FIMP dark matter and low scale

leptogenesis in a flavor symmetric neutrino
two Higgs doublet model (V2ZHDM)

This chapter deals with the study of dark matter (DM) phenomenology, neutrinoless dou-
ble beta decay (NDBD) and realized low scale leptogenesis in an extension of Standard
Model(SM) with three neutral fermions, a scalar doublet and a dark sector incorporating a
singlet scalar and a Dirac singlet fermion. A generic model based on A4 X Z4 flavor symmetry
including five flavons is used to explain both normal and inverted hierarchy mass patterns of
neutrino and also to accommodate the dark matter mass. In this extension of the v2HDM,
the effective neutrino mass observed in Ov 3 is well within the experimental limit provided
by KamLLAND-ZEN. In order to validate DM within this model, we have checked relic

abundance and free streaming length of the dark sector component, i.e. a Dirac singlet
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fermion constraining its mass in keV range. More importantly we have also realised low
scale leptogenesis simultaneously within this framework and also the Dirac CP phase gets
constrained with the results. Bound from LFV is also incorporated in order to constrain
the Yukawa couplings. More importantly, we have analyzed the dependence of various

phenomenology with decay parameter for different choice of arbitrary complex angles.

4.1 Introduction

We know that the SM is incapable in explaining the cosmological phenomena such as DM,
BAU in addition to other neutrino related phenomenology. In the present scenario, DM has
risen to be a very hot topic of discussion. We mainly focus on this sector in our work along
with the generation of small neutrino mass, BAU and Ovf3 3. Depending upon the internal
structure i.e. the constituent particles and symmetries, the history of thermalisation of the
dark sector take different paths. This gives rise to different types of DM on the basis of
its mass range[251]. We basically have the FIMP, hot and cold type dark matter followed
from the above mentioned aspect. Though the lightest of the RHN can be considered to be a
sterile DM in keV scale[61, 110], it faces stringent bounds from various experiments[252],
thereby leaving a very small viable region for it to be a probable dark matter candidate. So,
we introduce another scenario in our work by incorporating a dark sector to the v2ZHDM.
It includes a scalar singlet (1) and a Dirac singlet fermion (&), which are charged under
Z, symmetry[253]. Interestingly, the bounds from X-ray experiment can be ignored as the
stability of DM candidate & is maintained by the Z, symmetry[252]. Due to the fact that
we have null results from the Direct detection[254] as well as indirect detection[255], the
nature of the DM candidate is taken to be of FIMP type. The basic idea followed in our
work comprises of the realisation of the vV2HDM by the virtue of the flavor symmetries
A4 ®Z4. Along with the constituent particles of the generic vV2ZHDM, we have added a singlet

scalar and a Dirac singlet fermion to the model. The newly added particles incorporate the
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dark sector, by which the DM phenomenology can be explained. As already mentioned,
the DM considered in our work is of FIMP type. We have analysed leptogenesis in our
work with the consideration of a mass hierarchy of the RHN My, << My, ;. On finding the
numerical values of the Yukawa coupling matrix, we further carry out a detailed analysis
of leptogenesis as well as neutrinoless double beta decay (Ov33). Also the branching ratio
of the decay (1 — eY) is calculated in order to constrain the Yukawa couplings obtained
from the model. We emphasize on a relative study due to the variation in the values of the
rotational matrix angles used for parametrization of the Yukawa coupling matrix. This yields
variation in decay parameter value Ky, , which is used in determining baryon asymmetry of
the Universe and also explains the various DM phenomenologies. Thus, we see how the
choice of the angles has an impact on neutrino phenomenology and related cosmology carried
out in this work. We have further categorised the paper into six sections which are as follows.
Sec.(4.2) includes the basic model and the flavor symmetric model. Phenomenologies such
as leptogenesis and FIMP type of dark matter in v2ZHDM are mentioned in sec.(4.3) and
sec.(4.4) respectively. We finally show the numerical analysis and the results obtained in

sec.(4.5), followed by the conclusion in sec.(4.6).

4.2 Flavor symmetric neutrino two higgs doublet model

In spite of being the most successful theory of particle physics, Standard model (SM) fails to
explain quite a few experimental and theoritical phenomena such as smallness of neutrino
mass, dark matter (DM), baryon asymmetry of the Universe (BAU), etc. In the SM, neutrino
remains massless, although it can accquire a small Majorana mass through dimension five
operator[256, 12].

1
X(v,~c1>°—z,~c1>+)(vj<1>°—z,~<1>+) 4.1)

where A is the effective large mass scale and H is usual Higss doublet. This operator can be

commonly realized in the framework of canonical seesaw([81], where SM is extended with
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three right handed neutrino(V;) such that-
my = —= 4.2)

where mp = fv is the Dirac neutrino mass considering vaccum expection value(vev) of Higgs
to be < ®° >=1" and my = Af. Such kind of mechanisms does not have a direct test in the
experiment beacuse of the large mass scale of my.

v2HDM is one such framework where eq.(4.2) can be realised naturally with mass of
the right handed neutrino to be in experimental reach (order of 1 TeV) by extending the
SM with three right handed neutrino and a scalar doublet (¢) having a very small vaccum
expectation value (vev)[71]. We have to introduce a U(1);, global symmetry under which
Ly =0, Ly = —1 and Ly = 0, so that it forbids type-I seesaw interaction term [ ®N. Thus,
the additional scalar doublet ¢ couples with right handed neutrino and SM Higgs will couple
with quarks and charged lepton. In this model the smallness of Dirac neutrino mass is
achieved through this additional scalar doublet. To accomodate dark matter candidate in
this model, we introduce a dark sector to the generic vV2HDM(discussed above). This newly
added dark sector includes a singlet scalar 1) and a Dirac singlet fermion &[98, 251] which
are charged under Z; symmetry. Considering mg < my, we can say that & serves as a
probable DM candidate. Particle content of the minimal v2HDM with charge assignment

under SU(3)c @ SU(2), ® U(1)y are given below-

i

[ ‘l/i ]L: (1,2,—1/2); [ lRi } = (1717_1>7 [ Ni } = (1a170)> [ ¢ } = (172’1/2)' (4'3)

The scalar doublets ® and ¢ in the model can be denoted as:

ot ¢
b= VDO 4 ip0i ;¢ - v+¢0‘r+i¢0.i (44)
i —
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Thus, the corresponding Higgs potential will be:

V=m0 o4 md A (1) 1 2a(670) + As(@1 @) (970) +
Ja(@10)(91®) ~ uh(@19 +hc) + (As(@ 9P +he) + Al P+ )
Ja(n'n)(@'®) +As(n'n)(979)

where the lepton symmetry is explicitly and softly broken by the u;; term. The condition

< n >= 0 should be satisfied for the unbroken Z, symmetry so that it donot have any

interaction with the Higgs doublet. Also the mixing angle tanf3 can be expressed interms of
!

the vev of SM Higgs boson and the inert Higgs doublet, which is given by tanff = <.

Again the minimization condition is given by the equation:

2 2 V_ﬂvzz_(l3+7t4+3~5) 2

mg = “127 > I — (4.6)
VoA A3+ Ag A
m} = u122; ~ 71# _(Bathatds) 24 5) 2 4.7

which helps in expressing the vev of Higgs doublet in terms of parameter present in the
Higgs potential. Radiative corrections to the term ,ulzz is proportional to ,ulzz itself and it
is logarithimically sensitive to the cut off scale as it is the only source of lepton number
violation[257]. This results in the stabilization of vev hierarchy v << y against radiative

corrections. The physical Higgs boson after SSB is given by:

H" = ¢Tcosp — D sinf,A = ¢%cosp — D% sinp (4.8)

H® = ¢ cosa — @V sinat, h = @ coso + @ sinar, (4.9)



FIMP dark matter and low scale leptogenesis in a flavor symmetric neutrino two Higgs
102 doublet model (v2HDM)

where the mixing angle « is given as follows:

—u2 /
tan2o ~ 21, Hip + (At A4 + As)v v.

7 4.10
v —u + vy (410)

Further after neglecting O(v?) and O(u?,), the masses of the physical Higgs bosons are as

follows:
myy o md +1/2(A3v2),m5 = mify ~mys +1/2(Ag + As)v 2, my = L2 4.11)
The effective Lagrangian for the extended V2HDM can be expressed as:
LC Yl_Lq3N+)L§_nN+%NCmNN—f—mgéE—l—h.c. (4.12)

From eq(4.12), the light neutrino mass can derived as[7]:

2
\% _
My = —7YMN1YT = UpnnsmSUbyins (4.13)

where, mﬁ’, = diag(my,mp,m3) is the diagonal neutrino mass matrix and Upyys is the
PMNS(Pontecorvo-Maki-Nakagawa-Sakata) matrix.

We also realize the extension of V2ZHDM with the help of discrete flavor symmetry group
A4 ® Z4. To maintain stability of the dark sector, a discrete Z, symmetry is also introduced
under which the extended particles are charged. Particle content of the model with its charge
assignment are given in the table.(4.1). 1 and & fields are charged under Z, symmetry,
considering them to be the dark sector which donot acquire any vev and thus remain invisible.
We introduce five flavon fields p, p/, p”, ;. ¢ "in order to break the flavor symmetry so as to
generate the required mass structures.

Now, the Lagrangian for the charged lepton sector can be written as:

£ = (0.0p)i, + yx“(z‘chp)sz + 2 (1,0p)ip, e 4.14)
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Field | I | Ig, | g, | Iy [Ny [N [ N5 [H| o[ p |0 [0 [C] ¢
suy 211ttt [2)2]t[1]1]1]1
Ay |31 1"l l3[3] 31T
Ze 1|1 |1 [ 11| =t(1[1[t]qi]=t]1]=1

Table 4.1 Fields and their respective transformations under the symmetry group of the model.

where A denotes the cut off scale. The term [; Hp in the eq.(4.14) transforms as 1, 1" and
1 respectively under A4 for initial three terms in order to obtain a diagonal charged lepton
mass matrix[97].

The effective Lagrangain for Dirac mass is given by:
1 - ~ - ~ |/ -~
£=220dp)N + 2 (060 N2+ 2 (160" )N (4.15)
A A A
and the right handed fermions are represented by the Lagrangian:
1 - | 1 -
EﬁlngNl +§ﬁ2§N§Nz+§B3§N§N3+h.c (4.16)
The flavon alignments considered in the model are given below:
<p>:(wmhw%<p5x:m;4mwx<p">:(memL<C>=<§J>=w (4.17)

Using this alignment we can have diagonal charge lepton matrix given by:

<®> e 00

®

=== 0 y. 0 |, (4.18)
0 0 y:

and the Dirac mass matrix will take the form represented as:

<¢>w yr Y2 y3
= A | 0 ¥ |, (4.19)

yro —y2 ¥3

mp
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here y;,y, and y3 stands for the Yukawa couplings. We further express the Dirc mass matrix

in terms of the model parameters as:

a b ¢
mp=|a 0 c¢ |, (4.20)
a —b c
where, a = #y 1,b= #yz and c = <¢A> 945 are the model parameters which actually

represents the Dirac masses. Because of the additional Z; symmetry the right handed neutrino

mass matrix will be a diagonal one given as:

ﬁla) 0 0
My=| 0 Bo 0 |, 4.21)
0 0 /330)

where f31,3; and 33 are the Majorana couplings. Incorporating the mass matrices and Yukawa
coupling matrix obtained from the model in eq.(4.13), we can finally calculate the active
neutrino mass.

Bounds from Lepton flavor violating process:

It is well known that lepton flavor violating processes put significant bound on the model
parameter space. The size of the LFV is controlled by the lepton number violating Yukawa
couplings y;;. The MEG collaboration has been able to set the impressive bound on muon

decay Br(u — ey) < 4.2 x 10713[215]. The branching ratio of I, — lgy is given by[? ]-

Br(u —ey) = LF (A 4.22
where G is the Fermi constant and AZ’; = (%)2 and the loop function is expressed as :
1
F(x) = m(l —6x% +3x742x° — 6lenx) (4.23)
—X

The Yukawa couplings obtained from the model, i.e. found to be in the range 10~! — 107°

are consistent with the bounds of lepton flavor violating process. From fig.(4.1), we see that
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the branching ratio value for the process u — ey is below the experimental bound given by
MEG collaboration for both NH and IH, thereby, making the Yukawa couplings viable in

explaining leptogenesis and dark matter.

4.3 Leptogenesis in v2HDM

We study leptogenesis in this work, which is a consequence of the out-of-equilibrium decay
of Ni — 11.0*, i1 ¢[67]. The lepton asymmetry produced only by the decay of N is converted
into the baryon asymmetry of the Universe(BAU) by the electro-weak sphaleron phase
transitions[300]. In case of vanilla leptogenesis, there exists an absolute lower bound on
the mass of the lightest RHN to be My, ~ 10° GeV[86, 221]. However, the limit on the
lightest RHN mass scale can be lowered to 10 TeV[68, 35] in certain scenarios. With the
consideration of a hierarchical mass spectrum my << My, << My, , and the incorporation
of the Yukawa couplings from the model, the CP-asymmetry term is given by[35]:

1
87T(YTY)11

& =

Y Im[(Y'Y)’]; {f(rﬂ,no - “'”_71 (1 —m)Q] L @2
J#1 rit

where, Y represents the Yukawa coupling matrix and the term f(r;1,11) is expressed as:

o (1=2n1+rj1) rji =N
flrjn,m) = /rj {1+ —m) ln(l—2n1+rj1>’ (4.25)

with rjj = (Z—zl’)z and Ny = (@)2 .

The decay rate equation for Ny which is given by,

M, o212 M ,
:T?(YTY)“ {“(%I)} = yty) (1 —m)? (4.26)

r
! 8
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Meanwhile, the washout effect is checked by the decay parameter as mentioned in
eq.(1.52). We can express H in terms of 7 and the corresponding equation is given by
eq.(2.21).

B 8m3g, T2

H= iy
90 Mp;

(4.27)

In eq.(4.27), g. stands for the effective number of relativistic degrees of freedom and Mp; ~
1.22 x 10" GeV is the Planck mass.

Using the parametrization for Yukawa coupling, i.e.[258]

D) . .
Y = %UPMNS(m@”“g ) 2R(ME*)1/2, (4.28)

we can verify the following relation:

o) . . .
YiY = Sy 2R (RO 2. (4.29)

Here, R is an orthogonal matrix satisying the condition RT R = 1 which is parametrized as:

cos®y;y —sin®y;p 0 cos®iz 0 —sinw3 1 0 0
R=| sinwy cosw;, O 0 1 0 0 cosanz —sinans (4.30)
0 0 1 sinw;z 0 coswz 0 sinwys cosys

where, 12,13 23 represents the arbitrary complex angles. Thus, we can now express the decay

parameter Ky, interms of the arbitrary angles by the following equation:

2| ()P )|

4.31
v ; (4.31)

Ky, ~897(tanp)
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which can also be verified from eq.(4.29). In the above equation, (m% )R = Rt m%“¢R,

which further gives:
(IR || = mycos®cosl + mysin®iycos®is + masino (4.32)

From eq.(4.31) and eq.(4.32), we can see that Ky, has dependency on the arbitrary complex
angles @7 13 but is independent of @»3. This relationship implies that by proper variation of
these arbitrary angles, we can have a comparative analysis of the different phenomenologies
associated with it. In our work, we have choosen some benchmark values for @3 >3 for which
we have varied w;>. We showcase the variations in BAU as well as DM phenomenology for
two different values of @;>, however, keeping @3 »3 fixed. Also, the vev of the scalar doublet
¢ plays a vital role in the determination of Ky,, which further has significant impact on
baryogenesis. As mentioned in various literatures[259, 260], the AL = 0 washout processes
are crucial in context of small values u. Thereby, the condition I'y /MN1 << 1 for low scale
seesaw is satisfied. Thus, the Boltzmann equations for the evolution of the abundance of N

and Np_p are given by[86],
anl
dz

= —D(ny, —nf\,q]), (4.33)

dnp_p,
dz

=—&D (an — n]e\;ll) —Wing_pr, (4.34)

respectively. n;?l = %Kl (z) is the equilibrium number density of Nj, where Kj(z) is the

modified Bessel function of i*” type and

Iy Ki(z)
Di=—= z

Hz (4.35)

gives the measure of the total decay rate with respect to the Hubble rate, and W) = Z—Vg is the

total washout rate.

Again, as we know W = W p + Wy -»[68], i.e the total washout term is the sum of
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the washout due to inverse decays /¢, 1 0* — Ny Wip= }J(N1 2K (z)) and the washout due
to the AL = 2 scatterings [ <+ [¢*,1] <+ ¢*¢* which is given by[35],

18V 10Mp; 272

2 -2
My, m~. 4.36
g1\ /8x 72V 7L5) N (4.36)

AL=2 =

Here, g; is the internal degrees of freedom for the SM leptons, and 7 is the absolute neutrino
mass scale, defined by:
m* = m3 +ms +mj (4.37)

The final B — L asymmetry n'gf ; 1s evaluated by numerically calculating eq.(4.33) and

eq.(4.34) before the sphaleron freeze-out. This is converted into the baryon-to-photon ratio

given by[35]:
3 0
np = Zz_*asphn];L ~9.2x 1073”£7L7 (4.38)

In eq.(4.38), g« = 110.75 is the effective relativistic degrees of freedom at the time when
final lepton asymmetry was produced, g0 = ﬁ is the effective degrees of freedom at the
recombination epoch and ayp, = % is the sphaleron conversion factor taking two Higgs
doublet into consideration. The Planck limit 2018 gives a bound on the observed BAU(np) to
be (6.044+0.08) x 10~ 101210]. Therefore, in our work, we have chosen the free parameters
such that we can generate the observed BAU for NH/IH. As mentioned earlier, we have
fixed the arbitrary angles ;3 >3 bearing values 1073 4+ 1073i and 107! + 10!} respectively.
Whereas, we have chosen two benchmark values for @;,, i.e 10724+10"2iand 10~ 124+ 10"1%;
which shows quite a significant change in the cosmological phenomenologies carried out in
this work. In addition to this, we have taken a certain parameter space for v = 0.1 — 30 GeV

to show its dependence on BAU for both NH/IH.



4.4 FIMP dark matter in v2HDM 109

4.4 FIMP dark matter in v2HDM

In this work, we consider a FIMP type dark matter with the real Yukawa coupling, A <<
1[251] between the right handed neutrino N with the dark sector, i.e. singlet fermion & and
singlet scalar 1. As of the DM type taken into account, it is known that the coupling is so
weak that it never reaches thermalization even within the dark sector.We consider the singlet
fermion (§) to be a probable dark matter candidate. Due to the feeble interaction of the DM
candidate, its relic abundance is generated via the freeze-in mechanism[261]. We can obtain

the expression for relic abundance by solving the Boltzmann equation:

dY;
Vi DYy, BR; (4.39)

where, Y¢ and Yy, are the abundance of DM candidate & and right handed neutrino N;
respectively, and BR¢ is the branching ratio of Nj — &n. The inverse decay process, i.e.
&N — N is neglected and a hierarchical criteria of BRg = BR(N; — &n) << BRgm =
BR(N; — SM) ~ 1 is considered due to the FIMP nature of &. Alongside, for the decay
N; — &n to obey out of equilibrium condition, it is crucial that BR: < 10~2. In our work,
as we have solved the model parameters so as to find the value of Ky,, we see that it is
consistent in satisfying the bounds for relic abundance and streaming length. From eq.(4.39),

an asymptotic abundance of the FIMP DM & can be approximated by the relation[251]:

157(5)
Ye(oo) >~ Yy, (0)BRg (1 + ———K 4.40
Therefore, the expression for relic abundance in agreement with the asymtotic abundance is
given by:
Emryz _ ME0YE) 0 oo (€ ) (BR: x 10%)(0.009+ -N1))  (4.41)
g Pe keV 44
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where, p. = 1.05371 x 1073h*GeVem ™3 is the critical density of the Universe and so =
2891.2cm—3[262] is the current entropy density and # = 0.72 is the Hubble parameter. One
of the frequently and significantly considered cosmological constraints that comes into play
while considering light DM candidate is the free streaming limit. It provides stringent
bounds on the FIMP DM mass. Due to non- trivial velocity dispersion, the free streaming
of dark matter particles strike outs the matter density perturbations and consequently the
structure formation on scales A < Arg. Subsequently, small structure formation gives the
most robust constraint on the free streaming length, viz. Apg < O(0.1) Mpc[263]. The free
streaming length is defined as the average distance covered by a particle without confronting

collision[251];

beg < Vg > aNR ae
Aps = / — > " dar~ 0.62+1 q 4.42
Fs Ay a’H 4 HO\/Q.R( + n(aNR)) ( )

where, < vg > is the average velocity at given time of the FIMP DM ¢, ay, and a,, are
the scale factors at reheating and equilibrium respectively. The values of the cosmological
parameters used are Hy = 67.3kms_1Mpc_1, Qr=9.3x10"2 and Geg = 2.9 X 10-4[264].

Again, the non- relativistic scale factor for FIMP DM is expressed as[98]:

To /840 ,—1/2
=0 (&g (4.43)
2m§ (g*,rh) M

AanR

with g, o = 3.91, g, = 106.75 and Ty = 2.35 x 10~“%eV. There are different decoupling
and production mechanism of DM and thereby, the free streaming length is different for each
of the relativistic decoupling scenarios such as hot, FIMP DM. As the free streaming length

is highly dependent on the production mechanism, thus, the specific free streaming length

for FIMP DM can be given by[98]:

_4,/keV 50 12 n
A ~ 2.8 10 4(m_§)(K_N1) /2 (1+0.09ln[(£)(

Ky,

) Ph)Mpe  (4.44)
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From the above equation, we can clearly say that the free streaming length is relied upon the
decay parameter and the DM mass. Hence, we do a detailed analysis on these factors in our

work for both NH/IH.

4.5 Analysis and results

1.x107° NH

Lx107# .

Br(u —ey)

1.x107%°

1.x 10734

100 150 200 250 300 100 150 200 250 300
my+(GeV) my+(GeV)

Fig. 4.1 Br( — ey) as a function of my+ for NH and IH. The dashed horizontal lines are
the recent upper bounds.

In the flavor symmetric realisation of the extended v2HDM[98], we have explicitly
studied the implication of the Yukawa coupling matrix and the rotational matrix used for
parametrization. On numerically solving the Dirac masses given by a,b and ¢ which con-
stitute the Yukawa coupling matrix, we eventually find the range of the coupling matrix
Y. Incorporating the parameter space of the Yukawa coupling matrix in eq.(4.28), we can
deduce the active neutrino mass matrix. It has been found from the model we have worked
upon that the summation of the active neutrino is consistent with the Planck limit, i.e.
Yi—123m; <0.11eV[265]. Consecutively, we have also analysed the phenomenology of
0vBB[223-225] in our work. It is indeed a well known and significant experimental tech-
nique of detecting neutrino mass, thereby, making it relatable with observations in the
on-going experiments. The various experiments in this regard are KamLAND-Zen[113, 114],

KATRIN[246, 59], GERDA[115, 116], etc. The phenomenon that is measured in these
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Fig. 4.2 Baryon asymmetry of the Universe as a function of lightest RHN(/;) is shown
in the first row. The second and third row depicts BAU as a function of Ky, and tanf3

respectively. We take two different values of arbitrary angle @;, and benchmark values of
@13 =10734107% and @3 = 1072+ 10~%i for NH/IH .
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Fig. 4.3 Yukawa coupling term Y'Y, 1T1 as a function of BAU for two different values of arbitrary
angle ;> and benchmark values of @3 = 107341073 and @3 = 1072+ 10~2i for NH/IH
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Fig. 4.4 Baryon asymmetry of the Universe as a function of relic abundance of the dark
matter candidate & for NH/IH with the consideration of two different values of arbitrary
angle @, and benchmark values of @3 = 1034103 and wy3 = 1072+ 1072

experiments is the effective mass of the active neutrinos which is given by the expression:
2 2 2 2 2iew | 2 2i
Impg| = |c1aci3m1 + s1pc13mae™ + s3mze lﬁ\ (4.45)

where, c¢;j= cos 6;; and s;;= sin 6;; are the elements of the UPMNS matrix. It is crucial to
obey the effective mass constraint so as to make the model sensitive to the on-going as well
as future collider signatures. Throughout the work, we have considered a specific range of
the right handed neutrinos, viz. My, = 10* GeV - 10° GeV, My, = 107 GeV - 5 x 107 GeV
and My, = 10® GeV - 5 x 108 GeV. Also, the lightest active neutrino mass is taken in the
span of m; = 10~ — 10713 eV in case of both NH/IH which is a crucial parameter required

to achieve baryogenesis in TeV scale[68]. In our study, we have shown the variations that
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Fig. 4.5 Decay parameter Ky, as a function of lightest neutrino mass for two different values
of arbitrary angle @, with benchmark values ;3 = 1034103 and wy3 = 10724+ 1072
for NH/IH .
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Fig. 4.6 Effective mass of the neutrinos w.r.t the lightest active neutrino is being showed
for NH/IH with two different values of arbitrary angle @, and benchmark values of @3 =
103 4+10"3% and @»3 = 107241072 . The horizontal black line signify the KamLAND-Zen
upper limit on the effective mass of neutrinos.

may occur due to the choice of arbitrary angles of the rotational matrix given in eq.(4.32).
Since, the dependency of BAU and dark matter phenomenology is influenced by the decay
parameter Ky, , thus we can generate desired values of Ky, by fine tuning the arbitrary angles
2 and @13[98]. In our case, we have kept ®;3 23 fixed at 1073+10 3 and 1072+ 1072
respectively and simultaneously chosen two different values of @ as 107! 4+ 107! and
1012 + 10712}, In fig.(4.2), we have shown correlation plots between BAU and parameters
such as My,, Ky, and tanf respectively for NH and IH. From the first row of fig.(4.2), we
see that the observed baryogenesis is generated for My, = 10* — 10% GeV for NH, however,

the choice of the arbitrary angle @, = 10! 4+ 107! gives large number of points satisfying
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Fig. 4.7 The plot shows variation of relic abundance w.r.t the dark matter mass for NH/IH.
Two different values of arbitrary angle w;, and benchmark values of w3 = 1073 +1073
and @3 = 1072+ 1072} for NH/IH is chosen .
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Fig. 4.8 The plot shows variation of relic abundance w.r.t the decay parameter Ky, for NH/IH
for two different values of arbitrary angle @, and benchmark values of w3 = 1073 +1073
and wp3 = 1072 +107%i.

the Planck limit compared to that of @, = 10712410712, For m;, = 107124+ 107 12, the
region My, =5 X 10* — 10°GeV has prominent points satisfying the desired BAU in case of
NH. For IH, we donot observe much change in the variation of BAU w.r.t My, obeying the
Planck bound. Also the variation due to the arbitrary angles are almost similar for both the
heirarchies. In the second row of fig.(4.2), an interesting result is seen which constraints the
parameter space of Ky, satisfying the Planck limit depending upon the choice of arbitrary
angle @;>. The points satisfying BAU for @, = 10712 + 1012 are very scanty, whereas
for @ = 107! 41077 it is seen that we have abundant points for the decay parameter
space Ky, = 10 — 100, thereby producing thermal leptogenesis and also serving the DM

candidate to be a FIMP type for both NH/IH[98, 251]. Again from third row of fig.(4.2),
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Fig. 4.9 The plot shows variation of relic abundance w.r.t the branching ratio of the decay
N; — &y for two different values of arbitrary angle @, and benchmark values of ;3 =
107341073 and wy3 = 1072 + 10~2i for NH/IH.
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Fig. 4.10 The plot shows variation of free streaming length w.r.t the decay parameter Ky,
for NH/IH. Here, the variation is shown for two different values of arbitrary angle @, and
benchmark values of @;3 = 1073 4+ 1073/ and wy3 = 1072+ 1072i.

we have obtained a clear distinction between the range of tanf satisfying the Planck limit
for BAU w.r.t the choice of @;,. We see that for @0, = 10~ + 10714, the range of tanf3
from 10 — 100 is seen to produce the observed BAU, whereas for @, = 10712+ 10712} the
region of tanf satisfying the BAU limit is constrained from 10-50 with very less points as
compared to that for wy, = 107! 4 101 incase of NH. The results obtained for IH is almost
similar to that for NH. We have obtained a crucial result from fig.(4.3) which remains almost
the same for both the mass heirarchies. Here, the parameter space of the Yukawa coupling
element (Y'Y);; which has a significant contribution in the CP asymmetry is constrained
for w;> = 10712+ 10~'% in a small region obeying the BAU limit. Also we have obtained

very few points in the parameter space satisfying the Planck bound incase of lower value of
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Fig. 4.11 The plot shows variation of free streaming length w.r.t the relic abundance of £ for
two different values of arbitrary angle ®;, and benchmark values of @3 = 1034103 and
@3 = 1072 + 1072 for NH/IH.

Parameter NH IH
a(GeV) [0.05x1072—-0.28x1072[0.10x10°2—0.25x 1072
b(GeV) [0.12x1077—=031x107T | 0.12x 1071 —-0.30 x 107!
c(GeV) | 0.06x1072—-0.13x10"2]0.06x1072—0.14 x 102

Table 4.2 Dirac masses of the model and their respective parameter space satisfying the relic
abundance of the DM candidate & for @y = 1071410714

®1,. However, we have quite a wide range of (YY) corresponding to w; = 107! + 107"
satisfying the Planck bound for BAU, i.e. (Y'Y);; = 1078 — 107°. Fig.(4.4) is a correlation
plot between the relic abundance and the BAU. Here, we see that there are sufficient common
points for the choice of w;» = 10~ + 107! satisfying both the bounds simultaneously,
though we have almost negligible number of points obeying both the bounds incase of

;> = 10712 4107 12;. The results are similar for both the heirarchies.

Parameter NH IH
a(GeV) [0.05x1072—-0.24x1072 [ 0.05x1072—-0.25x 1072
b(GeV) [0.14x10°1-028%x10 1| 0.13x10°1—-0.28 x 107!
c(GeV) [ 0.06x1072—0.12x10"2]0.06x1072—0.14 x 102

Table 4.3 Dirac masses of the model and their respective parameter space satisfying the relic
abundance of the DM candidate & for @, = 10712410712
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Fig. 4.12 Contour plot relating the model parameters a and b w.r.t the relic abundance(Qpyh?)
of the DM candidate(& )(left panel), right panel shows variation of b and ¢ with Qpysh* and
in the middle we show a similar plot for a and c. This result corresponds to benchmark points
02 =10"1+1071, @13 = 1073 +1073%i and @3 = 1072+ 102 for NH.
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Fig. 4.13 Contour plot relating the model parameters a and b w.r.t the relic abundance(Qpysh?)
of the DM candidate(&)(left panel), right panel shows variation of b and ¢ with Qpyh* and
in the middle we show a similar plot for a and c. This result corresponds to benchmark points
w12 =10""+1071, w13 =107 +1073i and @p3 = 10724 10~ 2i for IH.
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Fig. 4.14 Contour plot relating the Dirac masses a and b w.r.t the relic abundance(Qpyh?) of
the DM candidate(& )(left panel), right panel shows variation of b and ¢ with Qpuh? and in
the middle we show a similar plot for a and c. This result corresponds to benchmark points
12 =10"124+107'2}, 03 = 1073+ 1073i and wp3 = 102 + 10~ 2} for NH.
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Fig. 4.15 Contour plot relating the Dirac masses a and b w.r.t the relic abundance(Qpysh?) of
the DM candidate(& )(left panel), right panel shows variation of b and ¢ with Qpysh? and in
the middle we show a similar plot for a and c. This result corresponds to benchmark points
@12 =107+ 10712, @3 =107+ 1073 and w3 = 1072+ 1072 for IH.
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From fig.(4.5), we see a divergence in the plot of decay parameter w.r.t the lightest active
neutrino mass. For @, = 10~ + 1071, the decay parameter Ky, in the allowed region,
i.e. 10— 100 from the thermal leptogenesis point of view is obtained for light neutrino
mass in the space 10712 — 1072!. This range of Ky, corresponds to warm DM samples.
Whereas, for w1, = 10712 4 10712, there is a shift in the mass range of lightest active
neutrino. However, there is hardly any change in the effective mass curve depicted in fig.(4.6)
irrespective of the two different choice of @, for NH as well as IH. Typically for a warm
DM, the branching ratio Bré > 10~%, whereas for a cold DM it is Bré < 1073, For further
deduction of the relic abundance numerically, we choose the branching ratio in the range
Bry = 1072 —10~". From fig.(4.7), we see that for m;» = 107! +10~!i, we get observed
relic abundance for DM mass in the range 5 — 100 GeV which corresponds to warm DM,
whereas for 0, = 10712 4+ 10724, smaller mass of £ signifying hot DM also satisfies the
relic abundance limit. In a plot between relic abundance and decay parameter(Ky,) as
shown in fig.(4.8), we observe that the parameter space for Ky, = 10 — 100 satisfies the
Planck limit for relic abundance for @;> = 10~ + 10~ whereas for @, = 10~ + 1071,
the same region of Ky, hardly satisfies relic abundance constraint. However, for satifying
the small structure formation constraint, Ky, must not fall in the very weak washout region,
therefore, @1, = 10712 + 10712} is less favorable for both NH/IH. Also as mentioned earlier
the preferable branching ratio range for warm DM satisfying the relic abundance bound is
obeyed for w; = 107! + 1071 as depicted in fig.(4.9). We know that the most stringent
bound on rgg comes from the small structure formation, rgg < 0.1. A relationship between
rrs and Ky, is shown in fig.(4.10), where we have all the points for both the cases of ®;, in
the allowed region. As we know that Ky, is inversely proportional to rrg, thus, very small
values of Ky, donot satisfy the small structure formation bound. An analysis on the points
satisfying both relic abundance and small structure formation is been shown in fig.(4.11),

wherein we see that almost all the points corresponding rrg = 0.01 — 0.1 satisfy the relic



4.6 Summary 123

abundance bound. Also from fig.(4.7), we have obtained the allowed range of warm DM
mass satisying the relic abundance to be 5 — 100 keV, thus we can summarise that this
range of DM mass also abides the streaming length constraint. We have further shown
some contour plots between the Dirac masses a, b and ¢ w.r.t the allowed range for relic
abundance of the dark matter, i.e. Qpyh? = 0.1186 £ 0.0020 given by Planck data. Thus,
in fig.(4.12),(4.13) we have shown the parameter space of a, b and ¢ which satisfies the
relic abundance limit corresponding to @;» = 10~ 4 107!} for both NH and IH respectively.
Again similar plots are depicted for @;» = 107124 107'% in fig.(4.14),(4.15). Summarizing
the allowed parameter space of the Dirac masses from the above mentioned figures, we

finally represent it in tabular form in table (4.2) and table (4.3).

4.6 Summary

Our work basically showcases a comparative analysis of different phenomenological con-
sequences corresponding to variation in the arbitrary angles of the rotational matrix. As
mentioned in the earlier sections, we have realised the extended v2HDM with the help of
flavor symmetries A4 ® Z4. It is an interesting model as it can accomodate both neutrino as
well as DM phenomenologies. Also we can generate the light neutrino mass at the tree level
by consideration of an extra scalar doublet which is assigned L = —1[71]. From the model,
we numerically calculate the Yukawa coupling matrix, which plays the source for the various
phenomenologies that we have studied. Also, we have chosen the rotational matrix R and
the values of the arbitrary angles such that we can draw crucial conclusions of its impact
on the cosmological phenomena we have discussed. Following various literatures[68, 264],
we have chosen the values of the RHN masses, lightest active neutrino mass in the range
1013 — 10~1eV, vev of the scalar doublet(¢) in the range 0.1-30 GeV so as to achieve TeV
scale leptogenesis. We have also correlated the BAU with the values of tanf3 and analyzed

its variation for different w;, values. From fig.(4.2),(4.3) and (4.4) we can conclude that the
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choice ;> = 107! 4 1077 is more preferable in satisfying the BAU limit given by Planck
data. Also, we have obtained a constraint range of the free parameters as well as the Yukawa
couplings corresponding to the two choices of the arbitrary angles. In plot (4.4) we obtain
points which abide by the constraint from both BAU and relic abundance simultaneously
which is a vital part of the analysis. We have also generated some important results in context
with the decay parameter. Depending on @, values, we can generalise the transition in
the relation between Ky, and my; for both NH and IH. Considering the DM scenario, it is
viable to have a warm DM candidate as it obeys the constraint coming from small structure
formation and relic abundance w.r.t to the allowed parameter space of decay parameter in
comparison to hot DM. Simultaneously, we can get a warm DM source when the decay
parameter donot fall in the very weak washout region. Therefore, it is seen from fig.(4.5)
that for @, = 107! 4+ 10~!i we obtain the preferable range of Ky, which further explains
the warm DM. For warm DM, mg ~ 10 keV gives significant observed relic abundance,
however, small DM mass correspond to hot DM which again is constrained by small struc-
ture formation. Again, a difference in the branching ratio range is obtained depending on
the two different values of ;2. So, we can say that Brg ~ 107> — 1073 is the prefered
range for m;, = 10~! + 10~!i obeying the Planck limit for relic abundance, whereas for
o = 10712410712, Brg ~ 1076 — 1073 produces the observed relic abundance. Summa-
rizing the above results, it can be said that for the choice of w;; = 10~ 1410714, the value of
Ky, falls in the weak washout region which further is successful in generating the desired
BAU, relic abundance and also the small structure formation for both NH and IH. Also, the
Yukawa couplings obtained from the model are successful in producing the branching ratio
Br(u — ey)< 4.2 x 107! as shown in fig.(4.1). Thus, the model can explain the neutrino
mass, leptogenesis and dark matter for the choice of the free parameters considered and the

values of Dirac masses obtained.
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