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Abstract. We study the seesaw realization of a A4 model with two Higgs singlets. In this model, the mixing angle
013 and leptogenesis are zero if the components of right handed neutrino mass matrix resulting from the two Higgs
singlets are exact degenerate. \We then study the minimal breaking of the model by a tiny shift between aforementioned
components. This minimal breaking results in deviations of lepton mixing angles from their tri-bimaximal mixing
values in which the current experimental value of 6.3 can be achieved. Besides, the baryon asymmetry of the Universe
is successfully generated through non-zero leptogenesis by the decay of right handed neutrinos.
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I. INTRODUCTION

The evidence of neutrino oscillations absolutely confirmedtrino has mass and they are
mixing. Based on neutrino experimental data, in 2002, Pafrisbnet al. [1] proposed the struc-
ture of lepton mixing matrix which hamed Tri-Bimaximal (T.BAccording to this structure, the
reactor mixing anglef; s, is zero and the Dirac CP violating phase is meaninglesssesuiently,
there were a lot of efforts to find a natural model that leadEBamixing pattern of leptons, and
a fascinating way seems to be the use of some discrete ndieAliavor groups added to the
gauge groups of the Standard Model (SM). There is a seriesodelm based on the symmetry
group A4 [2,3], T [4], and S, [5]. The common feature of these models is that they arezesdli
at very high energy scal& and the groups are spontaneously broken due by a set of sualar
tiplets. Based on the latest results of T2K [6], MINOS [7], R& [8], Double CHOOZ [9] and
Daya Bay [10] experiments, the newest values of lepton rgigingles are established where the
reactor mixing angle is relatively large [1H},3 ~ 8°. This leads to the necessary of re-evaluating
the mentioned models in order to fit with the newest expertaieasults.

Besides the explaining of lepton mixing pattern, one hasno fnechanisms of generat-
ing neutrino tinny mass which is absent in SM. And the seesaghanism [12] seem to be the
most effective one. The seesaw has another appearingdestralled leptogenesis for the gen-
eration of the observed Baryon Asymmetry of the UniverseYBAhrough the decay of heavy
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Majorana right handed neutrinos (RHNs) [13]. If the BAU waad® via leptogenesis, then CP
violation in the lepton sector is required. For Majoranatrieas there are one Dirac-type and
two Majorana-type CP violating phases, one (or a combinatdwhich in principle be measured
through neutrinoless double beta23) decays [14]. The exact TB mixing pattern forbids at low
energy CP violation in neutrino oscillation, dueltigs = 0, and also forbids at high energy CP
violation in leptogenesis. So any observation of the lejpt@#P violation, for instance 0243
decay, can strengthen our believe in leptogenesis by demating that CP is not a symmetry of
the leptons. Itis also interesting to explore this existeoicCP violation due to the Majorana CP-
violating phases by measuringn..)| and examine a link between low-energy observabi2s
decay and the BAU [15].

In this work, we consider the seesaw realization ofAhgroposed in [3] which is different
with the other A models in the reference [2] where there is only one singlgghli In this model,
there are two scalar singlets and two scalar triplets inteadio two SM scalar doublets which
responsibility for spontaneously breaking of the group and the SM gauge group. If the RHN
mass matrix’s components resulting from the contributioh8EVs of two scalar singlets are the
same amount, then the model gives exact TB pattern of lepigimgnmatrix and leptogenesis
does not work. We then study the case where there is a smiilbshiveen the aforementioned
entries in the RHN mass matrix which is so called minimal kirgg This tiny difference results
in the deviations of lepton mixing angles from their TM vaduand also successful leptogenesis.

This work is organized as follows. In the next section, Seavé present the overview of
the A4 model with two Higgs singlets. We discuss the low energy phena and leptogenesis of
the model in the case in which the RHN mass matrix’s compa@esulting from the contributions
of VEVs of two scalar singlets to the RHN mass matrix are theesamount. In Sec. I, we study
the case that model is broken minimally. We investigate thre énergy obsevables such as the
derived reactor mixing angle, neutrinoless double betaylend the Dirac CP violating phase.
The Sec. IV is devoted to calculate leptogenesis and to showwnerical results and discussions.
The summary of our work is given in the last section.

[I. OVERVIEW OF THE MODEL

The non-AbelianA, is a group of even permutations of 4 objects and g8 = 12
elements. The group is generated by two generéf@sdT satisfying the relations

S% = (ST =13 =1. (1)
There are three one-dimensional irreducible represenwbf the group denoted as
1: S=1,T=1 (2)
1: S=1,T=e"3 =2 (3)
1" S=1,T=¢*B =, 4)

The technical details of the group are shown in [16].

In this work, we consider the seesaw realization of hemodel proposed in [3] with two
singlet Higgs. In this model, there are fatit/ (2);, ® U(1),, singlet Higgs, two{’, £”) of which
are singlet and the other twa ¢, ¢r) transform as triplets undet,. The SM lepton doublets are
assigned to be the triplet representatiomef while the right handed charged lepton are assumed
to belong to thel, 1”,1’ representations, respectively. The standard Higgs dsubleand h,
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Table 1. List of fermion and scalar fields used in tHg model with two singlet Higgs,
l=e,pu,T.

Lepton SU(2)r, As

¢I(Vl> l) 2 3

eRr 1

KR 1 1"

TR 1 1

Nir 1 3

Scalar VEV

ha 2 1 (hy) = vy

ha 2 1 (hq) = vq
¢s 1 3 (ds) = (vs,vs,0s)
¢r 1 3 {or) = (vr,0,0)
5// 1 1” <§”> =u

S 1 1 () =u

remain invariant under,. The particle content for leptons and scalars as well as Y€Vs of
the considering model is shown in Table 1. The Lagrangiarthedepton sector is given below,
here we assume thals does not couple to charged leptons afddoes not contributes to the
Majorana neutrino mass matrix.

L = (¢>T¢L)€th + (CbT%DL) prha + 2 (¢T¢L) "rha + fOLNRhy,

1" "

+1’A§ (N¢Ng)" + l’Af (N§Ng)' + $B(¢SNLNR) + h.c., (5)

where A is the cut-off scale of the model. After spontaneous symynieteaking, the charged
lepton mass matrix comes out diagonal with = Y<°I% i, = 2505 andm, = Y2504 The
neutrino sector gives rise to the following Dirac and Maj@aeutrino mass matrices

2B Cc_B p_B

100 = 5 3
001 p-%£ -5 c4+2

" 1

where B = 2zpvg, D = 22 ,u’,C = 22,u". If C = D, the Majorana neutrino mass matrix
is diagonalized by TB mixing matrix given in Eq. (8) and thgearivalues of RHN masses are
M, = B—-C,My = 2C,M3 = B + C. The structure of light neutrino mass matrix can be
obtained from see-saw formula [12]:

[
1.7 B-C 2.2 0 T
my, = mpMpg mp="Urg 0 J;g“ 0 Urp; (7)
0 0 fQUi

Sy
+
Q
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where
V21 0
i,
Urp = RV b (8)
V6 V3 V2

Itis clear from Eq. (7) thal/Tg is the diagonalizing matrix for the light neutrino mass rnixatn,,
as well. From Egs. (7,8), we derive the eigenvalues:pfand the mixing angles as

_ S M
B-C' ' 20 " B+C’

m1

(9)

sinfiy = 1/V/3, sinfys = —1/v/2, sinfy3 = 0. (10)
And from Eqg. (9) we get the solar and atmospheric mass-sduhiferences as

s ok*—2k—3 9 53 — 2k — k2

Amé:m%—ml—mo (k‘—l)Q >Am§tm:m§_m2:m0 (k+1)2 ) (11)

where My = 2C, B = kC, mg = f;}f and all the parameter are real. From the experiments
we knowAmQQ is positive and dictates eithér< —1 ork > 3. If k£ < —1, itis required that

|k + 1| should be small in order to generate a small valué\ef? provided thatn3 is not too
small asAm2. And if it is the case, the hierarchy dfm?2 and Am2,,, is obtained with the
singularity of Am2,,, neark ~ —1. If |k| increases, we can get3 ~ Am?2 but it lead to the
same order of magnitude dfm?2 andAm2,,,, which is not acceptable according to experimental

results. And this corresponds to the normal hierarchicasnspectrum. Now, fom3 > Am?2

(md ~ Am?2.), k > 3 is the physical region. This region makasn?2, < 0 which is so-called
inverted hierarchy of the light neutrino masses. Agéin;- 3) has to be small in order to generate
a small value oAm?2.

For one complex parametér = Ce?, the mass differences are obtained as

o k? —2kcos¢p—3 9 :mQ_mQZmQS—chosqb—kQ
3 2 91+ k2 + 2kcos ¢

2 _ .2 2
Amg =m5 —m

= A 12
1 m01—|—]€2—2]€COS¢7 Matm ( )

In the complex case, the positivity afm% can be obtained either with< (cos ¢—+/3 + cos? ¢)

or with & > (cos ¢ + /3 + cos2 ¢). For the first case witm3 ~ Am2 and withcos ¢ ~ =L~
one can have normal hierarchical mass spectrum. For thed®ese hierarchy will be inverted
and(k > cos ¢++/3 + cos? ¢) has to be small. In both caseshould take the value such that the
1 > cos ¢ > —1 range also satisfies. The mixing pattern is the TB in Eq. (8)itis independent
of whether the parameters are real or complex. In this mipatjernU.; = 0 and notice that
nonzero compleX/.5 is a basic requirement to see the nonzero Dirac CP violation.

Now we concentrate on the issue of leptogenesis of this mddet decay of RHNs to a
lepton (charged or neutral) and scalar (charged or newesigrate nonzero lepton asymmetry if
(i) C andCP are violated, (ii) the lepton number is violated, and (igtdecay of RHNs are
out of equilibrium. We are in the energy scale whdresymmetry is broken but the SM gauge




TWO HIGGS SINGLETS A FLAVOR SYMMETRY WITH MINIMAL BREAKING 117

group remains unbroken, so the Higgs scalars, both chamggdheutral, are physical. The CP
asymmetry of the decay is characterized by a parametehich is defined as

. _ DW= lp) —T(N; = lph) (13)
Y TN = L) + T(N; = Lot

Spontaneousl, symmetry breaking generates the RHN mass and the mass matrobtained
is shown in EqQ. (6). We need to diagonalik&z in order to go into the physical basis (mass basis)
of RHN.

UfpMpUrp = diag(My, Ma, M3) = diag(B — C,2C, B + O), (14)

however, the eigenvalues are not real. We need to multiptydsiagonal phase matriXp with
Urp. Hence, diagonalizing the matriX = UrgUp relates the flavor basis to the eigenbasis of
the right-handed neutrino:

3

Nigp = Z ViilNiR. (15)
i=1

In this basis the couplings @¥ with leptons and scalars are modified and it will be
mpy = Vimp. (16)

At the tree level there is no asymmetry in the decay of RHNgaBse of the interference between
tree-level and one-loop level diagrams, the asymmetryrnigigged. The CP asymmetry generated
through the interference between tree and one-loop diagfamthe decay of the RHNV; is
given [17]

I ZIm[H%]g(—MJ‘Q ) (17)
' 8mv2 Hy; >y YIT\ME)”
VE)

whereH is the Hermitian matrix defined &% = m’Dm’g andg(z) is given by

g(x) = \/5[ ! —|—1—(1—|—:c)1n1+$]. (18)
1—=2x T
The key matrix, whose elements are necessary to calculgttegknesis, ig7. In this model, we
find that theH matrix is real diagonal and proportional to the identity rixatTherefore, the decay
of all three generations of RHNs could not generate leptgmagetry. As a result, this model of
A4 symmetry is not compatible with the low energy Dirac CP wiola, reactor mixing angle
as well as with high energy CP violation. In order to obtaimzerof,s, low energy Dirac CP
violation, and leptogenesis we need to break4hesymmetry through not only spontaneously, but
also explicitly, introducing some soft; symmetry breaking [15] terms in the Lagrangian and/or
considering the group evolution effects [18]. In this wosle consider the minimal breaking exact
A4 symmetry which by considering a tiny hierarchy between@hand D parameters of RNH
mass matrix.
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[. TWO SINGLET HIGGS A; WITH MINIMAL SYMMETRY BREAKING

In this section, we consider the minimal breaking4afsymmetry through a tiny hierarchy
between the components dfz coming from the VEVs ot’ and¢”, (C = D(e' + 2p)) while
keepingmp unchanged. The RHN mass matrix now is modified as

2 D(e" +2p) — 2 De'¢ — 8
Mr = D(e' +2p) — & De'¢ + 28 B : (19)
De'® — % —% D(e + 2p) + %

where we assumé’ and D to be complex in order to associate with leptogenesis anet @i
violating processes. The mass matkik; is diagonalized by a modified mixing matri%-z as

UfgMpUrp = diag(Mi, M, M)

= diag(B — D(e'’ 4 p),2D(e" + p), B+ D(e'’ + p)), (20)
where up to the first order @f, theUr 5 matrix a obtained as
V2 1 _ D it
J - L V3 =i 1 1 , p ,—i¢
Urp = 75~ 2ahe 7 75 T 53¢ . (21)
1 V3 o—i¢ L L i¢

L 4 V3 - P _o—
VG Taa T B AT st
The structure of light neutrino mass matrix is given throtigh seesaw as

f2u3
~ B=D(e*+p) 20 2 0 ~
m, = mpMz'‘m}h =Urp 0 % 0 Urs.  (22)
[Pl
0 0 FoEr
From this equation we obtain the light neutrino mass eigerga
fv: ok £k
_ ‘ — : = , 23
mi B_D(ez¢+p)7 mo 2D(€Z¢+p)’ ms B+D(€w§+p)7 ( )
and hence we obtain
m2 = 4mg m2 — mg
L 14 (k—p)2 —2(k —p)cosp’ > 14 p%+2pcos¢’
Am?
2 0
= , 24
M3 1+ (k+ p)2 + 2(k + p) cos ¢ 24)
wheremy, k are defined as before. Then we can obtain the squared difesen
Amg, = m3—mi, Amy, =m§ —m}. (25)

In Fig. 1 we present the allowed parameter space,(@) constrained by the experimental data
given in [11] at3o level. Thereafter we have useef ~ Am?2 | (best fit) andM, = 10'2GeV as
universal input. The light neutrino masses are invertetahidy ¢ny > mq > mg).

From the mixing matriXJr 3, the deviation of the mixing angles from TB are obtained as

pe” '
V2

D1a ~ 0, Dog =~ —g, Uiz = — (26)
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whereDy, = sin? 615 — 1/3 and Doz = sin? a3 — 1/2. We can see that, the current value)of
can be achieved by a suitable choice of the braking parametdowever, the value of is also
constrained by the value of andle;.

0.05
« 000

—0.05]

‘ ‘ ‘ ‘ ‘ ‘ —0.10L# ‘ ‘ ‘ ‘ ‘
0 50 100 150 200 250 300 350 0 50 100 150 200 250 30

¢ ¢

Fig. 1. The allowed parameter space of the model constrained byxjterienental data
given in [11]. We have usethd ~ Am?, (best fit) andM, = 10'?>GeV as universal
input. The light neutrino masses are inverted hierarehy & my > m3).
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Fig. 2. Predictions of the Jarlskog invariant paramefep (left panel) and Dirac CP
violating phasécp (right panel) as a function aof.

Another important point here is that, because the exist ohaptex parameter in the RHN
mass matrix, we can extract the Dirac CP violation phasgefrom the Jarlskog invariant [19]
given by

1
JCP = g sin 2912 sin 2923 sin 2913 COS 913 sin 5013

Im[hi2ho3ha1]

27
Am3,Am3 Am3,’ (27)
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whereh = m},m,, and up to the first order of we get
2

hy = o
BT 314 k= 2k2cyy)
o k* — k2(4 + 22 + 12pcy) — 8k[cy + p(5 + c26)] — 3(1 + 4pcy — i8psy)
4p(1—k2 ’
1+ 2pcy + 1+pk(4—2k:32j¢
hay = my
2 3(1+ k* — 2k2cyy)
y kY — k2(4 4 2c04 + 12pcg) + 16k[cy + p(2 4 c2)] — 3(1 + 4pcy — i8psy)
4p(1—k2 ?
L+ 2pcg + 1fz§472k3§‘§¢
2
m
hiy = 0

3(1 + k4 — 2k202¢)

" k% — k2(4 + 2co4 + 12pcy) — 8k[cy — p(1 — cag)] — 3(1 + 4pcy — i8psy)

4p(1—k?)c
L+ 2pcy + '1+k4—2k2cj¢

, (28)

wherecy, = cos¢, sy = sing andcyy = cos2¢4. The predictions of the Jarlskog invariant
parametet/cp (left panel) and Dirac CP violating phasep (right panel) as a function af are
plotted in Fig. 2.

Now let us consider the neutrinoless double beta decay whimlated with the absolute
value of theee-element of light neutrino mass matrix and is, up to the firgteo of p, approxi-
mately given in our scenario by

(29)

(mee)| = @x( 1 4(k + p + €'?) >|,

3 p+et k2 —2petd — ei20
m2 [1& +8k3(p + 2¢4) + k2(16 + T6pcy + 6eag) + 24K(2p + 2c4 + peag) +9(1 + 4pC¢))]

4pcy(1—k2 ’
B(L+ k* — 2k%ca6) (1 4 2pcy + %)

The prediction o0v33 parameter|(m..)|, is shown in the left panel of Fig. 3 as a function of
¢. This prediction is below the current lower bound sengiti®.2 eV) [20] and above the future
below lower bound sensitivityl()—2 eV) [21]

IV. LEPTOGENESISIN THE A4y MODEL WITH MINIMAL SYMMETRY BREAKING

This section is devoted to consider how leptogenesis cak imoour scenario. First we
diagonalize the RNH mass matri{y as

VIMRV = diag(My, My, Ms), (30)
where
i i e 0 0
vV = UTB X Up = UTB X 0 eiﬁ O s (31)
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sin ¢ sin ¢ sin ¢
ta

tan2a = —— tan20 = —— 2y = — 32
e p—k-+cosg’ an2f p+cose’ ey p+k-+cosg’ (32)
V2 1 — L i
J — _1 _ V3 o 1L 1 4 _p —ig
Urp = VY, L S R L (33)
L VB —ie L L p ik
75+ ovsP Vi Vi aaa
Then, the Dirac neutrino mass matrix in the new basis is toamed as
: %e—z‘a | Le—z:ﬁ _%ei(¢—v) |
m/D — Vimp = fvu _2\1/6 —za(2 _|_3p€zq5) %e—lﬁ 2\1/_ —Z’Y( 2 _|_peZ¢) (34)
—2\1/_ e (=2 + 3pei?) %e*ﬁ 2\/— e~ (2 + pet?)
Leading to the Hermitian matri/ which is relevant to leptogenesis is obtained as
1+ p?/2 ipsing — p?/4  —ipsing — p?/4
H = mDmg:f%i —ipsin ¢ — p? /4 1+ p%/2 ipsing — p?/4 | .(35)

ipsing — p?/4  —ipsing — p?/4 1+ p%/2
We can see that the off-diagonal terms of fienatrix are all complex, then the CP asymmetry,
&;, IS generated by the decay of the RHW, see Eq. (17).
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Fig. 3. Predictions of the effective maggn..)| for 0024 as a function ofp in the left
panel. The right panel shows the prediction of BAlg, as a function of minimal break-
ing parametep. The red, green and blue patterns respectively correspoihdge scales
of RHN mass M, = 10'!,10'2,10'2 GeV.

In addition tos;, in the conventional leptogenesis, it is well know that taejon asymmetry
also depends on the parameters, which are called washeat: eff
r, m;
K =—=
7 H My )
wherel; is the three level decay width @¥; and H is the Hubble constant. Here the effective
neutrino massi;, a measure of the strength of the couplingh\gfto the thermal bath is defined

as

(36)

_ [mlpmia
;= —L2 D% 37
m M, (37)
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andm, is the so-call equilibrium neutrino mass and defined as
167T5/2 1/2 Ui
my = g«
3\/5 MPlanck

where we adopted/pia,ac = 1.22 x 10GeV. And the effective number degrees of freedom
in SM with three right-handed neutrinos and one extra Higgsbtet is 116. After reprocess-
ing by sphaleron transitions, the baryon asymmetry isedléd (B — L) asymmetry byYp =
(8/23)Yp_r, [22]. In the conventional letogenesis, we are always in theng washout regime
with K; > 1 and the RHNN/s are nearly in thermal equilibrium. Then, the generafed L
asymmetry in the strong washout regime is given by [23]

Voo = Yot (LR 107eVyHe (39)

Gx mg

where we have take into account the contributions of allgenerations of RHN neutrinos since
their masses are almost degenerate. Then, the resultipgrbto-photon ration becomes,

s ng 17 g; 70.55 x 1073eV\ 1.16
=|—| =2 ~7.04Yp ~ — - (~—) ’ 40
" {nw]o s B3 ZZ: s M (40)

~ 107 3eV, (38)

where the zero indicates the present time. The predictiopg @fs a function of minimal breaking
parametep is shown in the right panel of Fig. 3. The red, green and blugepes respectively
correspond to three scales of RHN magg, = 10!, 102, 10'3 GeV. At the present, the experi-
mental value of baryon asymmetry given in the reference i[Qa]ooutngMB = 6.225 x 10710,
and the phenomenologically allowed regions is alibut 1071° < np < 10~°. Therefore, the
mass scale of RHN in our scenario is required aldodt GeV for successful leptogenesis.

V. SUMMARY

We have considered the seesaw model pbymmetry with two Higgs singlets. It is shown
that, if the components of RHN mass matrix resulting from \$E3f the two Higgs singlets are
degenerate, then the lepton mixing matrix has the TB strecté\ccording to the TB pattern,
the reactor mixing angle};s, is zero which is disagreed with the current neutrino expenital
data. Besides, there is no CP violation by the decay of RHBdihg to the BAU is could not
explained by the model. We then considered a tiny shift betwibe aforementioned components
of RHN mass matrix. This tiny minimal breaking parametedieto deviations of lepton mixing
angles from their TB values. As a results, the current vafug pcan be achieved by the model
by choosing a suitable value of breaking parameterAn other interesting result of minimal
breaking of the model is that the BAU is successfully gemeldty the decay of RHNs. We also
investigated the Jarlskog paramet&fp, which is an invariant CP violation parameter in neutrino
oscillations. The neutrinoless double beta decay parar(iéte..)|) and the Dirac CP violating
phase {cp) are also studied in this letter.

Notice that, this work studies the case of conventionabigghesis where the flavor effects
are not taken into account. If we consider the flavored legriegis where the effects of lepton
flavors are included, the the mass scale of RHN for succdsgfidgenesis is much lower. Besides,
in this work, the numerical calculation is for the case ofeirted hierarchy of neutrino mass, the
case of normal hierarchy can be calculated similarly.
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