.460 x 10-1%) GeV
for case (1) and (7.067 x 10713, —3.835 x 1071%) GeV for case (2). These new contributions are within

experimentally allowed range. Higgs mediated CP violation is again found to be highly suppressed.
D° — DO mixing constraint:

For the D°— DO mixing we use mp = 1.864 GeV, fp = 200 MeV and compare the new contribution
with Amp = 1.27 x 1072 GeV.

Case (1) : (Amp)™™ =8.620 x 107'% GeV,

Case (2): (Amp)™™ = 2.645 x 107! GeV, (5.87)

The HY — HY sector contribution has different sign from that of the HY sector. We find for M3’ these
contributions to be (4.402x1071° —4.354 x 10713) GeV for case (1) and (2.568 x 10715, —1.348 x 10713)
GeV for case (2). Again these limits are within experimental range.

We have found that new sources of CP violation through tree-level Higgs is very small in meson—
anti-meson mixing with typical values Im(Mj5) ~ 107* Re(Mjs). This can be understood heuristically
as follows. There are two types of contributions to the meson mixing as given in Eq. (5.76). The first
term, proportional to By respects a global U(1) symmetry (strangeness in the K° system), which is
only broken by the mass—splitting in the neutral Higgs boson spectrum between a pair of particles.
However, this splitting is very small, of order m?% in the squared mass, see Eqs. (5.55) . The couplings

of the nearly degenerate Higgs in each pair differ by a factor i, owing to the U(1) symmetry, and the
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two contributions cancel, in the limit of exact degeneracy. For both the real and imaginary parts of
M5 the contributions from the first term is suppressed by a factor m%/(4M?). Such a suppression is
absent in the second term of Eq. (5.76), since the operator ()4 explicitly breaks the U(1) symmetry.
Thus, although the first term has CP violation, in relation to the CP—conserving second term, it is
suppressed by a factor m%/(4M7?) ~ 10~*. Now, the second term, while it has no suppression factor,
it is purely real. This can be seen from the following observation. In the mass basis of fermions in
the original basis we have the relation (owing to the vanishing of off-diagonal mass terms in the mass
eigenbasis)

(Yas)is (H5) = —(Yan )y (HY) (5.88)
for i # j. The couplings of mass eigenstates of Higgs boson to down—type quarks are simply linear
combinations of H{ and HY. Since we assume CP to be spontaneously broken, all components of
(Y*);; with 4 # j have the same phase. As a result the second term of Eq. 5.76 becomes real. The
constraint imposed by SUSY, that H} fields do not couple to down-type quarks, and the fact that

only two of the down-type Higgs bosons acquire VEVs is very crucial for this result.

5.4.2 Neutron electric diploe moment from Higgs exchange

Higgs boson exchange can generate non-zero electric dipole moments for the fermions. These diagrams
are however suppressed by the light fermion Yukawa couplings. For the d quark EDM arising from

neutral Higgs boson exchange at the one—loop level we find [104]

Que kyky Mg |3 M
dg = Im(Y; Y, - —1 .
T (YY) M? |2 "\ 2 S, (5.89)

q
where &; = (ag(My)/os(1))'?® ~ 0.12, and ¢ is summed over d, s and b. The neutron EDM is

determined using the quark model via
D,, =4dq/3 —d,/3. (5.90)
We find
Case (1): D, =1.809 x 10™*" e — cm,

Case (2): D, =6.091 x 107" e — cm, (5.91)
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which are well within experimental limits. The EDM of the electron is similarly found to be extremely
small from the Higgs boson exchange diagrams.
5.4.3 p — 3e and 7 — 3 decays

Tree-level Higgs boson exchange can lead to flavor violating leptonic decays such as 7 — 3p and

it — 3e. The effective weak interaction mediating such decays can be parameterized as

1
Gep = Z(Ye)]ﬁ(Ye)]ﬁW (5.92)
k k
The effective couplings are found for p — 3e for the two cases to be
Case (1): Geg = 4.432 x 107" G,
Case (2): Geg =4.191 x 107" Gp . (5.93)
And the couplings for 7 — 3u decay are
Case (1):  Geg = 45.721-107% Gp,
Case (2) : Geg =6.977-107% G . (5.94)

Such small effective couplings will lead to negligible contributions to the decay branching ratios. For
example, the branching ratio for 7 — 3 is of order 107, well below the experimental sensitivity. We

conclude that Higgs mediated FCNC in the lepton sector are all safe.

5.5 FCNC mediated by SUSY particles

In this section we turn attention to the flavor changing processes mediated by the supersymmetric
particles. The main motivation for the non—Abelian ()5 model was to bring such processes under
control by a symmetry reason. Here we analyze meson—antimeson mixing, flavor violating leptonic
decays, and the EDM of the neutron and the electron. We present our proposal to suppress SUSY
contributions to the EDM by making the Higgsinos of the model light, with masses of order 100 GeV.

Owing to the Qg symmetry, the first two family squarks (and similarly sleptons) are degenerate

in mass, while the third family, which is a ()¢ singlet has a different mass. In the fermion sector
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Q¢ symmetry is broken, which means that there will be SUSY loop induced flavor violation in the
model. Constraints on such flavor violation has been listed in Ref. [84-86] assuming all three families
of squarks are degenerate. While these results are applicable for the K° and D° system in our model,
they do not work well for the By, system. This is because the masses of the b and d, s masses are not

the same.

5.5.1 Generalized constraints for B; system

We have generalized the results of Ref. [85] by allowing for b mass to be different from the masses of

d:s. We define new parameters
(11p?) A,

) (5.95)
Maa p

d
YaB =
for A, B = L, R. We expect these y parameters to be of order one, but not very close to one. Taking
account of y # 1 we have generalized the constraints on the squark mixing parameters from BY system

as follows.

The effective AF = 2 Hamiltonian for By s system can be written as

5 3
Heg = ZCZ' Qri-zé'i Q
i=1 i=1

U

= 5162 ((010)1.0(24Qur fo(x, y) + 66Qu fo(x. 1)) + (51) n(24@r 2 fo(, y) + 660G fo(,y))
d

+(6%) 10 (0%) rr (504Quz fo (x, y) — T2Q4fo(x, y) + 24Qsx fo(z, y) + 120Q5 fs (2, y))

(582, (204Q0 fi (1, y) — 36Qs fa(m, ) + (6%)% £(204Q0 fi(x, y) — 36Qs fo(x, y))

+(6%) Lr(013) 2. (—132Qu f (w, y) — 180Qs fo(w, )}, (5.96)
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The functions fs(z,y) and fs(z,y) are

1 3 3
fe(z,y) = CE TR e 1)3[—1n:£(x+y+aty—3:c )y —1)
+ny(z +y + 2y — 3y*)(z — 1)°
120 = )y = (=2 +y+2% -y = " + ¢ + 2%y — 20|
3 1 2 13
fole) = G G Ty [2lnz-x(a? W)y —1)

+2lny - y(r —y*)(x — 1)

+(x -1y —1)(2* —y* +2° —y® — T2y + Toy® + 23y — :Ey?’)} : (5.97)

Generalizing the results of Ref. [85] we obtain the squark mixing coefficients (6%) 45 with A, B =
(L, R) as shown in Table 1. Here we have used the same input as in Ref. [85], so that for y = 1
our results coincide. We have used the next-to-leading order lattice calculation results for the matrix
elements. For some of the mixing parameters we made a simplifying assumption that y¢ and y$ are

equal.

5.5.2 SUSY flavor change in ()5 model
In the Q)¢ model the mass matrices of squarks in the flavor basis can be written as

100
(maha=mza| 0 1 0 |, (5.98)
0 0 y
q can be u or d, A can be L or R. Making the same unitary transformation on the squark fields as the

ones on the quarks which diagonalize the quark mass matrices, we find the mass matrices of squarks
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in the SUSY basis (where the gluino coupling matrix is identity in the flavor space) to be:

000
(mg)i, = 04 Pj(mg)],PiOg = m?zL I+ =1)0iP; | 0 0 0 | PaOq

0 01

543-107° 1.31-107* —0.0074

2

=mZ [T+@i—1)| 1.31-107% 317-107% —0.0178 ||, (5.99)
—0.0074  —0.0178  0.9996

Note that this matrix is real, a consequence of the phase factorization of the fermion mass matrix.

Similarly,

0.0367 —0.1339 0.1318

(M) ke =m2, |1+ Wh—1) | —0.1339 04801 —0.4816 || . (5.100)
0.1319 —0.4816 0.4742

_ 3.85-10-6 7.74-105 —0.0020 |

(ma)i, =map |1+ =1 | 7.74-107°  0.0016  —0.0394 ||, (5.101)

—0.0020  —0.0394  0.9984

1461075 2.94-10~%  0.0038
(ma)he =mag | I+ (e —1)| 2.94-1071  0.0059 —0.0768 || - (5.102)

0.0038 —0.0768  0.9941

K°— K0 mixing via squark-gluino loops have several contributions. The most stringent limit arises

from the (LL) — (RR) mixing, which requires [84]

|(y! — )| m
051+ 049 0171 <~ " 500 Gev ) - (5.103)

Here we have assumed y¢ = y% = y? and took the gluino mass to be equal to the first two family

squark mass. For first two family squark mass of 500 GeV, this translates to the limit 0.77 < y¢ < 1.24.
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For 1 TeV squarks, this limit is relaxed to 0.58 < y? < 1.48. We see that for y? order one, the most
stringent limit on squark mediated FCNC is satisfied.

The Qg model also generates significant (RR)(RR) contributions to the K° — K0 mixing. We find
0.68 < y? < 1.37 (5.104)

for squark and gluino mass of 500 GeV. This constraint is also easily satisfied in the model.

In the BY system, the analogous constraints are (from the (LL)(RR) operator)

|(y! — )| m
053+ 047 071 =~ "\ 500 Gev ) - (5.105)

This limit leads to 0.48 < y¢ < 1.85 for squark-gluino mass of 500 GeV. The (RR)(RR) squark mixing
gives no constraint from the By system. Similarly, there are no constraints arising from the D° system,
nor from other type of operators in the model.

In the leptonic sector, we find the (LL) slepton mixing (which is the same for the (RR) slepton

mixing) to be

2.93-107% —4.02-1073 —0.0167
(me)i, =mi, [T+ (Y5 —1)| —4.02-107  0.0550  0.2280 . (5.106)
~0.0167 0.2280  0.9447

There are stringent constraints on the mixing parameter ((d¢).r)12 from the decay p — ey [105].
On the face of it, the mixing presented above would appear to be in mild conflict with data by a
factor of few. However, since such a constraint is very week for the ((6°)rg)i2 mixing, we point out
that the flexibility in the lepton sector mass matrix can be used to make the (LL) contribution small

in exchange for larger (RR) contributions. That is, assume B < B' in Eq. (5.4).

5.5.3 Left—Right squark mixing and a solution to the EDM problem

So far we have ignored SUSY flavor violation arising from the left-right squark mixing. It turns
out that these operators do not give significant contributions to meson—antimeson mixing, since such

mixing have fermion chirality suppression. However, these mixing can generate new contributions to
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the neutron (and electron) electric dipole moments. Here we analyze constraints from the EDM and
suggest a simple solution to the SUSY EDM problem.

First, as shown in Ref. [90], the trilinear A-term induced phases align with the phases of the
fermion mass matrices, even without assuming proportionality of the A-terms with the respective
Yukawa couplings. This feature arises due to the phase factorization of the fermion mass matrix.
Left-right squark mixing also receive contributions from the superpotential p-terms. We derive the

mass matrix for the down squark sector to be:

0 6 0 00 0
(m2p=F"| 6, 0 o [+V2E | 0 0o 8, |, (5.107)
0 0 ayg 08, 0
with
F = ji3vus + f130a1, FY = pigivg3 + %vul. (5.108)

After the unitary transformations to the left and the right squarks, corresponding to case (1), we
have the (LR) mixing matrix in the flavor basis as
~1.75-107%* 4.14-10=* 3.09-107°
(M3)1r = Of Pa(mj)igPaOue = F{" | —4.46-107% 3.84-10 —5.45.10~4
0.0078 —0.0286 0.0282
453-107° —1.66-10"* —1.24-107°
+V2Fe A% 179104 —6.52- 10 2.18-1074 |, (5.109)

—0.0031 0.0115 0.0125

~1.62-107% 2.18-10~* —0.0014
(Ma)ir = Of Pu(ma)i pPucOue = FY* | —2.18-10"%  0.0022  —0.0283
0.0027  —0.0554  0.7168
3.24-10° —6.53-10~* 0.0042
+V2Fe A%l 6531070 —0.0131  0.0848 | - (5.110)
—0.0082  0.1661  0.0162
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with

H1 + 2
9 Vd1-

FI' = psvgs + p31va1, Fy' = psvgs +

-1.10-107> 2.85-107* 6.72-107*

(Me)2 g = OFP,(mg)2 pPocOce = F& | —2.75.107*  0.0039 0.0257

—4.89-107°  0.0047 0.0313

2.93-107% —-1.14-107* -2.69-107*

FV2EL e M| 110,107 —0.0043 —0.0103

1.96-107°  —0.0019 0.0093

Corresponding to case (2) these matrices are:

—2.25-107* 5.32-107* 3.97-107°

~ \2

(Mg)2p = OYPy(m)? PO = F© | —573.10% 4.93-10* —7.00-10~*

0.0100 —0.0368 0.0362

520-107° —1.90-10~* —1.42-10°°
FV2EL e M| 905,104 —7.48-1074 2501074

)

—0.0036 0.0131 0.0144

“211-107° 2.83-10~* —0.0018

(Ma)ig = OL Pu(mz)i pPucOye = FI™ | —2.83.107*  0.0028  —0.0368
0.0036  —0.0720  0.9319

1.41-107° —2.83-10~* 0.0018

FV2ER e A0l 983,107 —0.0057  0.368

—0.0036 0.0720 0.0070
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(5.111)

(5.112)

(5.113)

(5.114)



~1.41-107° 3.66-10~* 8.62-10~*
(Me)ig = OF Pe(me)} g PecOce = F{" | —3.53.10~*  0.0050  0.0330
~6.28-107°  0.0061  0.0402
3.36-10°¢ —1.31-107* —3.08-10*
HV2FTe M 1061074 —0.0049  —0.0118 |, (5.115)

2.24-107° —0.0022 0.0106

Note that these matrices are in general complex, since ﬂ"’d are complex because of the spontaneously
induced phases of the VEVs. This means that these matrices will contribute to neutron and electron
EDM. Since these complex coefficients are proportional to pv/m?, we find a simple solution to the
SUSY EDM problem: Let the u terms be of order 100 GeV, in which case one finds a suppression factor
of 1072 for the effective phase that enters the EDM expression. With this suppression factor, from
the (1,1) elements of these (LR) mixing matrices, we see that neutron and electron EDM constraints
can be satisfied, even with the spontaneously induced phases in the VEVs being of order one.

The proposed solution to the SUSY EDM problem has direct experimental consequences for LHC.
We predict that the Higgsinos should be light, and three such pairs of doublet Higgsinos should be
observable at the LHC. Their scalar partners, however, are inaccessible, since their masses lie in the

few TeV range.
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yYN\T 0.25 1.0 4.0 0.25 1.0 4.0
[Re(d73)r] Tm (¢, )|
025 (| 3.4x1072|1.6x1071 |25x1071 | 72x1072|34x107 | 1.2x 107!
1.0 [[62x1072]14x1071 | 7.0x 107" | 1.3x 107" [ 3.0 x 107" | 3.4 x 107!
4.0 | 1.6 x 107" | 2.7 x 107! — 3.3x 107" | 5.8 x 107! —
[Re(0f)re| = [Re(dfs)rL] T (0f;)re| = [Tm(df; )i
0.25 | 1.4x1072 | 24x1072 | 1.0x1072 | 44x1073 | 1.0x 1072 | 4.3 x 1073
1.0 |1.9x1072[21x1072|28%x 1072 80x 1073 ]9.0x 107! | 1.2 x 1072
40 [|48x107240x1072| 1x107" | 2x1072 | 1.7x 1072 | 4.6 x 1072
[Re(0f3)Lr| Tm (855 |
025 || 1.7x1072 [ 3.7x1072 | 1.6 x 1072 | 3.6 x 1072 | 8.4 x 1072 | 3.6 x 1072
1.0 {[3.0x1072|33x1072|45x1072|66x1072|74x1072]1.0x 107!
40 |75x1072]64x1072 | 1.7x 107 [ 1.7x 1071 | 1.4 x 1071 | 3.9 x 1071
[Re(0fs)Lr| = [Re(d%;)ru| Im(0fs)rr| = [Tm(0f3) e
025 |[ 1.4 x 1072 | 5.9 x 1072 — 2.3x 1072 | 4.4 x 107" —
1.0 | 26x1072|5.2x1072 — 9.0 x 1073 | 2.3 x 1072 —
4.0 |65x1072|1.0x 1071 — 23x107% | 4.4 x 1072 —

Table 5.1: Maximum allowed values for |Re(d%)ag]

parameter y is introduced, with y = m% / mfi. The definition of other parameters and their values

follow Ref. [85].
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CHAPTER 6

CONCLUSIONS

Leptogenesis provides a promising mechanism for baryogenesis. Combined with supersymmetry, lepto-
genesis offers more space for the problem of baryon asymmetry in the universe. In the supersymmetric
models the supersymmetry breaking B term is one source of CP violation. When B term is complex,
we realized soft leptogenesis. We considered the scenario in a different way from the traditional soft
leptogenesis in Chpater 3. A problem of soft leptogenesis is the extremely small B term to produce the
observed baryon asymmetry. The reason is because the mixing of decaying particles is only between
the real part and the imaginary part of the only scalar RH neutrino. Fine tuning is needed. One
way to avoid this problem is to introduce more fields, so that the generically complex Yukawa can
introduce new source of CP violation, as we did in Chapter 4.

As we did in Chapter 2, resonant leptogenesis is an attractive way for addressing baryogenesis
problem. Usually difficulty in the bayogenesis models is the magnitude of CP violation is very small.
The reason is that CP violation is a loop effect and furthermore, the Yukawa coupling in the neutrino
sector is tiny. In resonant leptogenesis scenario, the loop suppression is resonantly enhanced. This
opens large space for leptogenesis model building.

Different types of seesaw mechanism can be constructed. The masses of light neutrinos can be
generated through the exchange of tree-level SU(2)-triplet fermions. In this scenario, there is no
constraint of the upper limit of neutrino masses from leptogenesis, because neutrino mass constraints
don’t induce asymmetry washout effects. Resonant leptogenesis can still play its role in this scenario.
There will more complicated mixing between the triplet with constraints of symmetry. Ignoring flavor

effects and assuming strong hierarchy between the heavy fermions, the lower bound to the lightest
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triplet fermion is

M, > 1.5 x 10" GeV. (6.1)

This large mass is in contradiction to the abundance of gravitino in supersymmetric models. Resonant

leptogenesis can help decrease this mass limit.
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