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1. Motivation

Inflation
Inflation was suggested to solve the flatness and hoziron problems. The
fundamental idea of inflation is that the Universe undergoes a period of
acceleration expansion, defined as a period when a > 0, at early times. A
plausible scenario for driving such an accelerated expansion is provided by
scalar fields.
Matter-antimatter asymmetry
The baryon asymmetry of the Universe can be expressed as

Yap = 2B ;

S 0

where ng, ng are the number densities of baryons and antibaryons, s is the
entropy density, s = g,(272/45) T3 with g, is the number of degrees of
freedom in the plasma, and T is the temperature.
From Big-Bang Nucleosynthesis (BBN) and Wilkinson Microwave
Anisotropy Probe (WMAP),

YBEEN — (8.10£0.85) x 1071, Y{MB = (8.79 + 0.44) x 10711,
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All cosmological models agree that the Universe started with the same
amount of baryon and anti-baryon
= The baryon asymmetry must be generated dynamically.

Sakharov requires
> Baryon number violation
> C and CP violation
> Out of equilibrium dynamics

The candidate scenario is Leptogenesis. Singlet and heavy Majorana
neutrinos N; are introduced to provide mass to the light neutrinos via a
seesaw mechanism. These heavy neutrinos can decay into lighter particles
and create a lepton number asymmetry, which can be converted into a
baryon asymmetry,
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Dark matter
Evidence for dark matter

2 GM GM
@ — 2( r) :> VI‘Ot fy 7( r) s
r r r

where r is the distance of the tracer star from the galactic center and
M(r) is the galactic mass enclosed within this distance.

e

expected
from
— _ _ luminous disk
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M33 rotation curve

DM should be non-baryonic and cold, electrically neutral, stable (the life

time > the age of the Universe).
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2. The SU(3)c ® SU(3). ® U(1)x (3-3-1) Models

In general the fermion triplets in the 3-3-1 models are arranged as

Yat = (Var, €ar, Far) T ~ (1,3, Xy,),
QoL = (dar, —UaL, JaL)T ~(3,3%, Xq,),
@31 = (us, dar, J31) T ~ (3,3, Xq,),

where the index a=1,2,3 and a =1, 2.

The electric charge operator is given by Q@ = T3 + 8Tg + XI.

How to define X charges?

1-The electric charge is conserved requiring

RQ<x>=0, Q<n>=0, Q<p>=0

2-The Yukawa Lagrangian needed to generate mass to all quarks is
invariant under the U(1)x

3-The anomaly condition Tr[SU(3).J*[U(1)x] = 0

4-The relations of Xy, and the electric charge of leptonic particles are
obtained by applying the electric charge operator on the lepton triplet.
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The minimal 3-3-1 model: F,; = (e),;, with (e). = (ear)€

1. B
qea = _qeg :>Xr¢ya == Z—i_m.

All X charges of triplets and singlets can be expressed in a single
parameter 3. Using qe, = —1 then 3 = —+/3. Therefore,
1 2
Xp. =0, Xo=-—=, Xo,==
TZJa Y Q 37 QB 37

2 1 4 5

qua = ga qda = _gv an = _ga CIJ3 = §

The 3-3-1 model with neutral fermions: F,; = (N¢),;, with
(Nar)C = (N)aL
We get 8 = —1/\@, and
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3. Investigation of Dark Matter in Minimal 3-3-1

Models

> There is no dark matter candidate in the original 3-3-1 model. One
might introduce a Z, symmetry so that one scalar triplet of the
theory is odd, while all other fields are even under the Z, symmetry.
The odd particles act as inert fields. Therefore, the lightest and
neutral inert particle is stable and can be a dark matter candidate.

> The minimal 3-3-1 model originally works with three scalar triplets
p=(o1:08,03") n=(ndsny,n3), x = (i X2~ x3)-

> In order to enrich the inert scalar sector, one can consider the reduced
3-3-1 model by excluding 7, or the simple 3-3-1 model by excluding p.
The reduced 3-3-1 model gives large flavor-changing neutral currents
as well as large p parameter.

> The simple 3-3-1 model with the replication of 1 or of x, which are
additional inert scalars, can provide realistic dark matter candidates.
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The simple 3-3-1 model
The model works well with two scalar triplets as

L(u+ S1+iAr)

V2
n = 772_ N(17370)7
0
X1
X = Xa ~(1,3,-1).
\%(w+53+iA3)

The scalar potential is given by

Vample = #3n'n + 13X x + M(n'n)? + Ao (x"x)?
+A3(n') (X)) + Aa(n'x) (x'n),

where p1 2 have dimension of mass, while A2 34 are dimensionless.
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The Higgs sector contains

+ eight Goldstone bosons Gz = A1, Gz = As, GaEV = néc, G$i = Xéci

and Gf = c@ﬁE — 59773i ~ Xli (tg = 2 — 0 since u < w)
+ four massive scalars

2 ’
2 2
H ~ 53, my = 2)\260 X
A
H* ~ n3i7 m,z_,i ~ 2402,

2

The gauge boson masses arise from the Lagrangian

Y (Du(®))T(D*{®)),

d=n,x

where the covariant derivative is defined as

Dy, = 0, + igstiGj, + igTiAj, + igx XB,.
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The gauge bosons with their masses are respectively given as

A1 F iAz 2 g2 2
wt="""2" m =2y
V2 o W e
Ay F iAs 2 g2 2 2
XT = my = =—(w* + u”)
NI ’
; 2
Y+F AG\%A?, m%,:—i w?,

A=swAs+ cw <—\/§twA8 +4/1— 31’5VB> , my =0,
g2
Z1 ~ cwAs — sy <—\/§tWA3 +4/1— 3%5) . m% ~ Fu{
w
/ 2 V3 2 g’y 2
Z>, ~4/1-3t5,A 3tw B, ~—= A,
2 whe+ W Mz, 3(1— 455V)w

where sy = e/g = t/V/1+ 4t2, with t = gx/g.
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The Yukawa Lagrangian is given by

Ly = hi3Q3xJar + hlsQarx* IR
u
+h4,Q3nuar + %Q@LnxuaR
_ hd _
+h2,Qarn dar + %Q3L"7*X*daR
h;eb 7 C *
ﬁ( aLmX)(WbLx™)

SV 0 * *
+ﬁb(¢§m )(¥pLn*) + Hee.,

+h§b1;§L¢bL77 +

where the A ~ w.
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The simple 3-3-1 model with 7 replication
(called n/-model for shortcut)
An extra scalar triplet that replicates 7 is defined as

Sl + i)
77, = 7]2_ N(17370)
s

The 7' and 7 have the same gauge quantum numbers but 7/’ is assigned as
an odd field under the Z,, ' — —1/, so <1’ >=0.
The scalar potential includes the Vgimple and the terms contained 7/,

V= w2 +xa (™) + (™) (™) + xs(xx) (')

+xa(n'n) (') + xs(x ') (' Tx) + E[Xe(n'Tn)z + H.cl].

Here, 1,/ has mass dimension, while x; (i = 1,2,3,...,6) are dimensionless.
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The states Hj, A, 5" = H5® and 05" = H* by themselves are physically
inert particles with the correspondmg masses as follows:

1
2 _ 2 2 2 2 2
My = Mn/+§(X4—|—X6)U M= Mn,+§(X4—x6)u ,
1
miléi = M72]/, miléi = M,rz]/ + §X5OJ2,

where M2 = 12, + 3x0u® + 3x3w?. If Hi (or A7) is the lightest inert
particle (LIP), it can be the dark matter candidate.

Due to the Z, symmetry, the inert scalars interact only with normal scalars
and gauge bosons, not with fermions.
The interactions of the inert scalars with gauge bosons are given in

Lore = —igl (TiAL)0"n] + He.,
chere = N (TiA)™n].
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The simple 3-3-1 model with x replication
(called '-model for shortcut)
The x replication takes the form

>§1
X = X% ~(1,3,-1).
5 (H3 + iA3)

The ' is assigned odd under the Z, symmetry that requires < x’ >= 0.
The additional potential due to the Y’ field is given as
Ve = 22X + ™)+ 2 (¢X) + (X))

+ya(n' ) T) + ys (X ) (X Tx) + %[ye(x”x)2 +Hel.

1 1
2 2 2 2 2 2
mHé = MX’ + 5(}’5 + )/6)W 3 mAé = MX’ + 5(}/5 - )/6)W ;
1
mi/éii = M>2</, miI{i = M>2</ =+ §y4u2,

where Mf(, = ,uf(, + %y2u2 + %y3w2. If H; (or A%) is the LIP, it can be the

dark matter candidate.
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Dark matter

The coupling A1 is constrained by the mass of the SM Higgs, m, = 125
GeV. Fix )\2 = )\3 = )\4 =0.1.

In 1’-model:

The inert particles are Hj, A}, Hy*, H;=. With the condition

X6 < Min{0, —xa, (w/u)?xs — x4}, Hj is the LIP = H] is the DM
candidate.

Fix

X1 = 0.01, X2 = 0.03, X3 = 0.01, X4 = 0.07, X5 = 0.08, X6 — —0.09.

My depends on 1,y and w.

In y/-model:

The inert particles are Hii, H;ii, H;, A. If we assume that

¥6 < Min{0, —ys, (u/w)?ys — ys}, Hb is the LIP = H} is the DM
candidate.

Fix

y1 = 0.01, y» = 0.04, y3 = 0.058, ys = 0.01, ys5 = 0.05, y5 — —0.06.

My depends on i,/ and w.
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We figure out the relic density as a function of DM mass for w = 3 TeV
(red), w =4 TeV (green), and w =5 TeV (blue). (The horizontal line is
the WMAP limit on the relic density.)
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4. Inflation and Leptogenesis in the 3-3-1-1 Model

Motivation of the 3-3-1-1 model

> In the 3-3-1 model the lepton number of three components in a
triplet are different, so the lepton number operator does not commute
with the generators of the unitary group SU(3),. So, one constructed
lepton number operator as the combination of T3, Tg, and charged £
with the relation L = o/ T3 + 3’ Tg + LI. L is considered as a global
symmetry.

> Since T3, Tg are gauged charges of the SU(3), symmetry, L, L should
be gauged or local generators.
= We extend the gauge group SU(3)¢c ® SU(3). ® U(1)x to
SUB)c®SUB)L @ U(1)x @ U(1)n (3-3-1-1), where N =B — L,

B = Bl so that the anomalies associated with U(1)y and with the
usual 3 — 3 — 1 symmetry obviously vanish.
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> The Higgs scalar breaks the U(1)y symmetry can play a role of
inflaton.

> The right-handed neutrinos not only solve the small masses of the
observed neutrinos through a type | seesaw mechanism but also can
be a source for the CP asymmetry.

> We apply the extension to the version with neutral fermions because
there are some odd particles under the parity P = (—1)3(B=0+2s,
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Review particles in the 3-3-1-1 model
Particle content
The fermion content of the 3-3-1-1 model which is anomaly free is given as

Val
T/JaL = €al ~ (1737_1/37 _2/3)7
(NaR)C
Var ~~ (171707_1)7 €ar (1717_17_1)7
dal u3(
QaL _ Uy ~ (3’3*7070)? Q3L = d3L ~ (3,37 1/3,2/3),
Dot UL
ur ~ (3,1,2/3,1/3), dir~(3,1,-1/3,1/3),
Ur ~ (3,1,2/3,4/3), Dar~(3,1,-1/3,-2/3),

where the quantum numbers located in the parentheses are defined upon
the gauge symmetries (SU(3)c, SU(3)., U(1)x, U(1)n), respectively.
The family indices are a=1,2,3 and a = 1, 2.

The N, are the neutral leptons and U, D, are the exotic quarks.
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To break the gauge symmetry and generate the masses in a correct way,
the 3-3-1-1 model needs the following scalar multiplets with their VEVs
conserving @ and P:

1
p = (p1.03.03)" ~(1,3,2/3,1/3), (p)= =00, v,0)7,
_ 1
n = (n?7n2vng)T-“’(173a'_1/371/3)7 @ﬁ 2244§(U,O,O)T,
_ 1
X = (Xcl)7X2 ’Xg)T ~ (1737 _1/37 _2/3)7 <X> = 72(0707“‘))7_7
1
~ (1,1,0,2), = —A.
) ( ), (®) 7

The gauge group SU(3); ® U(1)x ® U(1)y is broken:
SUB)L®@ U(1)x @ U(1)n — U(1)q ® U(1)p-1.

21/38



The Yukawa interactions and scalar potential are obtained as

Lyvukawa = hSpaipesr + hipybanver + WavSeverd + hY Qs x Ur
+h,§’ﬂ QoL X" Dsr + h? Qarnu.r + h Qs pdar
+hgaOaL77*daR + hgaOaLp* Usr + H~C7

V(p.n.x,®) = 1ip'p+bxx + m3n'n + M(p'p)” + Aa(xx)?
+23(n'0)? + Ao p) (XTX) + As(pTp)(n'n)
+e (X)) + A (0" x)(XTp) + Xs(pn)(n"p)
(X ) ('X) + (FE™Pnmpnxp + H.c.) + 1?¢'¢
+A(076)7 + Mo(278) (T p) + Aa(670) (X x) + Aa(670) (n'n).-
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Scalar sector
We expand the neutral scalars around their VEVs such as

o7 &au+5y+Mﬂ
p = %(V+52+IA2) ; n = 77; ;
o (S5 4 i4)
1 .
Vit ) b (At Syt i)
= : ~ — iAg).
X X2 VA 4 4

5w+ S5+ iAs)

We assume that f,w are the same order and A > w > u, v. The physical
fields with respective masses can be written as:
For charged scalars,

H- — YXp twps H- — VT +upy
4T Va0 T e
G- — WX, —VP3 G — un, —vp;

Y Vv2ge? W Vv o
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The pseudoscalar Ag is massless.

uilAl + V71A2 + w*1A3

A=
\/U_2 + V—2 + w—2
G —UuA; + VA, C —w N (uT AL+ v A + (b + vT2) A
- 77 Z/ - ]
z Vu?+v? Vw2 +v2+w2)(u2+v2)
Gy — wx1 — unz o — uxi +wns
Vi +w?’ Vu? + w?
For neutral scalars,
S S —vS S
o= itV TVt s Hy~ S,

VuZ Fv2’ VizFv2
H is identified as the SM Higgs boson.
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Gauge sector

A1 :FIA2 A6 :FIA7 A4 —iA5

Wi = 2w T oy Aen T A7 yo  Aap Mo

: V2 g V2 g V2

2 1 20, 2 2 2 1 2.2 2 2 1 20,2 2
MW:Zg (" +v7), Mvzzg (v +w), szzg (u” + w).

V3 < t1

M? = O(exact!), A, = ——— (t1A3, — —A +B>.

8l ( ) e \/W 14833 NG 3 H
ZZLV ~ Cy, v~ 4g2t2N2,

71 V3+ tl t1 (V3t1As, — 3By) 2, = g2(u? +v?)

1

iz 2 )
\/3+4t1 \/3+t1\/3+4t1 A4
72~ V3 A, 2 gecpw?
Y e B M2 = (3-452)
\/3+ 8 \/3+t1 w

Note that we have set t; = gx/g, t = gn/&g.
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Fermion sector
From the Lyykawa, We obtain the Dirac masses for all quarks and leptons.
The right-handed neutrinos get Majorana masses in the form

% ,%m,’j\/’VR -+ H.c., where

[m ]ab = —\fh/b/\

The observed neutrinos (~ v ) naturally get small masses via a type |
seesaw mechanism,

oA
The masses of the neutral fermions Ng can be generated via an effective
operator invariant under the 3-3-1-1 symmetry

mcff D( M)—l(mD)T ~ (hy)2 Ll2

y = —my

A " *
o Ve (00" + He,

w2

[Mng]ab = _/\abﬁ-

Assume that M ~ w then my, ~ w.
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In brief,

> After spontaneous symmetry breaking, there are
@ 9 goldstone bosons A4, Gz, Gz, Gx, Gx, fo, Gatv,
@ 9 massive gauge bosons ZN, 71, 72 X0 X% Y+ W= and one
massless 7,
@ 4 neutral Higgs bosons H, Hy, H>, H3, one massive pseudoscalar
A, complex Higgs H', H'*, 4 charged scalars Hjt, H;E
> The mass of Hz, ZN, vg is proportional to A.
The mass of other new massive particles, A, Hy, Ho, Hjt, H_f, H', H™,
73, X2, X0, YE, U, Dy, Ng, is proportional to w.
> In this model, L(Gx, H*, H, , Gy, X%, Y ™) = 1 while the remaining
Higgs and gauge bosons have zero lepton number.
> The Majorana masses of the right-handed neutrinos violate L with 42

units — The decay of Majorana right-handed neutrinos can generate
the lepton asymmetry.
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Generation of inflation in the 3-3-1-1 model

The scalar singlet ¢ is completely breaking U(1)y. We expect that the
VEV of ¢ is very high and consider the singlet scalar ¢ plays the role of
inflaton field.

We identify the inflaton with the real part of the B — L Higgs field,

® = v/2R[¢]. In the leading- log approximation, we obtain

A )
V() = Vireo + Ve ~ Z(¢4 + 3 d%*In Z)’

where 0)2

a = %7 a=f(hy,gn, Mo,11,12)-
We can express the number of e-folds N, the spectral index ns, the tensor
to scalar ratio r (a canonical measure of gravity wave from inflation) and
the running index « in terms of a’, A, ®. Experiments require
ns € (0.94,0.98), r € (0.001,0.15), o € (—0.0314,0.0046).
We fix N= 60.

V() =0 =< & >~ 23.6mp,
mo = /V"(D)|y__4o ~ 2.67 x 108GeV.
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Leptogenesis

CP asymmetry
The Majorana neutrinos are defined as

C
ViM = ViRt Vg,

C
ViE = Vi +Vj,

C
N, = NiR+N,'R-

évimH: N;H'vip interactions violate the lepton number
= vk can generate lepton asymmetry.
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) _ T(wm — e+ HY) —T(vim — & + Hy )

Vim 2rukM
1
~ gauge transportation|ss Z Tm[hj" hi]

81 Cy [ ] -
4
S, v v

tgoe D VE |1 (1+g)loglL+1/g] + (1 - g) '] Iml(h""")ghi ),

j
where I, is the total decay rate of vy at tree level,
m;,
&= msz’ (2+5ﬁ)z i = 2+ s3)(BTH ), ts=v/u.

Ykm

5,-(2) - r(I/kM — N; + H/*) — r(IJkM — N; + H/)

Vit 2r

Ykm

~3 lC [gauge transportatlon] Zlm[ " i

e Z@[ (1+ g)loglL +1/g] + s3(1 — )| Im[(K"h)ughic” ),
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Yukawa coupling matrix

h” matrix is required to be complex.

If we ignore

-the mixing between the charged lepton

-the mixing between heavy Majorana neutrinos,
the most general h” matrix is given by

,_ V2. ,
h = TDlag(\/mylM,\/m,,ZM,\/m,,w).R.D/ag(./myl,1/ml,2,1/m,,3).UT,

where R is an orthogonal matrix expressed in terms of arbitrary complex
angles 01, 02, 93 as following

58 B -95G 8% - A5G

R = Ebgj Eﬁz% —>§i§§§é ——3123 —>Eﬁ§b§3 R
5 s162 o

where ¢; = cos;,s5; = sinf;, i = 1,2, 3.
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U = Upnns.P,
_is

C12€C13 S12€13 513€
Upnns = —S512C23 — C12523$13E""s C12C23 — 512523513<9"‘s 523C13 ,
512523 — C12C23S13e'.(S —C12523 — 512C23513€'.(s C23C13
1 0 0
P = 0 €7 0 ,
0 0 e

where ¢;;j = cos 0}, sjj = sin0;,
sin? o3 ~ 0.466, sin?601p ~ 0.312, sin® 63 ~ 0.016.

Am,,12 = ml2,2fm,%1 =7.53x107%eV?, Amg23 = m12,3*m,2,2 = 2.44x10 3eV2,

d is unknown CP violating Dirac phase.

o, p are the CP violating Majorana phases.

h%, are function of the phase ¢, p, o, the heavy maJorana neutrinos masses
and the complex angles. For simplicity, we assume 91 = 92 = 03 =0

32/38



Thermal production

In the thermal scenario, the heavy Majorana neutrinos are produced in a
thermal bath.

For the channel vip — e,-H;, ejHg the CP asymmetry depends on flavor
because L;(e;) = 1. However, since L(N;) =0, L(H") = —1, the CP
asymmetry due to the decay vy — N;H™*, N;H' is considered flavor
independent.

Assume that v1p < vopm, V3m.

We consider the CP asymmetry due to the decay of the lightest heavy
Majorana vy .

The baryon asymmetry is related to the lepton asymmetry as

8 .
YaB = —15<i;3 Yar+ YgL)
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Im(6)

Figure: Contour plot of Yag in the region 5 x 107! < Yap < 10719 on the
plane of the complex angle 6 for § = 4.3 rad, 0 = —1.5 rad, p = —1 rad,

[

=)

NSO

Reld]

my, = 2.67 x 1013 GeV, < ¢ >= 23.6mp, m,,,, = m,,,, = 103m,,,,, m,,,, = 10°

GeV, m,, = 0.01 eV.
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Non-thermal production
The heavy Majorana neutrinos are produced through the direct

non-thermal decay of the heavy H3 Higgs boson.
The total CP asymmetry is the summation of all flavor CP asymmetry,

Evg = 3 (61D 4 i) = 3 Bl ") 5]°] o1t
B (h*Th" )k 7T 160my/g

The lepton asymmetry is related with the CP asymmetry through

3 Tr 90
YAL = EngM X Brk X mH3, TR = (7(_2

1
) (Th,mp)?, g* = 106.75,
Bri denotes the branching ratio of the decay channel H3 — vipvim.
Assumed that m,,,, < my, < my,,, ~ My,,,, My, < mzn and
I'(H3 — hh) < T(H3 — vimrim) when Ajg.11.12 are negligibly small,

therefore,

3 Tr
YAL ey X —-
2 mp,
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Re{d]

Figure: Contour plot of Yag in the region (5 x 107! < Yag < 10719) on the

plane of the complex angle 6 for §=4.3 rad, 0=-1.5 rad, p=-1 rad, m,,=0.01 eV,
my, = 2.67 x 1013 GeV, < ¢ >= 23.6mp, m,,,, = m,,,, = 10** GeV,
my,,, = 10* GeV (red) and m,,,, = 10° GeV (blue).
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We have considered two versions of the 3-3-1 model:

> The minimal 3-3-1 model behaved as the simple 3-3-1 model with
two scalar triplets 7 and x has been reviewed. The original simple
3-3-1 model does not contain dark matter. By introducing an odd
Higgs triplet (' or x') under a Z, symmetry while all other fields are
even, the simple 3-3-1 model with the replication of 1 or of x can
provide the dark matter candidate.

> The 3-3-1 model with neutral fermion is extended to the 3-3-1-1
model in order to generate inflation as well as explain the baryon
asymmetry of the Universe. The U(1)y, where N =B — L is
considered as a gauged charge, is broken by the singlet ¢ at GUT
scale. ¢ can play role of inflaton.
The model contains the heavy Majorana neutrinos, which can be
produced in a thermal bath or by decay of the Higgs singlet Hs, real
part of ¢. Both thermal and non-thermal productions have been
calculated. The baryon asymmetry is in agreement with experimental
result in both cases with different choice of the complex angle 6. .,



Thanks you for your attention!
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