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Inflation and leptogenesis in the 3-3-1-1 model
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We consider the SU(3). ® SU(3), ® U(1)y ® U(1)y (3-3-1-1) model at the grand unified theory
scale with implication for inflation and leptogenesis. The mass spectra of the neutral Higgs bosons and
neutral gauge bosons are reconsidered when the scale of the 3-3-1-1 breaking is much larger than that of the
ordinary SU(3). ® SU(3), ® U(1)y (3-3-1) breaking. We investigate how the 3-3-1-1 model generates
an inflation by identifying the scalar field that spontaneously breaks the U(1), symmetry to inflaton as well
as including radiative corrections for the inflaton potential. We figure out the parameter spaces appeared in
the inflaton potential that satisfy the conditions for an inflation model and obtain the inflaton mass an order
of 10" GeV. The inflaton can dominantly decay into a pair of light Higgs bosons or a pair of heavy
Majorana neutrinos which lead, respectively, to a reheating temperature of 10° GeV order appropriate to a
thermal leptogenesis scenario or to a reduced reheating temperature corresponding to a nonthermal
leptogenesis scenario. We calculate the lepton asymmetry which yields baryon asymmetry successfully for

both the thermal and nonthermal cases.
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I. INTRODUCTION

Cosmological inflation is a popular postulate for the early
universe. It can solve the difficulties of the hot big bang
theory and provide the predictions for quantum fluctuations
in the inflating background. In order to recover the con-
ventions of the hot big bang theory and to know how the
Universe is reheated, we must understand what is the
inflaton field, and how it is connected to particle physics.
These problems were first investigated with the chaotic
inflation scenario by Linde [1]. According to this scenario,
the inflation may begin even if there was no thermal
equilibrium in the early universe. It can occur in a theory
with a very simple potential such as V(¢) o ¢*. There is no
limit to the theory with a polynomial potential: Chaotic
inflation occurs in any theory where the potential has a
sufficiently flat region [1]. On the other hand, the recent
measurements of B modes by BICEP2 Collaboration [2]
have yielded very interesting results, which could be the
direct measurements of quantum gravitation excitations
from the early universe. The ratio of the tensor and scalar
1s measured as 0.16f8.'g§’. Combined with the Planck and
WMAP measurements suggests that the inflation model
must be a larger field model. Hence, the inflationary scenario
does not work on the framework of the Standard Model
(SM) without a nonminimal coupling to gravity.
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Furthermore, what is the origin of matter-antimatter
asymmetry in the Universe? The neutrino experiments
such as Super-Kamiokande [3], KamLAND [4] and
SNO [5] have confirmed that the neutrinos have small
masses and large flavor mixing. According to the Planck
mission team, and based on the standard model of cosmol-
ogy, there exits dark matter (DM) which lies beyond the
SM. All the experiments call for extensions beyond the SM.
One way to extend the SM is to expand the gauge symmetry
group. There exists a simple extension of the SM gauge
group to SU(3). ® SU(3), ® U(1), the so-called 3-3-1
models. These models can explain the following issues [6]:

(1) Why the electric charges are quantized.

(i) Why there are only three observed families of

fermions.
(ili) Why top quark is oddly heavy.

(iv) Why the strong CP nonconservation is disappeared.

(v) 3-3-1 models can provide the neutrino small masses
as well as candidates for the DM [7-9].

There have recently emerged an extension of the 3-3-1
models, based on the SU(3). ® SU3), ® U(l)y ®
U(1)y (3-3-1-1) gauge group, which not only contains
all the good features of the 3-3-1 models as mentioned
[8,9], but also has the following advantages:

(i) The B — L number is naturally gauged by combina-
tion of the SU(3), and U(1), charges. It leads to an
unification of the electroweak and B — L interactions.

(i) The right-handed neutrinos appear in the model as

fundamental fermions that solve the small masses of
neutrinos through a type I seesaw mechanism.

© 2015 American Physical Society
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(iii) There exists a W-parity symmetry as a (Z,) remnant
subgroup of the gauge symmetry. Almost all the new
particles have wrong lepton numbers transforming
as odd fields under W-parity. The lightest wrong
lepton-number particle is identified to the DM.
Because of W-parity conservation, the model can
work better under experimental constraints than the
3-3-1 models.

Other highlights of the 3-3-1-1 model is that the energy
scale of the symmetry breaking U(1), can happen at a very
high scale like the grand unified theory (GUT) one [8]. The
inflationary scenario can be linked to U(1), breaking and
driven by the Higgs ¢ potential. Due to the local gauge
U(1), symmetry, a radiative correction to the inflaton
potential can arise from the coupling of inflaton
with the U(1),, gauge boson (Z,). There exist the couplings
of inflaton ¢ with right-handed neutrinos and Higgs triplets,
which also contribute to the inflation potential. We would
like to stress that the well-known advantages of a sponta-
neously broken gauge U(1), symmetry include a seesaw
mechanism for the neutrino physics [8]. The presence of the
right-handed neutrinos that directly interact to the inflaton
may be compatible with the leptogenesis scenario. The aim
of this work is to show that the chaotic inflationary scenario
can be driven by the singlet Higgs ¢ potential. We also focus
on how the leptogenesis happened after the inflation through
the couplings of the right-handed neutrinos.

Our paper is organized as follows: In Sec. II, we briefly
review the 3-3-1-1 model and especially concentrate on
the Higgs and gauge boson spectra in the large A limit. In
Sec. III, we present the inflation model by assuming the
singlet Higgs ¢ as an inflation field. The leptogenesis
related to the matter-antimatter asymmetry of the Universe
and neutrino properties is studied in Sec IV. Finally we
summarize our works in Sec. V.

I1. BRIEF DESCRIPTION OF THE 3-3-1-1 MODEL

The fermion content of the 3-3-1-1 model is given
as [8.,9]

~(1,3,-1/3,-2/3), (1)

Vg~ (1,1,0,=1), e~ (1.1,=1,=1), (2)

daL

Qut = ~(3,3%,0,0),

—Uqr,
DaL
U
Q3. = | das
Ur

~(3.3,1/3,2/3), 3)
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ur~(3,1,2/3,1/3), dg~(3,1,-1/3,1/3), (4)

Ur~(3,1,2/3,4/3), Duor ~ (3,1,-1/3,-2/3), (5)
where the quantum numbers in the parentheses are defined
upon the gauge symmetries [SU(3)., SU(3),, U(1)y,
U(1)y], respectively. The family indices are a =1,2,3
and @ = 1,2. Ng, U and D are the exotic fermions, which
have incorrect lepton numbers. The other fermions have
ordinary lepton numbers. Note that the neutral fermions Np
are truly sterile since they do not have any gauge inter-
action, which contradicts to the vp ones as usually
considered.

To break the gauge symmetry, one uses the following
scalar multiplets [8]:

Py

p= M | ~(1.3.2/3.1/3).

e

n
n=|n

3

~(1.3,-1/3,1/3), (6)

x= x| ~(1,3,-1/3,-2/3), ¢~ (1,1,0,2),

(7)

with the vacuum expectation values (VEVs) that conserve
electric charge and R-parity being respectively given by

1 . oo
<p>:\/§(0,1j,0) ’ <77>_\/§( 7O’O) ’
1 r 1

The pattern of the symmetry breaking of the model is given
by the following scheme:

33-119%7SU(3)e @ U(1), ® U(1),,,

HLSUG)e ® U(1), ® P, 9)

where the electric charge Q, B — L and matter parity P take
the forms,

1 2
Q=T,-—Ts+X, B—L=-—7T3+N,

V3 V3
P = (=1)3E-1), (10)
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Here, T;(i =1,2,3,...,8), X and N are the SU(3),, U(1)y and U(1), charges, respectively.
The Lagrangian of the 3-3-1-1 model is given by [8§]
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- 1 , 1 , 1 )
L= Y Ui+ > (DM)(D,D) - GG = A A~ BB
fermion multiplets scalar multiplets
1
_ZC/WC’W - V(pv mx, ¢) + [’Yukawzn (11)
where the Yukawa Lagrangian and scalar potential are obtained [8,9] as follows:
Lyukawa = BpWarpesr + hoyWarvpr + 1 05rvord + hY Qa3 Up + hD001 " Dig
+ hZQSLnuaR + thSL/)daR + hgaQaL’]*daR + hgaQaLp*uaR + H'Cw (12)
V(p.n. . d) = pip'p + 152 + w30 n+ 1 (p'p)* + A (xx)* + 23(n'n)?
+24(0") ") + 25 (0" p) (1) + 26 (o) (')
+ 420" 0 'p) + A5 (0" ) (0" p) + 20 (') (') + (fe™ P 1pay, + Hec)
TP+ ADTD) + 210(d ) (P'p) + 211 (DT D) Tx) + A (BT ) (). (13)
|
Because of the 3-3-1-1 gauge symmetry, the Yukawa P
Lagangian and scalar potential as given take the standard e S A ]
forms which contain no lepton-number violating interactions. P=1Va (v Sy +idy) |
The fermion masses that result from the Yukawa Py
Lagrangian have been presented in [8]. The phenomenol- (4 S, +iA,)
ogy of the 3-3-1-1 model with the A scale of the U(1), V2 _1 !
breaking comparable to the @ scale of the 3-3-1 symmetry n= m ;
breaking has been studied in [9]. Below, we will compute € (S% + iA%)
. /3 W3 3
the physical states and masses for the scalar and gauge e
sectors in the limit A > w, which is needed for our further V) (8] +iA})
analysis. x= X ; (14)
5 (@ + 83 + iAs3)
A. Scalar sector
In this part, we identify the physical particles in the scalar 1
sector. We expand the neutral scalars around their VEVs [8] p~—(A+ S, +iA,). (15)
such as V2
|
In the scalar sector, all scalar fields with W-parity even, S, S,, S5, 54, mix via the mass matrix such as
213u2—%f% lyw—i—%fa) %uw—l—%fv Apul
1 2 _ 1 ruw 1
= Asuv + ﬁfa) 240 \/zf @ l4ov + \/ifu AovA (16)
/I6ua)+%fv /14wv+%fu 212w2—%f% A oA
/112uA 1101}/\ /1110)[\ 2),/\2
We assume that A > w ~ —f > u, v then the mass matrix given in Eq. (16) has form as
c BT
M: = , 17
= (55 17)
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where ( 1 BiA-! >
U =
—A-'B 1
A= 2/1A2, 18 ul
(18) 10 0
0 1 0 2o
B = (/112MA ﬂlol)A ﬂlla)A), (19) = 0 0 1 oy |’ (21)
270
ST Wl S
2/13u2—]\7§”; /15uv+f\/—’% iéua)—&—%
_ fo 2 _ fuw Ju transform M2 into approximately block-diagonal form:
C= /15m}—|—\/§ 24v T /141Ja)—i—\/2 . (20) s pp y g
Sfv Sfu 2 _ fuv _
AU + Na A0 + NG 2o NP UIM%U o ( C— B(;A 1B 1(;)) . (22)

Since (A> —f,w> u,v), we get A> B,C. The o
matrix given in (17) can be diagonalized by using  In thelimit (A>> —f > u,v), U=1then Hy = S, gets
block diagonalizing method. The approximately unitary ~ mass mz = 2AA%. S, S,, S5 are mixing with the mixing

matrix U, mass matrix obtained as

292
2 _ fro U /1]2 fo _ uvdigln fv _ uwlyidp
2/1314 — /151411"‘_\/5 — /161460+\/§ 2

V2u 22 2)
TA— [ uviipin uw Uz/ﬁ u vwlipAiy
C—-B'A"'B = 15’“}"‘%_/12—,[{/1 2/111}2_%_ o /141}0)4_%_’12—;/1 ) (23)
v uwiydp U vwliply w07
AGMCU‘F%_# ﬂ4’lja)+%_% 2/12602_&5@_7
At the leading order (—f, @ > u, v), the mass matrix given in Eq. (23)) can be rewritten as
fro  fo
Vv 0
L _Le 0 : (24)
0?2
0 0 2/120)2 - Tll
The physical fields with respective masses can be written as
MSl + US2 2 —USI + MS2
H=——=, mz =0, H =—,
fu?+1vHo (422, — 23))@?
m%ll :—W, Hy, = S3, m%—lz :2—/1”' (25)
In the new basics, (H, H;, H,), the squared mass matrix given in (23) can be written as
C/ B/T
<B’ Al > (26)
where
C — v} (42 = Ag) — u (A7, — 4443) = 200> (Aypdiy — 2A4s) (27)
2(u* 4+ v?)A '
MU(UZ(AI()(—AI() + /111) + 1(4/11 - 215)) + ”2<_/110/111 + /1%1 - 4/1/13 + 2/1/15))
2, .2
B — 2(u* 4 v*)4 (28)
2V2fuvd — (v (Aiohy — 244) + u? (41 A12 — 2446))
2V u? + v?A
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—V2f(? + v?) 2wl + uv* (= (Aig — A12)? + 44(4) + 23 — 1s5)) V212 =02 ) At uveo(=Aygh A Ao -+2A04 =220

A 2uv(u® + v*)A 20/i 0% 29)
\/if(uz - 1)2)1 + Ml)(l)(—/hoﬂll + /111/112 + 2/1/14 - 2/1/16) _ \/if'uﬂ/1+w3(/1f]—4l/12) .
2Vu? + %2 ot

Since —f,w > u, v, we get A’ > B', C'. If we kept explicitly the O(*"), the H,, H,, H Higgs bosons can gain mass by
using block diagonalizing method as

u,v
2 2 ’
mi, —mHl+(’)<w>,

u,v
o 2 ’
mHZ—mH2+(’)<w),

n V(4 = Ay) — ut (A, — 44s) = 20 0* (aodis — 2445)
mH =

2(u? + v?)A
1 2
+ my +m;—-+my=— |, 30
2V + )M, — 423) ( o wz) G30)
where
mo = V2(v* (Aiody — 244) + 12 (Ayy g2 — 2406))?,
my = 8uvd(v*(=Aiohy + 2444) + u (<A1 A + 244)),
m, = 8v2uv? 2. (31)
|
For the remaining fields in the pseudoscalar sector, the uTlA| +07A, 07 lA
..o, o A= (34)
mass spectrum is similar to that of work given in [9]. Let us Vil + o2+ o2

give a brief result.
(i) The pseudoscalar A4 is massless and is identified to

the Goldstone boson of Zy. For charged scalars, the mass spectrum is seminar
(ii) Two other fields are massless that are identified to to that of work given in [8].
the Goldstone bosons of Z and Z’ — -
- _ U op3
—MAl -+ ’UAZ ! U2 + 602
G,=———— v, + upy
Vu? + 2 -2 T
v 0= e (35)
Gor — —o W (u A + 07 AY) + (7 + v72) A
Z \/ (u—2 + 2+ w—z)(u—z + 0—2) ' with respective masses
(32 Ly
u
mi,4 = (5/17 - 7 )(v2 + @?),
(i) One neutral complex Goldstone boson, Gy = ) f v
wy | —un; . w
5 that is eaten by X gauge boson. m = <—/1 - > u? + v?). 36
i+ a? e Hs 2 8 \/ZMU ( ) ( )
(iii) One neutral complex Higgs , namely H' = %
) 5 . o 5 " “;“’ The model contains two massive charged Higgs
with the squared mass my, = (349 ——5.-) (" + @°). and two massless Higgs that are identified to the
(iv) One physical pseudoscalar (A) with mass Goldstone bosons of ¥ and W bosons.
2,2 4 2.2 | 202 _ wy; —up3
S uwvtuwe +ve G- =2 3
my = 2 o ) (33) Y /o + &2
_ i —vpy
Gy =—F——. 37
and the physical state respectively YV (37)
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B. Gauge sector

In this section, let us consider the gauge boson spectrum. The mass Lagrangian is given as

0] 1
‘Cgaugemass = <0’ 0, 7§> <gAa/4Ta - g
+ <i 0 0)( AT
\/E’ ’ 9Aaul 4
v
+ Oa_70 Aa Ta+
(0.75:0) (s

+ 2(gNC/4A)2

Let us denote the following combinations:

Wi . Al;t:FiAZM
no \/§ ’
AguFiAq

The non-Hermitian gauge bosons Wi, Y,I have the follow-
ing masses:

1
M@:wa2+ﬂy

1
Aﬁmzzg%vz+aﬂ) (40)

2 2 w \T
9xB, _ggNCM> <070, ﬁ)
1 1 2/ u T
gngﬂ + g!ﬁv@) <7§0 0)
2 1 2 v T
gngﬂ + §QNC,4> <0,ﬁ,0>

(38)

It is worth noting that A,, and As, gain the same mass.
Therefore, these vectors can be combined in the following
physical states:

Ay, — iAs
XB = % (41)
and its mass is given:
1
M3 = Zgz(u2 + w?). (42)

There is a mixing among A3, Ag,, B,, C, components.
In the basis of these elements, the mass matrix denoted by
M? is given as follows:

Fl EE L@asder) 20l B ) 43
2 — al2?) _W 228 + 40 + o) 20 = 2(02 + ) ; (43)
s SR Sn(l - 207 4 0?) FA68 40P 44 +91))

where 1} = gx/g, 1, = gn/ 9.
The mass matrix in (43) contains one exact zero
eigenvalue with the corresponding eigenstate as follows:

(4Gt
Ay =—F——=|1A3, ——=A3, + B, |
SERVAE TN VA I

It is worth to notice that A, is the combination of A3, Ag,,,
and B, without contribution of the new gauge boson C,.
The factor #; can be expressed in terms of the sine of the
weak mixing angle sy, by identifying the coefficient of the
eey vertex with the electromagnetic coupling constant e,
similarly as the analysis in [10]. We get

\/§SW
/3 —4s3,

(44)

f = (45)

The diagonalization of the mass matrix is done via three
steps. In the first step, in the base of A,,, Z,, Z,’U C,, the two
remaining Z,, Z, gauge vectors are given by

341
1

t,(v/3t,Ag, — 3B,,)

V3+ 8348

V3 151
7 = Aq, + B, . 46
=Rt A (40
In this basis, the mass matrix M? becomes
0O 0
0 M?) “7)

where M" is the 3 x 3 mixing mass matrix of Z,, Z}, C,
gauge bosons given as
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(3+41) (1*+v?) A /341 ((=34203)u*+(3+412)v?) \/ 348 (uP=1?)
2(3+12) 6(3+17) 3\/3+2
9_2 _ V3HA2((=3420)2 +(3+412)1%)  (3-22)224+(3+42)2 024434220 1r((3-2R2)u2+(3+412) 12 +4(3+12)?) (48)
2 6(3+17) 18(3+) 9/3+2
V3448218 (P —0?) H((3=2)u?+(3+43) " +4(3+1)0*) 2 2/ o ) 5 2
VoI W st (u” + 07 +4(w” +9A%))
The matrix given in (48) can be diagonalized by using block diagonalizing method. In new basis (Z,, Z},, Z))), the mass
mixing matrix is given as
A0 49
< 0 m, ) ' (49)
where A is the 2 x 2 matrix
(3+472) (1 +0?) o \/3HAL (=342 uP+(3+413)v?) ol
A 7 2(31+t12) + O(F) - 6(3+5) + O( A ) (50)
2 V32 ((=3420)12+(3+412)0%) 2o\ (222024 (348220 143 +) 0’ "
- 1 6(341#%) —+ O( A? ) 18(3+1) + O(F)
miy =47 5N (51)
The new basis (Z,, Z;,, Z)) is related to the basis (Z,,Z,,C,) as following:
=10 1 - zZ, |. (52)
zy € € 1 C,

where

33+ 415 (u? = v?)
23+ 21, (u? + 12 + 4(w? 4 9A2))
(B=2)u*+ (B3 +4:)v* +4(3 + 1)’

€y = . (53)
2./3 + 1, (u? + v* + 4(w? + 9A?))

€] = —

In the limit A > o > u, v,
Z ~Z Z,~Zy, Zf)’~Cﬂ. (54)

The new heavy gauge boson ZJ) is imbedded to the gauge group U(1). It approximately does not mix to other gauge
bosons. Z, and Z], are mixing of the two physical fields Z,, Z;.

Z), =coséZ, —sinéZ, Z5 =sinéZ, + coséZ),

T <u2 P w40 + o A Vewut + vt — ey’’’ + et + u(—copv? + (=1 + 2s‘v“,)w2)>

"2 7T 3 -4, (3—4s2)
s G, w4+ e? 4 Vewut + vt — ey’ @? + et + u(—copv? + (=1 + 253, a?) 5
W w

252 (ermi—1?
where tan2& = ( V3453, (caw )

(=142s}, )l —coyv?+2ch,0?)
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If we assume w > u, v, then tan2& — 0. We get

, g+ 0?)

1 —
Zi~Z m2, =2 =

’ 1
g ? Aciy
2.2 2
9 cww
72~ 2 m2, = . 56
S 7 (3-4sy) %)

The gauge boson Z}, is identified as Z, in the stan-
dard model.

III. GENERATION OF INFLATION
IN THE 3-3-1-1 MODEL

We would like to note that the scalar singlet ¢ is
completely breaking U(1)y. The VEV (¢) can stay at
the same scale as @’s scale and the interesting phenom-
enology of the model at TeV scale was studied in [9]. In a
different situation, this VEV can be very high that can be
integrated out from the low energy effective potential and a
new gauge boson Z, decoupling from the gauge boson
spectrum. In this part, we expect that the VEV of ¢ is very
high and consider the singlet scalar ¢ plays the role of
inflaton field. The potential for ¢ at the tree level can be
read off from Eq. (13) as

Vo= 12"+ Ap"d)* + Aio(d¢) (p'p)
+ (@ ) x) + Ao (@) (™). (57)

Due to the larger VEV of ¢, the interaction terms of the
singlet scalar Higgs and the ordinary 3-3-1 model Higgs
triplets can be ignored. During inflation, we get

Vo=’ +('$). (58)
This potential is taken part in the chaotic inflation.
However, the inflaton field has coupling to the matter
fields which allow it to make the transition to hot big bang
cosmology at the end of inflation, namely

LD 4g12VCMC”¢2 + W', DS pVpr®D- (59)

We take into account quantum corrections to V4 follow-
ing the analysis of Coleman and Weinberg [11]

1 2J 4y M
Veff = @Z |:(—l) (2.] + l)ml IHF s (60)

where i = vg, ¢, Cy 1, po 1.

m, = =2h", ®; mﬁ) = 2(p* + 319?%);
mzcﬂ = 83, 9% m2 = 23,,9%;
mf = 2/111@2; m,2, = 2112@2. (61)

PHYSICAL REVIEW D 91, 055023 (2015)
We get

1

et =64ﬂz{ [—322(%;)4 + 1923 +4(25 + 4, +ﬂ%2>}

o2 243192
x ¢ lnp +4(u? + 3/1<I>2)21nL}

AZ

1 P
—{a<I>4 an+4(u2 +3192)%1

U2+ 3102
T 64n” A

A2
(62)

where

a=2 {—322(%)“ + 1929y +4(4 + 43, + /1%2)} :
(63)
We identify the inflaton with the real part of the B — L

Higgs field, ® = v/2R[¢]. In the leading- log approxima-
tion, we obtain

2 A
V((I)) = Vtree + Veff = %@2 + Z(I)4 + Veff' (64)
We would like to remain that the inflation occurs as the

inflaton slowly rolls to the minimal potential. The infla-
tionary slow roll parameters are given [12] by

c@ =3 (v) . ww-m(%)

(65)

where mp = 2.4 x 10'® GeV and a prime is denoted as a
derivative of ®. The slow roll condition means that
€(®) < 1,|n(P)] < 1,¢(P) < 1. In this limit, the spectral
index n,, the tensor to scalar ratio r (a canonical measure of
gravity wave from inflation) and the running index a can be
written as

ng =1 —6¢€+ 2n, r = 16e,
a = 16en — 14e> — 28 (66)

The spectrum index #n; is estimated by BICEP2 experiment
[2], Planck [13] and WMAP9 [14] measurements. It is
closed to 0.96. The tensor to scalar ratio is proven by
BICEP2 [2], r = 0.20%7 while the Planck and WMAP9
experiments gave the bound r < 0.11(0.12).

The number of e-folds is given by

o Vdd
N:/ iy (67)
o, V

e

055023-8



INFLATION AND LEPTOGENESIS IN THE 3-3-1-1 MODEL

where @, is the inflaton value at the end of inflation and
defined by max (e(®),n(®),{(P)) = 1. @ is the inflation
value at the horizon exit. The value of N is around 50-60
and depends on the energy scale during inflation.

The amplitude of the curvature perturbation is given as
follows:

) Vv
R 242mbe(®)

The value of curvature perturbation should satisfy the
Planck measurement [15]: A2 = 2.215 x 107 at the scale
ky = 0.05 Mpc~!.

Let us study parameter space of y, 4, A, a appeared in the
potential V(®). If 4> > 192 or p* ~ 292, both A% and r
are not in agreement with the Planck and WMAP9
experimental results. For example, taking A = 30mp,
and random values of other parameters 107'%m3 <
|| < 10*m3%, 10715 < |a| < 10, 10710 < 2] < 1 we get
|A%| > 10°. If we assume that y*> < A®?, the potential (64)
can be rewritten in simple form

(68)

P
V(®) =X (@4 +a'd* an>, (69)
where
A a—+ 7222
p== o= 70
4 T ) (70)

The coupling constant A is determined to satisfy the
constraint on A%, while as the predictions for ng,r, a
are given for fixed values of a’, A. Figure 1 shows the
predicted values of ng, r and a for A = 0.1mp (green),
A = 30mp (red), A = 50mp (pink), and A = 500mp (blue)
in the range of —10° < a’ < 10° with the number of e-folds
N = 60. We can see that for A = 0.1mp and A = 500mp, r
runs out of experimental region for almost values of a’ in
the range —10° < a’ < 103. For A = 30mp, we need to
require a’ < =36 or a’ > 6 to make sure n; and r are in
agreement with experimental results [15], n; € (0.94,
0.98), and r € (0.001,0.15).

If we vary a/,A in the parameter region satisfying
experimental results, the order of (®) and the inflaton
mass mostly does not change. From now on we take a’ =
—10%, A = 30mp for the below numerical calculations.

From the minimal potential condition, we get
(®) = 23.6mp. The inflaton mass is calculated by the
second derivative of the effective potential at the minimum.
For ZV and vy, the mass arises from (59) with notice that

® = \/2R[¢]. We obtain

meg — V”(q))|¢,:<(b> =267 X 1013 GCV,

mzpy = 2gy(®), My, = —ﬁh/?i<q)>~ (71)
Now let us calculate the reheating temperature. In this

model, the inflaton couples to pair of Higgs, pair of gauge

PHYSICAL REVIEW D 91, 055023 (2015)
0.35 T T T T

0.30F -

0.20F

0.15F * \

0.10f r

0.05F —
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0.0004

0.0002f
0.0000f -
s —0.0002} Y
~0.0004} 1
~0.0006

—0.0008

0.90 0.92 0.94 0.96 0.98 1.00

g

FIG. 1 (color online). r vs ng (upper panel) and a vs ng (lower
panel) for A = 0.1mp (green dot), A = 30mp (red minus), A =
50mp (pink plus), and A = 500mp (blue asterisk) in the range of
—10° < @' < 103, with the number of e-folds N = 60.

boson Z" and pair of Majorana neutrinos. We assume that
mg < myv, hence the inflaton cannot decay into pair of ZV.
The inflaton can decay into pair of Higgs with the decay
rate

/1%0;11;12<(I>>2

['(® — hh) = 320my

(72)

If the mass condition is allowed, the inflaton can decay into
pair of v;p

(h'%)*mq

F((I) - ViRViR) = 167

(73)
\/z‘h/?,lmd’
If |/11();ll;12| > @) , W€ get F(@ - /’lh) > F((b Ed

vigvig). The inflaton dominantly decays into pair of
Higgs, therefore the reheating temperature is estimated as

90 \#
fr= <—>4(F<me>% ~10% GeV x ozl (74)

71'2 g*

where g* = 106.75 is the number of degrees of the freedom
active at the temperature of the asymmetry production.
The constraint I'(® — hh) < mg requires |Ajg.1.10] <

V3% 107, We find the limit Tp(max) < 10'* GeV.

Taking |10.11:12| ~ 107! then T ~ 10° GeV satisfying the
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upper bound on reheating temperature to prevent gravitinos
problem. In this case the thermal leptogenesis scenario may
work to explain the baryon asymmetry.

In other case, we assume

me 7 / /
———~333x 107" < |W'y,| ~ |W%,], 75
N il ~ ). (75)

LATIRS

therefore,

m, L mg < m, ~m,. (76)

A} lma

If |/11();ll;12| < @y > we get F(@ = hl’l) < F(‘IJ -
virvig)- When Ayg.11., are negligibly small, the inflaton
dominantly decays into pair of ;. The produced reheating
temperature is given as

1
o= () Womplt~ 10| (7
g

This temperature is much lower than the right-handed
neutrino mass since (®) is at Planck value. We can apply
nonthermal leptogenesis scenario, in which the vy is
produced through the direct nonthermal decay of the
inflaton ®.

IV. LEPTOGENESIS IN THE 3-3-1-1 MODEL

First, we consider the scalar sector. The scalar mass
spectrum is considered in [8,9], in which —f ~ & ~ A >
u~v. In this work we assume A > w > u~v; the
considered model contains the following

(i) There are 9 Goldstone bosons Ay, G, G’Z, Gy,
Gy, G, G; their interactions can be gauged away
by a unitary transformation.

(i) One Higgs gains mass at the electroweak breaking
scale. This is the lightest massive Higgs boson H
and is identified as SM Higgs.

(iii) There are 9 new Higgs bosons namely, A, H;, H,,
H},H?,H’,H’*, which are heavy at the w scale,
while the mass of H; is proportional to A.

In the gauge sector, let us collect the new gauge bosons

beyond the SM. In the limit A > w > u, v, we get

(i) One super heavy gauge boson Z,’,V ~ C, with the
mass méN =4g5 A%

(i) All the other new gauge bosons, ZZ X9, X", Y,
have mass in order O(w).

The lepton number of particles are considered in [8,9].
In particular, the SM particles have a lepton number as
usual. The new particles (Gy, H™, H;, Gy, X°, Y~) have
the lepton number equal to one; their complex conjugate
have the lepton number equal to minus one while the
remaining Higgs and gauge bosons have zero lepton number.

Now in order to account for leptogenesis, we have to
verify the lepton-number violating interactions. Seeing that
the lepton number L and baryon number B are conserved by

PHYSICAL REVIEW D 91, 055023 (2015)

VEVs of n, y,p as mentioned in [8]. All interaction terms
appeared after symmetry breaking in the considered model
are conserved by the lepton number. Hence it is clear that B,
L violating number interactions should be broken in other
ways in order to explain neutrino mass and mixing as well as
the matter-antimatter asymmetry of the Universe. The lepton
number only can be violated in the interactions of Majorana
neutrinos with nonzero lepton-number particles.

Let us remind the seesaw mechanism that explains the
tiny neutrino mass and large mixing. The Lagrangian
relevant to the neutrino mass has a form as

Ly mass = (thl/_/aLr/l/bR + h/ZbDZRUbR¢ + HC) (78)
The left-handed neutrinos couple to the right-handed
neutrinos through the first term of the Eq. (78) and have
a Dirac mass as

D

h;
[mu ]ab =4

u,
V2

while the right-handed neutrinos couple to themselves
through the second term given in the Eq. (78) and have
a Majorana mass as

[mi”}ab = _\/EhlabA- (80)

(79)

Hence, we can explain the smallness of the light neutrino
masses via a type I seesaw mechanism [8] and predict six
Majorana neutrinos as mass eigenstates, three heavy
neutrinos v;y, and three light neutrinos v;g,

m, =ml =—V2KA, ~ (81)

J— C .
Viy = Vig + Vigs ”
—_ C .
Vig = Vi, +Vip;
w2
ff D(, M\—=1(,,D\T
my, :_mv(mv) ( v) =
E
2V2A

We note that the considered model also contains three
new neutral fermions N,;. They obtain the Majorana
masses [8] via an effective interaction as

hy(hlu)—l (h”)T. (82)

/1 - *

7 T W) i) + Hee. (83)

The Majorana masses of the neutral fermions N 5 are given
A b(l)2

il = =2 (34)

and the Majorana fermion states are
Ni = Nig + Nig. (85)

Based on the Majorana fermion states given in Egs. (81),
(82) and (85), we can rewrite the Lagrangian £, including
the Yukawa terms in Eq. (78) and the gauge-fermion
interaction D;giy*D,v; as follows:
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TABLE I. Nonzero couplings of fermions appearing in loop diagram of vy, — e + H5+ and vy —» N + H'™™.

ertex ouplin ertex ouplin
Vert: Coupl Vert Coupl
7 h 7 vh
UaEUbMH ungy, P yaEl/bMHl _ ab P
ﬁ\/ W +0? R \/5\/142+1)2 R
e, vpyHy vhyy P Nal/bMH/ ohy, Py
Vo +v? Vi +a?
UaVpmH L W DoVom ZN “P
aMVpm 113 —\/‘-ZIPR‘F%PL aMVbM Ly INY IR
DagerHs D py Noe,Hy i pp 10w p,
vV >+’ VP +a? \/i\/ v 40*M
Nal/bEH/ %P éal/bEW_ —MP
H L
V2N i+ M V2
> h vh¢* uh® uht*
e.ep H Y p + b p e,epH WPt b p
>4 R L R L
us+v- us+v u+v U +v
Vo i NN NN NN
e > k 5 _
eqepAy gswrt e,epZ, "9y = gra?’), k= 1,2, N
UapNpX, — e,N,Y, _a
abt b \/EPL atVbtpu \/EPL
AJ 2 glw H N\ N 2 H
NaNqu M}/ PL NaNqu 39NV PL
N,N,H Wl 0y
alVplla kP + 53k P

_ _ 1 _
Ly, = <hZhWaL”IVbM + 1oy Dam PRUM®P — 3 (] apPam PRV + H-C->

+ gnTim?* PrUin ZY + Dipgiy* 0, Pruiny + Hec.

To rely on Higgs physical states mentioned above, we
obtain the physical interaction terms that violate the lepton
number. In particular the lepton violating interactions
appeared in Eq. (86) are: ePruvyHs, NPrH'vy.

We would like to emphasize that the lepton-number
violating terms also appear via the interactions of the
light Majorana neutrinos, namely, évgW~, NvgX%.
However these interactions do not generate baryon
asymmetry by [16]. In brief, this model contains
the lepton-number violating interactions, which are
ePruyH5, NPrH'vyy, evg W/, NugX®*. We consider lep-
togenesis scenario at the temperature T satisfying

(86)

Tr > 1 TeV. It implies that only v;, can generate lepton
asymmetry.

Before calculating the CP asymmetry of v, for con-
venience, we list all nonzero couplings of fermions appear-
ing in loop diagram of vy, — e + H{ and vy, —> N + H'”,
given in Table 1.

All possible one-loop diagrams, which can contribute to
the CP asymmetry from the decay vy, — e + H are listed
in Fig. 2. The interference of the tree level and one-loop
level (2a), (2b), (3b) with the propagator vy, (6) with the
propagator (Hs, e;) gives dominated contribution to the CP
asymmetry. We obtain

i) _ Ty = e+ HY) =T(vy = & + H5)

Evin o

Vim

1 1
= 82Cy |:§gﬂW+H,H5‘ + eAanznz + (v + 910z, 0 + (9ov + 924)Az,m7

+ (9nv + 9na) Az, - (4 — 29, log[1 + 1/91Dj| s%ZIm[h’;kh’;k]
7

4
s
4

87 C,

where I, is the total decay rate of vy, at tree level,

Vim

} : Z Vi [1= (14 g))log[l + 1/g;] + (1 = g;) = JIm[(h*"h*) ;i i .

(87)
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i

T
H' 7 H;'

5 @

Hy (H') HY,
o«

7

—.
Fe N P
{ \
Vi M \’/ V;E

er(Ny) e;

(3) (6) @)
(z,y = (H/H1,mEg),(H',Ny), (Ha,vin), (ZE ,vine ), (Hy ,e1))

FIG. 2. One-loop diagram contributing to the asymmetry from the decay vy, — e + H;r.

2 2
my m: i
go="  gi=—gr. Co= Q2+ ) P = Q4. 1y =v/u,
kaM muw i
g glow g(cj — cawsp)
/’lW+H]H_ = A /’lAH*H* = —e, A‘Z HYH- — — y /’{Z Htg- — ————,
5 2 5 s 115 2cw 2H H 2CW\/W
INe, gcz 2g
Aznz; =773 g (91v + 914) = =(92v + 924) = 2C:,V’ (gnv + gna) = TN

Here we ignore the mixing between Z}, and ZI% since @ > u, v.

PHYSICAL REVIEW D 91, 055023 (2015)

(88)

Now we consider CP asymmetry of the decay vy, — N + H"*. All possible loop diagrams are listed in the Fig. 3.
The interference of the tree level and one-loop level (2¢), (3) with the propagator vy, (6) with the propagator (H3, e;) gives

dominated contribution to the CP asymmetry. We obtain

i(2) _ F(ykM g Ni + H/*) —F(I/kM i Ni + H/)

&y kM 2F

Vim

1 gc 2 *
[ = Az, + 5 InAzymr (4 = 2g; log[1 + l/gz])] Zlm[h;’k hiy
]

 8aCy |\/3— 42, 3

1
+ e ST 1= (14 ) logll + 1/g)] + 531 = g;) ! ml(h ) i ).
J

where

055023-12
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T— >— -
Hlxk

T > -
H,Hy - | H’™*
7

- !

&)

(©)

e (Ny)

N;

O]

(z,y = (H/H1,vp), (H', Ni), (H3,viar ), (ZN svinr), (Hg , e)))

FIG. 3.

gcw

/1 el — e,
Z,H'"H ,———3_4S%V

We would like to notice that since the coupling 4; ,, , Hy =

I

AzyHw = 3 (90)

spht,Pr while Ay, p = %, P, the factors s, s appear
in (87) while 53, s appear in (89). In this work we take

u~ v and thus 53 = 1/v2.
|

One-loop diagram contributing to the asymmetry from the decay vy, — N + H'.

Let us comment on neutrino mass and mixing. The
light neutrino mass matrix is given Eq. (82). In order
to diagonal this matrix, we have to use the U matrix.
It is nice to note that the lepton mixing matrix was
studied by the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS). The standard form of this mixing matrix is
given

C12C13 $12€13 spze”!
_ i is
Upmns = | —S12C23 — C128238513€"  C12Cp3 — 5125235 13¢€" $23¢13 | (91)
s s
§12823 — C12€23813€"°  —Ci2823 — §12C93813€"0 €3C)3

where ¢;; = cos0;;,s;; =sin6;; and the values of ;;
are determined by the global analysis [17], namely

s 20 +0.073,0178 .
Sin“@,3 = 0.466_0.058.0‘135,

c oy 40.019,0.063 .
sin“0, = 0.31275018.0.0495

sin?6,;5 = 0.016 = 0.010(< 0.046). (92)

6 is unknown CP violating Dirac phase.

On the other hand, the square of charged lepton mass
matrix and light neutrino mass matrix are diagonalized by
two unitary transformations

UM, M,U, = Diag(m2, m2, m2);

T eff 77— TY;
U, m§pU, = Diag(m,, ,m,,,m,,).

(93)

The Uppns 18 defined as
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UpmnsP = UjUw (94)
where
1 0 0
P=1|0 ¢e° 0 |, (95)
0 0 e

where p, ¢ are CP violating Majorana phases. If we ignore
the mixing between the charged lepton, then we can get

sz = UPMNSP' (96)
We assume that A" = Diag(hy, h'%, h’%) then m}! =

Diag(m,,w,m,,m,m,,w). Using the analysis in [18], the
most general /¥ matrix is given by

V2
W = = = Diag (i )
R.Diag(/m,, ,\/m,,,\/m,;).U,", (97)

where R is orthogonal matrix expressed in terms of
arbitrary complex angles 91,92, 93 as following

where ¢; = cos éi,ﬁi = sinéi, i=1,2,3.
From the Eq. (97) h*"h* has the form

2 .
Whhy = = U,.Diag(\/m, , \/m,,,\/m,,)
.RT.Diag(ml,lM7 mUZM ’ ml/3M)

.R.Diag(\/m, . \/m,,.\/m,).U, . (99)

For the light neutrinos masses, we fit the experimental
results

Ami =mi —mi =7.53x107 eV?,

Amlzfzz = m12/3 - m,%z =244 x 1073 eV2.

(100)
The asymmetry ely(kil) ei(jl) now can be considered as
function of the phase 9, p, o, the heavy Majorana neutrinos
masses and the complex angles 6,65, 65. For simplicity,
we assume 91 = 92 = 93 = 0. In this work we consider the
CP asymmetry due to the decays of the lightest heavy
Majorana vyy,. The detail will be presented in the sub-
sections below.

The baryon asymmetry and lepton asymmetry are
given as

PHYSICAL REVIEW D 91, 055023 (2015)

ng —np
Np = s
N
ny—n;
Ny = ’
N

(101)

where s is the entropy density. The lepton asymmetry can
be transformed into a baryon asymmetry by nonperturba-
tive B + L violating (sphaleron) processes [19], giving

a
a-—1

N = a(ﬂB - ’YL) = nL» (102)

where

8n, +4n
a=—29" "1 (103)
22l’lg + 13”H
with ny is the number of Higgs and n, is the number of
fermion generations. We get

8n, +4ny

-7 104
l4n, + 9ny o (104)

Np =

As the analysis in [20], taking ny = 2 and n, = 3, we get

8

Np = —7=NL-

= (105)

Now let us calculate #; in thermal and nonthermal lepto-
genesis scenario.

e
>
>

o

_3_I||||I“||I||||I||||I_

Re[0]

FIG. 4 (color online). Contour plot of xz in the region
5x 107" < 55 < 10719 on the plane of the complex angle 0
for 6=4.3rad, 6=—1.5rad, p=—1rad, m =10°m
m, = 10° GeV, m, =0.01eV.

v — Mgy Vin?

055023-14
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A. Thermal production

In the thermal scenario, the heavy Majorana neutrinos
are produced in a thermal bath. At 7> m, , the CP
asymmetry generated by v,, decays can be washed out due
to inverse decays and scattering processes. That why the
CP asymmetry is weighted by the washout efficiency.

For the channel v, — ¢;H<, e;H5 the CP asymmetry
depends on flavor because L;(e;) = 1. However, since

PHYSICAL REVIEW D 91, 055023 (2015)

flavored lepton asymmetry corresponding to 82(13’ and
another is treated by the conventional computation
for &2, = 37,6l

The interference of the tree level with loop diagrams
contained gauge propagator is vanished in summation of all
the indexes i, [ = 1,2, 3 if the CP asymmetry has the same
weight for all flavors,

L(N;) =0,L(H") = —1, the CP asymmetry due to the Vv v |
decay vy — N;H'*,N;H' is considered flavor indepen- ;Im[hikhlk] =Im zil:hikhlk =0 (106)
dent. The Boltzmann equations for the lepton asymmetry ’ '
can be divided by two forms, one is the equation for the = Therefore, from Eq. (89)
|
2 - vT v
el = el = S”COZ@ (1++ gp)logll +1/g5] + s3(1 = g;)~ Jim[(3+14), )?
[((2"h"), ) ]
2
=-1.6x 10" Z NeACAaL (107)
Equation (87) can be reduced by taking g = 0.65, 53, = 0.231 as
i) 1.6 x 107*>",Im[A% Y] — 0.6 X 10‘2Zj g;l Im[(h”h“)ll llh”]
Eviy W (108)
(R h¥)y,

In the thermal leptogenesis, the washout parameters are
defined as

+ = — 21U v
U(viy — e;HI, ¢;H3) _ Sﬁhilhilmuw

K =
' H(T=m, ) 87 '
T 2+ s2)(hThy m,
K = (I/IM) ( )( )]l M ) (109)
HT=m,,) 8z

By varying 8,0,p,0 for m,  ~10° GeV, m,, ~m

~
Vsm

parameters 6, o, p, and the complex angle 0. The lepton
asymmetry can be approximated as given in [21]. In the
strong washout regime, K > 1

0 =036 (0551
g. \ K ’

i(1) 116\ -1
. SVIM 8 25 |Aii|Ki
! , 110
L= <|Al-,»|1<,7L 0.2 (110)

10°m,,, we figure out K> 1 for all values of CP  where A, :—151/179,A22 = A3z = —344/537.
el 5x1070 - 1
107 2x10710 | 1
S S
1075 4 Ix10-0 L |
10" 1 st 1
107" 1
-2 0 2 ‘ 4 -4 -2 0 2 4
o o
FIG. 5 (color online). #np vs pure imaginary 0 (red) and pure real 0 (blue) for 6 =43 rad, 0 = —1.5rad, p = —1 rad,
my,, =m,., =10°m my,,,» My, =10’ GeV, m,, = 0.01 eV.
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§(rad)
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o (rad)

FIG. 6 (color online). #p vs é (left) and 1z vs ¢ = p (right) for 0 =0.871 (red) and 0 =—0.181 (blue), and other parameters given

in (112).

The baryon asymmetry is related to the lepton asym-
metry as

8 .
HBZ—E<Z'1’L+'1%>- (111)

i=123

From all expressions above, we see that #p depends on
5,6,p, and 0. The baryon asymmetry 7z in the region

(5 x 1071, 10719) on the plane of the complex angle 0 is
shown in Fig. 4 for

6 =43 rad, o = —1.5 rad, p = —1 rad,
ml’2M = mU3M = 103my]M’ mVlM - 109 GCV,
m,, =0.01 eV. (112)

The red regions indicate that in order to satisfy
5% 107" <55 < 107'%, we need to require —1.01 <
Im[f] < 1.8 when varying Re[8]. The limit of Im|[8] keeps
the same if we extend the range of Re[d]. The 5, is
considered as function of pure imaginary 6 (red) and pure
real O (blue) as shown in Fig. 5. We see that 77 changes a lot
when varying pure Im[0] while it seems to keep the same
order when the pure Re[@] alters. The baryon asymmetry
varies little as function of the CP phases presented in Fig. 6.

If we study the case m, , = 10° GeV,m,, =m, =
105m,,1 ,,» the constraint on the complex angle 0 is stricter
in order to satisfy the experimental results on baryon
asymmetry.

B. Nonthermal production

In the nonthermal scenario the reheating temperature
can be lower than the lightest heavy Majorana. The total
CP asymmetry is the summation of all flavor CP
asymmetry,

i i > i+B ~Im[[(h”h”)k-]2]
gl/kM = Z(el/(kifl) + ey(lj/[)) = J:’é . viv / b}
(R RY) 1

(113)

i

where

1
B——
7824 53)
—|—s/23(s/23 +1)(1—g)™"]
. n
1607, /g;

VIil(sp + (1= (14 g;)log[l +1/g,])

(114)

|

Im{6]
(=)
T
1

4 i

Rel[d]

FIG. 7 (color online). Contour plot of 5z in the region
(5% 107" < 5 < 10719) on the plane of the complex angle 0
for m, = 10" GeV (red) and m, = 10° GeV (blue).
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10710k 1
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1073k

107

1
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0

FIG. 8 (color online).
(blue) 0.

np vs pure imaginary (red) and pure real

The lepton asymmetry is related with the CP asymmetry
through

3 T
anieukMXBrk Xm—Z, (115)

where Br; denotes the branching ratio of the decay
channel ® — v, v
As analysis in the previous section, we assumed that

my, L mg <my, ~m, ,mg<mmpand(® — hh) <

['(® — vigrig) when Aygq5.0 are negligibly small,
therefore,
3 Tx
ﬂLZESyIMXm—q). (116)

Combining Egs. (77), (105), (113) with u ~ v ~ 174 GeV
we get

0 (rad)

FIG. 9 (color online).
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Zj=2,3 - Im[[(hwhl’) 1j]2]

My

(h”hy)ll ’

m
np=0.4x —1_x

V2(®)

with notice that the formula #**h* given in Eq. (99). Putting

(117)

6 = 4.3 rad,
0 =1461.m,,,
m,  =2.34x10" GeV,
m,, = 0.01 eV.mg = 2.67 x 10° GeV,
(®) = 23.6mp,

o =—1.5rad,
=10°m

p = —1 rad,

= My, vim>

(118)
we get

N =8.92 x 107! (119)

This value of baryon asymmetry is in agreement with
[22], ng = (8.75 £ 0.23) x 10711,

Let us consider how 75 depends on the complex angles
and CP phases one by one. Figure 7 shows 75 in the region
(5 x 1071, 10719) on the plane of the complex angle 6 for
my,, =m, =10°m, . m, =10" GeV (red), and
my,, =m, =10°m, . m, =10° GeV (blue) and all
other parameters as given in (118). We see that in the red
region —2.05 < Im[f] < —1.68 or 1.49 < Im[d] < 2.28
and in the blue region Im[0] ~ 3.3 or Im[f] ~ —3.4 when

varying Re[@] even though if we extend the plot range for
both axes. It means that it is free to choose the value of

Re[f] but Im[f] is quite a strict constraint. 7, depends
strongly on Im[@)], while it changes lightly when varying
Re[#)]. This conclusion is more clearly in Fig. 8, in which 7
is considered as a function of pure imaginary (red) and pure
real (blue) 0.

Figure 9 shows 7y as a function of Dirac CP phase &
(left) and Majorana CP phase o = p (right) for 0 = 1.461

o (rad)

np vs 0 (left) and np vs ¢ = p (right) for 0 = 1.461 (red) and 0= —1.461 (blue).
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(red) and 0 = —1.461 (blue), and the choice of other
parameters given in (118). In brief, we see that 77z does
not depend much on the CP phase but depend on the
imaginary of the complex angle . This conclusion is the
same as analysis in thermal scenario.

V. CONCLUSIONS

We have studied generation of inflation and leptogenesis
in the 3-3-1-1 model by considering the symmetry breaking
of the U(1), gauge group at the GUT scale. The model
contains two super heavy particles with mass proportional
to A, the new gauge boson Z embedded to U(1), and the
scalar Higgs boson H;=S,. All other new massive
particles get mass in order of w. The singlet Higgs ¢ with
(¢) at the GUT scale can play the role of inflaton. The
quantum corrections to the potential of inflaton is taken into
account; thus there appears logarithm function of inflaton,
making the presently considered model’s inflation different
from chaotic one. In this work, we have figured out the
parameter spaces appeared in the inflaton potential match-
ing the experiment on the spectrum index ng, the tensor to
scalar ratio r, the running index a as well as the amplitude
of the curvature perturbation A%. The inflaton mass is
obtained in an order of 10'* GeV.

After the inflation, the heavy Majorana can be produced
in a thermal bath or by decay of the inflaton. Depending
on the Higgs couplings A9, in comparison with
the Yukawa couplings 4}, leptogenesis is considered in
thermal or nonthermal scenario. We have shown how the
3-3-1-1 model generates lepton asymmetry then converts
into baryon asymmetry in both cases. It is interesting that
the model contains an extra channel contributing to the CP
asymmetry. The heavy Majorana particles can decay into
neutral neutrinos N; and neutral complex Higgs H' with the
coupling different by factor s; from the original channel,
Uiy — eEHT . In thermal leptogenesis, the CP asymmetry
generated by the new channel is considered flavor inde-
pendent, while the ordinary channel is treated as flavor
dependent due to the different lepton number of N; and e;.
It leads the interference of the tree level with loop diagrams
appeared gauge propagator to contribute to the CP
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asymmetry for the decay vy, — eHT. This feature is
new compared to other leptogenesis models.

The thermal and nonthermal leptogenesis have been
calculated in detail. In order to get nonzero CP asymmetry
we need to consider the complex Yukwa coupling matrix 4”
by expressing it in terms of the neutrino mass and mixing
matrix and the orthogonal matrix R. We have presented
how np depends on the CP phases o,0,p and complex
angle 0= 9] = 92 = @3. The baryon asymmetry is not
much sensitive to the value of CP phases or pure real 6 but
it alters a lot as a function of pure imaginary 6. This
property is the same for both leptogenesis scenarios. Thank
to the orthogonal matrix R and the complex angle 6, which
makes the baryon symmetry completely in agreement with
the experiment for both cases. One different thing of the
two scenarios is that at any point of Re[d] we always can
find Tm[6)] satisfying a fixed value of 775 in nonthermal case,
but there is restriction of choosing pair of (Im[6], Re[d)]) in
thermal scenario to match experiment on 7. We know that
the baryon asymmetry depends much on Im[@] and itis easy
to see that from the Fig. 5, there is an upper limit on the
baryon asymmetry if we consider 7 as a function of Im[@]
in thermal scenario because of the effect of washout
efficiency. However, there is no upper bound for
ns(Im[A]) in nonthermal case, see Fig. 8. By considering
nonthermal leptogenesis, the reheating temperature 7', can
be reduced much lower than the lightest heavy Majorana
mass. In brief, the 3-3-1-1 model at the GUT scale
successfully explains the baryon asymmetry of the
Universe by studying both thermal and nonthermal lepto-
genesis mechanisms.
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