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Abstract The Standard Model (SM) is inadequate to
explain the origin of tiny neutrino masses, the dark matter
(DM) relic abundance and the baryon asymmetry of the Uni-
verse. In this work, to address all three puzzles, we extend the
SM by alocal U(1) p_; gauge symmetry, three right-handed
(RH) neutrinos for the cancellation of gauge anomalies and
two complex scalars having non-zero U(1) gy charges. All
the newly added particles become massive after the breaking
of the U(1) p_; symmetry by the vacuum expectation value
(VEV) of one of the scalar fields ¢ . The other scalar field,
¢pM, which does not have any VEV, becomes automatically
stable and can be a viable DM candidate. Neutrino masses
are generated using the Type-I seesaw mechanism, while
the required lepton asymmetry to reproduce the observed
baryon asymmetry can be attained from the CP violating out
of equilibrium decays of the RH neutrinos in TeV scale. More
importantly within this framework, we study in detail the pro-
duction of DM via the freeze-in mechanism considering all
possible annihilation and decay processes. Finally, we find a
situation when DM is dominantly produced from the annihi-
lation of the RH neutrinos, which are at the same time also
responsible for neutrino mass generation and leptogenesis.

1 Introduction

The presence of non-zero neutrino mass and mixing has been
confirmed by observing neutrino oscillations [1,2] among
its different flavours. Neutrino experiments have measured
the three intergenerational mixing angles (612, 623, #13) and
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the two mass square differences (Am%1 and Am%z)l with
an unprecedented accuracy [3—10]. Neutrinos are massless
in the Standard Model (SM) of particle physics because in
the SM there is no right-handed (RH) counterpart of the left-
handed (LH) neutrinos. To generate tiny neutrino masses and
their intergenerational mixing angles, as suggested by differ-
ent experiments, we have to think of some new interactions
and/or new particles beyond the Standard Model (BSM).
Moreover, there are still some unsolved problems in the neu-
trino sector. For example, we do not know the exact octant
of the atmospheric mixing angle 6,3 i.e. whether it lies in the
lower octant (f23 < 45°) or in the higher octant (63 > 45°),
the exact sign of Am%z, which is related to the mass hier-
archy between my and ms3 (for the normal hierarchy (NH)
Am%2 > (, while for the inverted hierarchy (IH) Am%2 < 0)
and as regards the Dirac CP phase 4, responsible for the
CP violation in the leptonic sector. Recently, T2K and NovA
experiments have reported their preliminary result which pre-
dicts that the value of Dirac CP phase is around dcp ~ 270°
[11]. Besides these, we do not know whether the neutrinos
are Dirac or Majorana fermions. Observation of neutrino-less
double B decay [12—17] will confirm the Majorana nature of
neutrinos and might also provide important information as
regards the Majorana phases, which could be the other source
of CP violation in the leptonic sector, if the SM neutrinos are
Majorana fermions.

Besides these unsolved problems in the neutrino sector,
another well-known puzzle in recent times is the presence of
dark matter (DM) in the Universe. Many pieces of indirect
evidence suggest the existence of DM. Among the most com-
pelling pieces of evidence of DM are the observed flatness of
rotation curves of spiral galaxies [18], gravitational lensing
[19], the observed spatial offset between DM and visible mat-
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ter in the collision of two galaxy clusters (e.g. the Bullet clus-
ter [20], the Abell cluster [21,22]) etc. The latter also imposes
an upper bound on the ratio between self interaction and mass
of DM particles, which is 1?/1]])31\;[4 < 1barn/GeV [23]. More-
over, satellite borne experiments like WMAP [24] and Planck
[25] have made a precise measurement of the amount of DM
present in the Universe from the cosmic microwave back-
ground (CMB) anisotropy and the current measured value of
this parameter lies in the range 0.1172 < Qpmh?® < 0.1226
at 67% C.L. [25].

Despite the compelling observational evidence for DM
due to its gravitational interactions, our knowledge about
its particle nature is very limited. The only thing we know
about the DM is that it is very weakly interacting and elec-
tromagnetically blind. The SM of particle physics does not
have any fundamental particle which can play the role of
a cold dark matter (CDM), consequently a BSM scenario
containing new fundamental stable particle(s) is required.
There are earth based ongoing DM direct detection exper-
iments, namely Xenon-1T [26], LUX [27], CDMS [28,29]
amongst others, which have been trying to detect the weakly
interacting massive particle (WIMP) [30-32] type DM by
measuring recoil energies of the detector nuclei scattered by
the WIMPs. However, no convincing DM signal has been
found yet and hence the Mpy—osy plane for a WIMP type
DM is now getting severely constrained. Therefore, invoking
particle DM models outside the WIMP paradigm seems to
be pertinent at this stage [33]. In the present work we study
one of the possible alternatives of WIMP, namely, the feebly
interacting massive particle (FIMP) [34-43]. A major differ-
ence between the WIMP and FIMP scenarios is that, while
in the former case the DM particle is in thermal equilibrium
with the plasma in the early Universe and freezes-out when
the Hubble expansion rate becomes larger than its annihi-
lation cross section, in the FIMP case the DM is never in
thermal equilibrium with the cosmic soup. This is mainly
ensured by its extremely weak couplings to other particles in
the thermal bath. Therefore, the number density of the FIMP
is negligible in the early Universe and increases when the
FIMP is subsequently produced by the decays and annihila-
tions of other particles to which it is coupled (very feebly).
This process is generally known as freeze-in [34].

In addition to the above two unsolved problems, another
long standing enigma is the presence of more baryons over
anti-baryons in the Universe, which is known as the baryon
asymmetry or the matter—antimatter asymmetry in the Uni-

verse. The baryon asymmetry observed in the Universe is
npny

expressed by a quantity Yp =

,where ng =ng —ng
is the excess in the number density for baryon over anti-
baryon while n,, and s are the photon number density and the

entropy density of the Universe, respectively. At the present
epoch, np = (5.8 — —6.6) x 10710t 95% C.L. [44] while at
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T ~ 2.73 K, the photon density n,, = 410.7 cm™3 [44] and
the entropy density s = 2891.2 cm™> [44] (in natural unit
with Boltzmann constant Kg = 1). Therefore, the observed
baryon asymmetry at the present Universe is Yp = (8.24—
9.38) x 10719, which, although small, is sufficient to pro-
duce the ~ 5% energy density (visible matter) of the Uni-
verse. To generate the baryon asymmetry in the Universe
from a matter—antimatter symmetric state, one has to satisfy
three necessary conditions, known as the Sakharov condi-
tions [45-48]. These are: i) baryon number (B) violation, ii) C
and CP violation and iii) departure from thermal equilibrium.
Since the baryon number (B) is an accidental symmetry of the
SM (i.e. all SM interactions are B conserving) and also the
observed CP violation in quark sector is too small to generate
the requited baryon asymmetry, like the previous cases, here
also one has to look for some additional BSM interactions
which by satisfying the Sakharov conditions can generate the
observed baryon asymmetry in an initially matter—antimatter
symmetric Universe.

In this work, we will try to address all of the three above
mentioned issues. The non-observation of any BSM signal
at LHC implies the concreteness of the SM. However, to
address all the three problems, we need to extend the particles
list and/or gauge group of SM because as already mentioned,
the SM is unable to explain either of them. In our model, we
extend the SM gauge group SU(3). x SU(2)L. x U(1)y by a
local U(1) gy gauge group. The B — L extension of the SM
[49-52] has been studied earlier in the context of DM phe-
nomenology [53-63] and baryogenesis in the early Universe
in Refs. [64-66]. Since we have imposed a local U(1) sym-
metry, consequently an extra gauge boson (Zpy) will arise.
To cancel the anomaly due to this extra gauge boson we need
to introduce three RH neutrinos (N;,i = 1, 2, 3) to make
the model anomaly free. Apart from the three RH neutri-
nos, we also introduce two SM gauge singlet scalars namely
¢n and ¢pm, both of them are charged under the proposed
U(1)p—r gauge group. The U(1)p_ symmetry is sponta-
neously broken when the scalar field ¢y takes a non-zero
vacuum expectation value (VEV) and thereby generates the
masses for the three RH neutrinos as well as the extra neu-
tral gauge boson Zgr,, whose mass terms are forbidden ini-
tially due to the U(1) p_y, invariance of the Lagrangian. The
other scalar ¢py does not acquire any VEV and by choos-
ing appropriate B — L charge ¢py becomes naturally stable
and therefore, can serve as a viable DM candidate. As men-
tion above, anomaly cancellation requires the introduction of
three RH neutrinos in the present model. Therefore we can
easily generate the neutrino masses by the Type-I seesaw
mechanism after B — L symmetry is broken. Diagonalising
the light neutrino mass matrix (m,, for details see Sect. 3.1),
we determine the allowed parameter space by satisfying the
30 bounds on the mass square differences (Am?,, Am?2,.),
the mixing angles (012, 613, 623) [67] and the cosmological
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bound on the sum of three light neutrinos masses [25]. We
also determine the effective mass mgg, which is relevant for
neutrino-less double beta decay and compare it with the cur-
rent bound on mgg from the GERDA phase I experiment
[13].

Next, we explain the possible origin of the baryon asym-
metry at the present epoch from an initially matter—antimatter
symmetric Universe via leptogenesis. We first generate the
lepton asymmetry (or B — L asymmetry, Yp_1 ) from the out
of equilibrium, CP violating decays of the RH neutrinos. The
lepton asymmetry thus produced has been converted into the
baryon asymmetry by the (B + L) violating sphaleron pro-
cesses, which are effective before and during electroweak
phase transition [68—70]. When the sphaleron processes are
in thermal equilibrium (10'> GeV < T < 102 GeV, T being
the temperature of the Universe), the conversion rate is given
by [71]

8Nf + 4N¢h

- YL . 1
2N; + 13Ny, °7F %

B =
where Ny = 3 and Ny, = 1, are the number of fermionic
generations and number of Higgs doublet in the model,
respectively.

Finally, in order to address the DM issue, we consider the
singlet scalar ¢pp as a DM candidate. Since the couplings
of this scalar to the rest of the particles of the model are
free parameters, they could take any value. Depending on
the value of these couplings, we could consider ¢py as a
WIMP or a FIMP. Detailed study on the WIMP type scalar
DM in the present U(1)p_; framework has been done in
Refs. [59,60,72]. In most of the earlier works, it has been
shown that the WIMP relic density is mainly satisfied around
the resonance regions of the mediator particles. Moreover,
the WIMP parameter space has now become severely con-
strained due to non-observation of any “real” signal in vari-
ous direct detection experiments. Thus, as discussed earlier,
in this situation the study of scalar DM other than WIMP is
worthwhile. Therefore in this work, we consider the scalar
field ¢ppm as a FIMP candidate which, depending on its mass,
is dominantly produced from the decays of heavy bosonic
particles such as &y, ho, Zgr, and from the annihilations of
bosonic as well as fermionic degrees of freedom present in
the model (e.g. N;, ZgpL, h; etc.). In particular, in Ref. [43],
we have also studied a SM singlet scalar as the FIMP type
DM candidate in a L, — L; gauge extension of the SM. In
that work, we have considered the extra gauge boson mass
in MeV range to explain the muon (g — 2) anomaly. Con-
sequently, the production of O(GeV) DM from the decay of
Z,; is forbidden. Additionally, in that model due to the con-
sidered L, — L. flavour symmetry the neutrino mass matrices
(both light and heavy neutrinos) have a particular shape. On
the other hand, in the present work, we extensively study the
FIMP DM production mechanism from all possible decays

and annihilations other particles present in the model. More-
over, we have found that depending on our DM mass, a sharp
correlation exists between the three puzzles of astroparticle
physics, namely neutrino mass generation, leptogenesis and
DM. Furthermore, in Ref. [40], one of us, along with collab-
orators, has studied the freeze-in DM production mechanism
in the framework of U(1)p_; extension of the SM. How-
ever, in that article one has considered an MeV range RH
neutrino as the FIMP DM candidate. Thus, in the context of
DM phenomenology the current work is vastly different from
Ref. [40].

In the non-thermal scenario, most of the production of
the FIMP from the decay of a heavy particle occurs when
T ~ M, where M is the mass of the decaying mother par-
ticle, which is generally assumed to be in thermal equilib-
rium. Therefore, the non-thermality condition of the FIMP

r
demands that — < 1 [73], which in turn imposes a

severe upper bound on {hNeMcoupling strengths of the FIMP.
Thus the non-thermality condition requires an extremely
small coupling of ¢ppy with the thermal bath (< 10~19) and,
hence, FIMP DM can easily evade all the existing bounds
from DM direct detection experiments [26-28].

The rest of the paper has been arranged in the following
manner. In Sect. 2 we discuss the model in detail. In Sect. 3 we
present the main results of the paper. In particular, we discuss
the neutrino phenomenology in Sect. 3.1, baryogenesis via
leptogenesis in Sect. 3.2 and non-thermal FIMP DM ¢pym
production in Sect. 3.3. Finally in Sect. 4 we end with our
conclusions.

2 Model

The gauged U(1)p_; extension of the SM is one of the
most extensively studied BSM models so far. In this model,
the gauge sector of the SM is enhanced by imposing a
local U(1)p—; symmetry to the SM Lagrangian, where
B and L represent the respective baryon and lepton num-
ber of a particle. Therefore, the complete gauged group is
SU@B)e x SUR)L x U(l)y x U(1)p—r. Since the U(1)p_p,
extension of the SM is not an anomaly free theory, we need
to introduce some chiral fermions to cancel the anomaly. In
order to achieve this, we consider three extra RH neutrinos to
make the proposed B — L extension anomaly free. Besides
the SM particles and three RH neutrinos, we introduce two
SM gauge singlet scalars ¢y, ¢pMm in the theory with suit-
able B — L charges. One of the scalar fields, namely ¢y,
breaks the proposed U(1)p_; symmetry spontaneously by
acquiring a non-zero VEV vpr, and thereby generates masses
to all the BSM particles. We choose the B — L charge of
¢pwM in such a way that the Lagrangian of our model before
the U(1) p—1 symmetry breaking does not contain any inter-

@ Springer
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action term involving odd powers of ¢pm. When ¢y gets
a non-zero VEV, this U(1)p_; symmetry breaks sponta-
neously into a remnant Zp symmetry under which only ¢pm
becomes odd. The Z, invariance of the Lagrangian will be
preserved as long as the parameters of the Lagrangian are
such that the scalar field ¢py does not get any VEV. Under
this condition, the scalar field ¢py becomes absolutely sta-
ble and, in principle, can serve as a viable DM candidate.
The respective SU(2)L,, U(1)y and U(1)p_;, charges of all
the particles in the present model are listed in Table 1.
The complete Lagrangian for the model is as follows:

1
L= Lsm+ Lom + (Dueu) (D pw) — 2 B Fa”

i -
+§NiVMDuNi — V(¢n, dr)
3

3
le' - -~
—E - ¢ N;N; — E yijLignNj +hc., ()

i=1 i, j=1

with ¢, = ioa¢;. The term Lsv and Lpm represent the
SM and dark sector Lagrangian, respectively. The dark sec-
tor Lagrangian Lpy containing all possible gauge invariant
interaction terms of the scalar field ¢pym has the following
form:

Loy = (D" ¢pm) | (Ddpm) — 1hp (b hndom)
—ApM (Do) — A (bon boM) (D) i)
D (DlpdoM) (DL 0 | 3)

where the interactions of ¢py with ¢, and ¢y are pro-
portional to the couplings App and Apy, respectively. The
fourth term in Eq. (2) represents the kinetic term for the
additional gauge boson ZgL in terms of field strength tensor
FgLy of the U(1)p—p gauge group. The covariant deriva-
tives involving in the kinetic energy terms of the BSM scalars
and fermions, ¢y, ¢pm and N; (Eq. (2)), can be expressed
in a generic form

Dy = (8, +1i gL OBL(V) ZBLYW) ¥ “

where ¥ = ¢pmMm, ¢u, N; and OpL () represents the B — L
charge of the corresponding field (listed in Table 1). The
quantity V (¢, ¢g) in Eq. (2) contains the self interaction
terms of ¢y and ¢, as well as the mutual interaction term
between the two scalar fields. The expression of V (¢, ¢p)
is given by

V(pn, br) = Wbl du + 138 b + (@l dr)?
Fan(Pr o) + dnm (D) b)) (@ hdm) . (5)

@ Springer

After the symmetry breaking, the SM Higgs doublet ¢, and
the BSM scalar ¢y take the following form:

0
H
v+ H ¢H=<UBL+TBL> ; (6)
ﬁ

where v = 246 GeV is the VEV of ¢y, which breaks the
SM gauge symmetry into a residual U(1)gy symmetry. The
remaining terms in Eq. (2) are the Yukawa interaction terms
for the LH and RH neutrinos. As mentioned in the begin-
ning of this section, when the extra scalar field ¢y gets a
non-zero VEV vg|, the proposed U(1) p_; gauge symmetry
breaks spontaneously. As a result, the Majorana mass terms
for the RH neutrinos, proportional to the Yukawa couplings
yn;, are generated. In general, for three generations of RH
neutrinos, we will have a 3 x 3 Majorana mass matrix My
with all off-diagonal terms present. However, in the present
scenario for calculational simplicity we choose a basis for
the N; fields with respect to which My is diagonal. The
diagonal elements, representing the masses of N;s, are given
by

on =

YN;

M N; = —IUBL .
V2
Like the three RH neutrinos, the extra neutral gauge boson
also becomes massive through Eq. (4) when ¢y picks up a

VEV. The mass term Zpy is given by

(N

Mz, = 2gBLvBL . (8)

When both ¢, and ¢y obtain their respective VEVs, there
will be a mass mixing between the states H and Hgr,. The
mass matrix with respect to the basis H and Hpr looks as
follows:

20 v2
ARH UBL V

AhH VBL v) )

2 _
Mscular - < 2)\HU]%,L

Rotating the basis states H and Hgy, by a suitable angle «,
we can make the above mass matrix diagonal. The new basis
states (h1 and hy), with respect to which the mass matrix
M?m 1qr DECOMES diagonal, are some linear combinations of
earlier basis states H and Hgr. The new basis states, now

representing the two physical states, are defined as

h; = Hcosa + Hpp sina,
hy) = —H sina + Hgp, cosa (10)

where we denote by /1 the SM-like Higgs boson, while /,
is playing the role of a BSM scalar field. The mixing angle
between H and Hgp, can be expressed in terms of the param-
eters of the Lagrangian (cf. Eq. (2)):

A
tan 2 = — M UBLY (11)

Apv2 — )‘HUIZBL
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Table 1 Charges of all particles

. Gauge Baryon fields Lepton fields Scalar fields
under various symmetry groups . — - . — - -
Group Q) = @i, d)’ di Ly =0j.e)" e Ni ¢én  ¢ém  dpm
SUQ2)L 2 1 2 1 1 2 1 1
U(ly 1/6 2/3  —1/3  —1,2 -1 0 12 0 0
U 1/3 1/3 173 -1 -1 -1 0 2 nBL

Besides the two physical scalar fields 4 and &>, as men-
tioned earlier, there is another scalar field (¢py) in the present
model, which can play the role of a DM candidate. The
masses of these three physical scalar fields A1, hy and ¢pm
are given by

Mf%l = )th2 + )\HU]23L

—\/()\hv2 — Anv3)? + O vupL)?

Mj, = av® + hpv;

0% = Aprvd)% + Gunrr v vBL)?,

)»thz )\DHU}%L
2 2

where M, 2 denotes the mass of the corresponding scalar field
X.

Min = tpn + : (12)

In this work, we choose M}, , Mpm, hBL, Mn;, Mz, , 8BL,
o, Aph, ApH and Apy as our independent set of parameters.
The other parameters in the Lagrangian, namely Ay, Ay, Ang,
,uéh and ,uéH, can be expressed in terms of these variables as
follows [72]:

2 2 2 2
g = Mh1 +Mh2 + (Mh2 — Mh])COSZOl

2
dvg
2 2 2 2
o Mh1 + Mh2 + (Mh1 — Mhz)COSQOl
g 492 ’
(MﬁI — M,% ) cos « sin &
AnH = 2 ,
U UBL

2o (M} + M )v+ (M — M} )(vcos 2« + vpr sin 2a)

@ 4v ’
W2 = —(Mj;, + M} v + (M}, — Mj; )(vpr cos 2a — v'sin 2a)

dH 4 gL '

)LDhUZ _ )LDHU%L
2 2 ’

13)

2 _ a2
upm = Mpy —

where vpy, is defined in terms of Mz, and gpr in Eq. (8).
As we already know, in the present scenario two of the
three scalar fields, namely ¢, and ¢, obtain VEVs. On the
other hand, the remaining scalar field ¢py does not have any
VEYV, which ensures its stability by preserving its Z, odd par-
ity. Therefore, the ground state of the system is ((¢y), (¢H),
(¢pMm)) = (v, VBL, 0). Now, such a ground state (vacuum) will

2 Throughout the paper we have kept the mass (Mj,) of the SM-like
Higgs boson £ fixed at 125.5 GeV.

be bounded from below when the following inequalities are
satisfied simultaneously [72]:

qubh < O,MéH < O,MzDM >0,
A= 0,2g > 0,2pm > 0,
Mnb = —2hp g

ADh = =2/ ADM,

ApH = =2/ AH ADM,

\/MH +2y/ A ?»H\/?»Dh +2yAn KDM\/XDH +2yAH Apm
+2V/AnAApm + Anay/Aom + Apiy/Ar + Apuv/an = 0.

Besides the lower limits of As as described by the above
inequalities, there are also upper limits on the Yukawa and
quartic couplings arising from the perturbativity condition,
which demands that the Yukawa and scalar quartic couplings
have to be less than V47 (y < v/4m)and 47 (A < 47),
respectively [74].

(14)

3 Results
3.1 Neutrino masses and mixing

As mentioned earlier, the cancellation of both axial vector
anomaly [75,76] and gravitational gauge anomaly [77,78],
in U(1) g1, extended SM, requires the presence of extra chi-
ral fermions. Hence, in the present model to cancel these
anomalies we introduce three RH neutrinos (N;, i = 1-
3). The Majorana masses for the RH neutrinos are generated
only after spontaneous breaking of the proposed B — L sym-
metry by the VEV of ¢p. Also, in the present scenario, as
stated earlier, we are working in a basis where the Majo-
rana mass matrix for the three RH neutrinos are diagonal,
ie. M = diag(My,, Mn,, My;). The expression for the
mass of the ith RH neutrino (My;) is given in Eq. (7). On
the other hand, the Dirac mass terms involving both left chi-
ral and right chiral neutrinos originate when the electroweak
symmetry is spontaneously broken by the VEV of the SM
Higgs doublet ¢, giving rise to a 3 x 3 complex matrix Mp.
In general, one can take all the elements of matrix Mp as
complex but for calculational simplicity and keeping in mind
that only three physical phases (one Dirac phase and two
Majorana phases) exist for three light neutrinos (Majorana

@ Springer
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type), we consider only three complex elements in the lower
triangle part of the Dirac mass matrix Mp. However, the
results we shall present later in this section will not change
significantly if we consider all the elements of Mp to be
complex. The Dirac mass matrix Mp we assume has the
following structure:

Yee Yeu Yet
Yue + i y/w Yup Yur | » (15)
Vre + 1 Yre Yrpu + i yru Yrr

Mp =

/

y. .
where y;; = %v (i, j = e, u, ) and the Yukawa coupling
i ; has been defined in Eq. (2).

__\T
Now, with respect to the Majorana basis (m (NgR)¢ )

and ((vq )¢ Ny R)T one can write down the Majorana mass
matrix for both left and right chiral neutrinos using Mp and
M matrices in the following way:

M= ( 0. MD) :

Mp" Mr
Since Mp and Mg are both 3 x 3 matrices (for three gener-
ations of neutrinos), the resultant matrix A will be of order
6 x 6 and it is a complex symmetric matrix which reflects
its Majorana nature. Therefore, after diagonalisation of the
matrix M, we get three light and three heavy neutrinos, all of
which are Majorana fermions. If we use the block diagonal-
isation technique, we can write the light and heavy neutrino
mass matrices in the leading order as

my ~ —Mp Mp"MpT, (17)
my ~ Mp. (18)

(16)

Here My is a diagonal matrix and the expression of all the
elements of m, in terms of the elements of Mp and Mp
matrices are given in Appendix A. After diagonalising the m,,
matrix we get three light neutrino masses (m;, i = 1, 2, 3),
three mixing angles (612, 613 and 653) and one Dirac CP phase
8.

We use the Jarlskog invariant Jcp [79] to determine the
Dirac CP phase §, which is defined as

1
Jop = 3 sin 261, sin 26,3 sin 2613 cos 013 sin 8. (19)

Moreover, the quantity Jcp is related to the elements of the
Hermitian matrix & = mvmi in the following way:
Im (h13h23h31)
2 2 2
Ams; Am3z, Am3z,

Jep = , (20)
where in the numerator Im(X) represents the imaginary part
of X, while in the denominator Am% = ml2 — m?. Once we
determine the quantity Jcp (from Eq. (20)) and the intergen-
erational mixing angles of neutrinos, one can easily deter-

mine the Dirac CP phase using Eq. (19).

@ Springer

In the present scenario we have 12 independent parame-
ters coming from the Dirac mass matrix. The RH neutrino
mass matrix, in principle, should bring about three additional
parameters. However, as we will discuss in detail in Sect. 3.2,
two of the RH neutrino masses are taken to be nearly degen-
erate. In particular, the condition of resonant leptogenesis
requires that My, — My, = I'1/2, where Iy is the tree level
decay width of N; and is seen to be ~ 107! GeV. There-
fore, for all practical purposes we have My, >~ My, , and the
RH neutrino mass matrix only brings about two independent
parameters, My, and My,. Thus, we have 14 independent
parameters, which we vary in the following ranges:

1 TeV < My, < 3 TeV,

My, = My, <15TeV,
1< @XIOSS 1000 G j=em ni=j#e.
1 < ﬁvy“ x 10" < 100, @b
Lo ﬁvﬁij % 10° < 1000 (i=tj=e ),
| < V2 Jue x 10° < 1000.

We try to find the allowed parameter space which satis-
fies the following constraints on three mixing angles (6;;)
and two mass square differences (Aml.zj), Jcp obtained from
neutrino oscillation data and the cosmological bound on
the sum of three light neutrino masses. These experimen-
tal/observational results are listed below.

e Measured values of three mixing angles in 3o range [67]:
30° < 61 < 36.51°, 37.99° < 63 < 51.71° and
7.82° < 613 < 9.02°.

e Allowed values of two mass squared differences in 3o
range [67]:

Ams, 2 Mm31 2
693 < —=eV° < 7.97 and 2.37 < ——¢eV* <
1073 10-3
2.63 in 30 range.

e The above-mentioned values of the neutrino oscillation
parameters also put an upper bound on the absolute value
of Jcp from Eq. (19), which is |Jcp| < 0.039.

e Cosmological upper bound on the sum of three light neu-
trino masses i.e. Zi m; < 0.23 eV at 20 C.L. [25].

While it is possible to obtain both normal hierarchy (NH)
(m1 < my < m3) and inverted hierarchy (IH) (m3 < m| <
my) in this scenario, we show our results only for NH for
brevity. Similar results can be obtained for IH.

In the left panel of Fig. 1, we show the variation of the Jcp
parameter (as defined in Eq. (19)) with the Dirac CP phase §.
From this plot one can easily notice that there are two allowed
ranges of the Dirac CP phase, 0° < § < 90° and 270° < § <
360°, respectively, which can reproduce the neutrino oscilla-
tion parameters in the 3o range. Since the Jarlskog invariant
Jcp is proportional to sin § (Eq. 19), we get both positive and
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Fig. 1 Left panel: Variation of Jep with §. Right panel: Variation of neutrino-less double 8 decay parameter mgg with m

negative values of Jcp, symmetrically placed in the first and
fourth quadrants. However, the absolute values of Jcp always
lie below 0.039. Also, here we want to mention that, from
the recent results of the T2K [80] experiment, the values
of § lying in the fourth quadrant are favourable compared
to those in the first quadrant. In the right panel of Fig. 1,
we show the variation of the neutrino-less double 8 decay
parameter, m gg, with the mass of lightest neutrino, m1. mgg
is an important quantity for the study of neutrino-less double
B decay as the cross section of this process is proportional

to mpg = Z?=1(UPMNS)2E,- mi‘ = (my)ee (see Appendix
B for details), where (m,).. (Eq. (Al)) is the (1,1) element
of the light neutrino mass matrix m,. The nature of this plot
is very similar to the usual plot in the mgg—m plane for
the normal hierarchical scenario [81]. In the same plot, we
also show the current bound on m gg from the KamLand-Zen
experiment [17].

3.2 Baryogenesis via resonant leptogenesis

As we have three RH neutrinos in the present model, in this
section we study the lepton asymmetry generated from the CP
violating out of equilibrium decays of these heavy neutrinos
atthe early stage of the Universe. The B — L asymmetry thus
produced is converted into the baryon asymmetry through
sphaleron transitions which violate the B 4+ L quantum num-
ber, while conserving the B — L charge. The sphaleron pro-
cesses are active between temperatures of ~ 102 GeV and
~ 102 GeV in the early Universe. At high temperatures the
sphalerons are in thermal equilibrium and subsequently they
freeze out at around 7' ~ 100-200 GeV [82,83], just before
electroweak symmetry breaking (EWSB). To produce suf-

ficient lepton asymmetry, which would eventually be con-
verted into the observed baryon asymmetry, one requires RH
neutrinos with masses = 108 — 10° GeV [82,84]. This is the
well-known scenario of the “normal” or “canonical” leptoge-
nesis. However, detection of these very massive RH neutrinos
is beyond the reach of LHC and other future colliders. Here
we consider the RH neutrinos to be in the TeV mass range
to allow for their detection at collider experiments. It has
been shown that with RH neutrinos in the TeV mass-scale
range, it is possible to generate adequate lepton asymmetry
by considering the two lightest RH neutrinos, N1 and N»,
to be almost degenerate. More specifically, we demand that
My, — My, =~ I'1/2, where ;3 is the total decay width
of the lightest RH neutrino, N;. This scenario is known as
resonant leptogenesis [83,85-87].

Figure 2 shows the tree level as well as one loop decay
diagrams of the lightest RH neutrino, N;i. These diagrams
are applicable for all the three RH neutrinos. Here L repre-
sents the SM lepton, which can either be a charged lepton or
a left chiral neutrino, depending on the nature of the scalar
field (charged* or neutral) associated in the vertex, while N;
denotes the remaining two RH neutrinos, N> and N3, for the
case of N decay. In order to produce baryon asymmetry
in the Universe we need both C and CP violating interac-
tions, which is one of the three necessary conditions (see the
Sakharov conditions [45] given in Sect. 1) for baryogenesis.
Lepton asymmetry generated from the out of equilibrium

3 The typical value of I'y is ~ 1071 GeV (see Fig.3), while My, ~
O(TeV). Hence we take My, = My, throughout this work.

4 Since these processes occurred before EWSB, we have both charged
and neutral scalars in the SM.
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Fig. 2 Feynman diagrams for L
the decay of lightest RH
neutrino N

1000 BT
My, [GeV]

Fig. 3 Left panel: Variation of the CP asymmetry parameter £; with
the mass of N;. Right panel: Variation of total decay width of N| with
My, . A black solid line represents the upper bound of I'j coming from

decay of the RH neutrinos is determined by the CP asymme-
try parameter (&; ), which is given by (for details see Appendix
O

1 Im[MpMpH,]

2=75 (MpMpHi MpMpHx .
o~ ISP Im [(MDMDT)%z] (23)
[P +T35 MpMpHit (MpMpHa
N 21 Iy
~ W €. (24)

In the left panel of Fig. 3, we show the variation of the
CP asymmetry parameter, &1, generated from the decay
of the RH neutrino N, with the mass of N;. Here we
see that, for the considered ranges of My, (1000GeV <
My, < 10,000 GeV) and other relevant Yukawa couplings
(see Eq. (21)), the CP asymmetry parameter £1 can be as large
as ~ 1072, which is significantly large compared with ] in
the “normal” leptogenesis case (s ~ 1078 for M Ny ™~ 1010
GeV) [82]. In the right panel of Fig. 3, we plot the varia-
tion of total decay width of Ny with My,. From this plot,
one can easily notice that in the present scenario, I'y lies
between ~ 107!2 and 10~ GeV for the entire considered

@ Springer

L

Satisfy Oscillation Parameters in 30

1000 ‘ 10*
My, [GeV]

out of equilibrium condition of Nj. All the points in both plots satisfy
the neutrino oscillation data in the 30 range

range of My,. All the points in the two panels satisfy the
neutrino oscillations data in the 30 range, while the black
solid line in the right panel provides the upper bound on
"1, obtained from the out of equilibrium conditions for N
ie. I'y <3 H(My,) [82] where H is the Hubble parameter
atT = My;,.

Next, we calculate the B — L asymmetry generated from
the decays as well as the pair annihilations of the RH neutri-
nos N1 and N. In order to calculate the net B — L asymmetry
produced from the interactions of N1 and N, at a temperature
of the the Universe of 7 >~ 150 GeV (freeze-out temperature
of sphaleron), we have to solve a set of three coupled Boltz-
mann equations. The relevant Boltzmann equations [82,83]
for calculating Yy, and Y_,, are given by

dYN] _ Mpl Z gt(Z)
dz 1.66 My, gs(2)

_27% Mp My, V&)
45  1.66 z?

X (Vw2 + @) (Vi = 032,

(25)

) (Y = 1)
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Fig. 4 Feynman diagrams for N
the annihilations of RH !
neutrinos
-
e
N;
~
~
N;
dYy Mpr 24/84(2)
2 =— ,,2 (I'2) (YNz—Y;g)
dz 1.66MNI 8s(2)
_2772 Mpl MN] Vg*(z)
45 1.66 22
X (@V)n,. 2oy + @Vwsrig) (YR, = 32,
(26)
dYp_1 _ My z2/8x(2)
dz 1.66 M7, 85(2)
2 Y \eq
Yp_1 °N;
x Z( - er e (v, —YNj_q>> il
Jj=1 L
(27)

nx . .
where Yy = — denotes the comoving number density of
S

M
X, with ny being the actual number density and z = %

The Planck mass is denoted by M ;. The quantity g.(z) is
a function of g, and g, the effective degrees of freedom
related to the energy and entropy densities of the Universe,
respectively, and it obeys the following expression [30]:

8s(2) 1dlng(z)

. = ]l — .
8. \/gp<z>< 3 din >

Before EWSB, the variation of g, (z) withrespect to z is negli-
gible compared to the first term within the brackets and hence

(28)

one can use /g, (z) =~ 8s (Z() 5 The equilibrium comoving
8p\Z
number density of X (X = N;, L), obeying the Maxwell—-

Boltzmann distribution, is given by [30]

M
45gx (Mxz 2K2(M—;‘,Z)
478 \ My, g(M_) ’

Z

where gx and My are the internal degrees of freedom and

Yyl(z) = (29)

Z
degrees of freedom related to the entropy density of the Uni-

. . M . .
mass of X, respectively, while gg (ﬂ> is the effective

MN 1 My . .
verse at temperature I’ = ——. Ko (W z) is the modified
z 1
Bessel function of order 2. The relevant Feynman diagrams,
including both decay and annihilation of N;, are shown in
Figs. 2 and 4. The expression of thermal averaged decay

Hpr, N; [ Hpr,
ZBr
~ N; [, Hpr
Hp,

width (I";), which is related to the total decay width I'; of
N;, is given as

My,

) Ki (MNI )
! My. :
K2 (M Ny )

The thermally average annihilation cross sections
(oV) N, zg and (oV)y. 7z, » appearing in the Boltzmann

equations (Eqgs. (25) and (26)) for the processes shown in
Fig. 4, can be defined in a generic form,

() =T (30)

Z
2
4 2 My,
16MN[ My, 8N, K> (M_Nl Z)

x/ooz 6y, < K <£z) Ysds, (3D

4MN[ My,

<UV>N,',)C =

where Gy, , is related to the actual annihilation cross section
on;, x by the following relation:

Ny, x = 28X, (s —4M12v1) ON;, x » (32)

where gy, = 2 is for the internal degrees of freedom of the
RH neutrino N;. The expression of 6y, 75, and 6y;, 1, Hyy
for the present model is given in Ref. [83].

To calculate the B — L asymmetry at around 7 >~ 150
GeV, we have to numerically solve the set of three coupled
Boltzmann equations (Egs. (25)-(27)) using Eqs. (28)—(32).
However, we can reduce the two flavour analysis (when both
N; and N are separately considered) into one flavour case
by considering the parameters of the Mp matrix in such a
way that the decay widths of N1 and N are of the same order,
i.e. 'y ~ I'y. Hence, the CP asymmetry generated from the
decays of both N1 and N; are almost identical (e ~ &3; see
Egs. (C9)—(C10)). In this case, the net B — L asymmetry is
equal to twice of that is being generated from the CP violat-
ing interactions of the lightest RH neutrino N [83]. Hence
instead of solving three coupled differential equations we
now only need to solve Eqs. (25) and (27). The results we
have found by numerically solving Egs. (25) and (27) are
plotted in Fig. 5. In this plot, we show the variation of Yy,
and Yp_; with z for My, = 2000 GeV, ap. = 3 x 107#
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Table 2 Baryon asymmetry of the Universe generated for three differ-
ent values of My, and &1

H107°
1Y I - e B
10 T ~ g
N yd
Yy X J10712
//' N\
= // \\\ <
>~ yd \ w
-~ \\
-6 R
107 e T \ 11015
g \
/’/' \‘
g Y \\\
P \
/"/ \ 18
o e ‘\\« 10
-9| 7
1077 ) )
1 10
My,
VA (: T

Fig. 5 Variation of Yy, (green dashed line) and Yp_; (blue dashed-
dotted line) with z where the other parameters have been kept fixed at

2
My, = 2000 GeV, apr. (: %) =3 x 1074, Mz, = 3000GeV

and Mz, = 3000 GeV.’> While solving the coupled Boltz-
mann equations we consider the following initial conditions:
Y, (TF) = Yyl and Yp_ = 0 with T; being the initial
temperature, which we take as 20 TeV. Thereafter, the evo-
lutions of Yy, and Yp_; are governed by their respective
Boltzmann equations. From Fig. 5, one can notice that ini-
tially up to z ~ 1 (T ~ My, ), the comoving number density
of Yy, does not change much as a result of the B — L asym-
metry produced from the decay, and the annihilation of N is
also less. However, as the temperature of the Universe drops
below the mass of My, , there is a rapid change in the number
density of Ny, which changes around six orders of magnitude
between z = 1 and z = 20. Consequently, the large change in
Y, significantly enhances the B — L asymmetry Yz_;, and
finally Yp_ saturates to the desired value around ~ 10710,
when there are practically no N left to produce any further
B — L asymmetry.

The produced B — L asymmetry is converted to net baryon
asymmetry of the Universe through the sphaleron transitions
while they are in equilibrium with the thermal bath. The quan-
tities Yp_1 and Y are related by the following equation [71]:

28
Yp=—-2x —=Yp_1(T¢), 33
B X5 B—1(Tf) (33)

where Ty ~ 150 GeV is the temperature of the Universe up to
which the sphaleron process, converting B — L asymmetry
to a net B asymmetry, maintains its thermal equilibrium.
The extra factor of 2 in the above equation is due to the
equal contribution to Yp_; arising from the CP violating
interactions of N as well. Finally, we calculate the net baryon
asymmetry Yp for three different masses of the RH neutrino

5 The considered value of M 7y, and the corresponding gauge coupling
gpL satisfy the upper bounds obtained from LEP [95,96] and more
recently from LHC [59].

@ Springer

My, [GeV] &l Yp="

1600 4.4 %107 8.7121 x 10~
1800 2.25%x107% 8.7533 x 107!
2000 1.8 x 107 8.5969 x 10~

Table 3 Couplings of FIMP (¢pm) with Zgy,, by and Ay

Vertex Vertex factor
abc 8abc

PDM Py ZBLy gL nBL(p2 — pDH
$pM ¢gM hi

¢pM ¢EM hy

— (Appvcosa + ApgUBL Sina)

(Appvsina — AppyUBL COS @)

N and CP asymmetry parameter 1. The results are listed
in Table 2. In all three cases, the final baryon asymmetry
lies within the experimentally observed range for Yp, i.e.
(8.239-9.375) x 107! at 95% C.L. [44].

3.3 FIMP dark matter

In the present section we explore the FIMP scenario for DM
in the Universe, by considering the complex scalar field ¢pm
as a corresponding candidate. As described in Sect. 2, the
residual Z, symmetry of ¢py makes the scalar field abso-
lutely stable over the cosmological time scale and hence can
play the role of a DM candidate. Since ¢py has a non-zero
B — L charge npy,, DM talks to the SM as well as the BSM
particles through the exchange of extra neutral gauge boson
ZpL, and two Higgs bosons present in the model; one is the
SM-like Higgs, /1, while the other one is the BSM Higgs, A>.
The corresponding coupling strengths, in terms of the gauge
coupling gpr, B — L charge npr, mixing angle « and As,
are listed in Table 3. As the FIMP never enters into thermal
equilibrium, these couplings have to be extremely feeble in
order to make the corresponding interactions non-thermal.
For the case of the ¢pm ¢>1T)M ZgL,, coupling, we will make
the B — L charge of ¢pm extremely tiny so that this interac-
tion enters into the non-thermal regime. In principle, one can
also choose the gauge coupling ggr, to be very small; how-
ever, in the present case we will keep the values of ggr, and
Mz, fixed at 0.07 and 3 TeV, respectively, as these values
reproduce the observed baryon asymmetry of the Universe
(see Sect. 3.2). Also, there is another advantage of choosing
tiny ngr: this will make only ¢ppy out of equilibrium, while
keeping Zgy. in equilibrium with the thermal bath. Moreover,
due to the non-thermal nature, the initial number density of
FIMP is assumed to be negligible and as the temperature of
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Fig. 6 Feynman diagrams for
all the possible production
modes of ¢py before EWSB

i

the Universe begins to fall down, they start to be produced
dominantly from the decays and annihilation of other heavy
particles.

In the present scenario, we consider all the particles except
¢pM to be in thermal equilibrium. Before EWSB, all the SM
particles are massless.® In this regime, production of ¢pym
occurs mainly from the decay and/or annihilation of BSM
particles, namely Zgy, HpL, and N;. Also, before EWSB the
annihilation of all four degrees of freedom of the SM Higgs
doublet, ¢, can produce ¢py. Feynman diagrams for all
the production processes of ¢pym before EWSB are shown in
Fig.6.

After EWSB, all the SM particles become massive and
consequently, besides the BSM particles, ¢pym can now also
be produced from the decay and/or annihilation of the SM
particles. The corresponding Feynman diagrams are shown
in Fig.7. In generating the vertex factors for the different
vertices to compute the Feynman diagrams as listed in Fig. 6
and Fig.7, we use the LanHEP [88] package.

In order to compute the relic density of a species at the
present epoch, one needs to study the evolution of the num-
ber density of the corresponding species with respect to the
temperature of the Universe. The evolution of the number
density of ¢pp is governed by the Boltzmann equation con-
taining all possible number changing interactions of ¢pm.

The Boltzmann equation of ¢py in terms of its comoving

"opm

number density Yy, = , where n and s are the actual

number density and entropy density of the Universe, is given
by

6 Although the SM particles acquire thermal masses before EWSB, we
neglect these masses, as in this regime this approximation will not affect
the DM production processes significantly.

N;
N ~ < b

oD Hpy, 01, Zp1 Opir
7
7
7
N - (bjf
o 1. 7 <Oy
BL; Ohy ZBL
OpM  Zn O
7
R
Zpy N
AN QSTDM

AYgoy  2Mp1 24/84(2)
dz 1.66M};  8s(2)

X|: Z <FX—>¢DM¢]§M>(Y§'q - Y¢DM)]

X=ZgL, h1, h2

4% MpiMp, /82
45 166 2

eq 2 2
x [ DY om0 Yoont)
p

€qy€q 2
+<th1hz—>¢DM¢EM>(Yh1 Y, — Y¢DM)j| , (34)

M
%, while /g.(z), gs(z) and M, are the

same as those in Egs. (25)—(27) of Sect. 3.2. In the above
equation (Eq. (34)), the first term represents the contri-
bution coming from the decays of Zpr, hy and hj. The
expressions of equilibrium number density, Yy (z) (X is any
SM or BSM particle except ¢pm), and the thermal aver-
aged decay width, (I'x_ ¢pyvepym)> can be obtained from
Eqgs. (29) and (30), respectively, by only replacing My,
with My, the mass of the decaying mother particle. As
mentioned above, before EWSB, the summation in the first
terms is over sy and Zpp only, as there will be no contri-
bution from the SM Higgs decay, as such a trilinear vertex
(h 1¢DM¢]T)M) is absent before EWSB and after EWSB there
will be contributions to the relic density of ¢py from all
the decaying particles. The DM production from the pair
annihilations of the SM and BSM particles are described by
the second term of the Boltzmann equation. Here, summa-
tion over p includes all possible pair annihilation channels,
namely WXW~—, ZZ, Zg1. ZgL, N;N;, h;h;, tt. However
before EWSB, pair annihilations of the BSM particles and
the SM Higgs doublet, ¢, contribute to the production pro-
cesses (i.e. p = ZpL, Ni, HpL, ¢n; see Fig. 6). The third

where z =
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Fig. 7 Production processes of
¢pwM from both SM as well as QZ5 DM hi; hi7 ZBL
BSM particles after EWSB P P ¢D]W
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term, which is present only after EWSB, is another produc-
tion mode of ¢ppm from the annihilation of 4| and /. The
expressions of all the relevant cross sections and decay widths
for computing the DM number density are given in Appendix
E. The most general form of thermally averaged annihilation
cross section for two different annihilating particles of mass
M 4 and Mp is given by [43]

fi= \/s2 + (M3 — M3)2 =25 (M5 + M3),
fr=+s — (My — Mp)2 \/s — (Mp + Mp)?

(0VA B—¢gpmgpm)

1
- M M
8 M2 M2 T K, (TA) K (TB)

o0 OAB— s
x/ A B—>PDMPDM A HK (i) ds |
(Ma+Mp)? Vs T

35)

Finally, the relic density of ¢py is obtained using the
following relation between QA% and Y, (0) [89,90]:

M
Qh? =2.755 x 108 ( GeD{\/A) Yo (0),

(36)

where Yy, (0) is the value of the comoving number density
at the present epoch, which can be obtained by solving the
Boltzmann equation.

The contribution to DM production processes from decays
as well as annihilations of various SM and BSM particles

@ Springer

depends on the mass of ¢pp. Accordingly, we divide the rest
of our DM analysis into four different regions, depending on
Mpwm and the dominant production modes of ¢pm.

My, M, M
33.1 MDM<%, 2’”, ;BL,theSMandBSM

particles decay dominated region

In this case DM is dominantly produced from the decays of
all three particles, namely &1, h> and Zpr. Therefore, in this
case the U(1)p_ part of the present model directly enters
into DM production. Moreover, in this mass range, ¢pp can
also be produced from the annihilations of the SM and BSM
particles, however, we find that their contributions are not as
significant as those from the decays of i1, hy and Zgy . In the
left panel and right panel of Fig. 8, we show the variation of
DM relic density with z. In the left panel, we show the depen-
dence of DM relic density with the initial temperature T;,,.
The initial temperature (7;,) is the temperature up to which
we assume that the number density of DM is zero and its pro-
duction processes start thereafter. We can clearly see from the
figure that, as long as the initial temperature is above the mass
of the BSM Higgs (M, ~ 500 GeV), the final relic density
does not depend on the choice of the initial temperature and
reproduces the observed DM relic density of the Universe for
the chosen values of the model parameters as written in the
caption of Fig. 8. If we reduce the initial temperature from
500 GeV, i.e. for T;;, = 251 GeV, the decay contribution
of the BSM Higgs, h, becomes less, since the correspond-
ing number density of h; for 7;, < M), is Boltzmann sup-
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1 10 100
z (=M,/T)

1000

Fig. 8 Left (right) panel: Variation of relic density $2h? with z for dif-
ferent initial temperature (contributions to €24% coming from decay
and annihilation), where the other parameters are fixed at Ap, =

pressed (exponentially suppressed), which is clearly shown
by the blue dashed-dotted line. Hence, if we reduce the ini-
tial temperature (7;,) further, i.e. T;, < Mp,, M, ~ 42
GeV, then the number densities of both SM-like Higgs /1 and
BSM Higgs h; become Boltzmann suppressed and, hence, a
smaller amount of DM production will occur, which is evi-
dent from the left panel of Fig. 8 (represented by the yellow
dashed-dotted line). On the other hand in the right panel of
Fig.8, we show the contributions to the DM relic density
coming from decay and annihilation. The magenta dotted
horizontal line represents the present day observed DM relic
density of the Universe. The green dashed line represents
the total decay contribution arising from the decays of both
hi, ho and Zgr,, whereas the net annihilation contribution
coming from the annihilation of all the SM as well as BSM
particles is shown by the blue dashed-dotted line. There is
a sudden rise in the annihilation contribution which occurs
around the Universe temperature 7 ~ 154 GeV (i.e. the
EWSB temperature). After the EWSB temperature, all the
SM particles become massive and hence the sudden rise in
the annihilation part because of the appearance of the annihi-
lation channels Wt W=, Z Z, hy hy, hy ha. The plot clearly
implies that the lion share of the contribution comes from the
decay of the two Higgses h1, hy and of Zgr,, while for the
considered values of the model parameters the annihilation
contribution is subdominant. Moreover, in this case we can-
not enhance the annihilation contribution by increasing the
parameters App, Apy and npp, as these changes will result
in the over-production of DM from the decays of &1, hy and

ZBL-

1 T T
///”
e
e
/
/
w3k P A
/ 7
f
]
U I
é i ——=- Decay
I —-—-- Annihilation
10k O Qh’=0.12 i
¢//- l
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e
/
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| i P PR | PR
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8.75x 10713, Apy = 5.88 x 10714 npp = 1.33 x 10710, Mpy = 50
GeV, Mz, = 3000 GeV, gp. = 0.07, M, = 125.5 GeV and
My, =500 GeV, a = 107

In the left panel of Fig.9, we show how the individual
decay contribution from each scalar varies with z. Here we
consider the values of the scalar quartic couplings Apj
8.75 x 10713 and Apy = 5.88 x 10~!* and the (B — L)
charge of ¢py npL = 1.33 x 10719, From this plot we can
see that before EWSB the SM-like Higgs /| cannot decay
to a pair of ¢ppm as in this epoch it has no coupling with the
latter. In this regime the decay of the BSM Higgs > and
ZpL contribute, while after EWSB even the SM-like Higgs
starts contributing to the DM production and hence we get
an increased relic density (right side of EWSB). Its worth
mentioning here that while generating the plot in the left
panel of Fig. 9, we take the scalar quartic couplings App,
Apg and B — L charge of ¢py npr of different strengths
such that the contributions of the two scalars (k1 and &) and
the extra gauge boson to the DM relic density are of equal
order. This is because for the case of the BSM Higgs &)
decay the coupling A pz multiplied by the B — L symmetry
breaking VEV wvpL is relevant, while for the decay of the
SM-like Higgs /1, the product of the parameter A pj, and the
EWSB VEV v isrelevant and the contribution from the decay
of Zg1, DM charge npy is relevant. Since in the present case
vBL > v, the magnitudes of the two quartic couplings Apj,
and Appy are of different order (see Table3). On the other
hand, in the right panel of Fig. 9, we show the variation of
the relic density with z for four different values of the DM
mass Mpym. From Eq. (36), one can see that the DM relic
density is directly proportional to the mass Mpy and as a
result when the other relevant couplings remain unchanged
Qh? increases with Mpw. This feature is clearly visible in the
right panel for the cases with Mpy = 10 GeV (black solid
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Fig. 9 Left panel: variation of decay contributions of the two Higgs
bosons to $2h2 separately with z. Right panel: Variation of relic density
Qh? with z for different values of the DM mass Mpy. Other parameters

line), Mpm = 30 GeV (red dashed line) and 50 GeV (green
dashed line), respectively. However, for Mpy = 75 GeV
(blue dashed-dotted line) 242 does not rise equally because
for this value of the DM mass the decay of /| to a pair of
¢pm and ¢]T)M becomes kinematically forbidden and hence,
there is no equal increment in this case.

In the left panel and right panel of Fig. 10, we show how
the relic density varies with z for different values of scalar
quartic couplings Ap, and A p g, respectively. In each panel,
one can easily notice that there exists a kink around the
EWSB region. However, in the left panel, the kink occurs
for a higher value of X p; while in the right panel, the situa-
tion is just opposite. We have already seen in the left panel
of Fig.9 that before EWSB only %, decay is contributing
to the DM relic density and at the EWSB region SM-like
Higgs h also starts contributing. A kink will always appear
in the relic density curve when contribution of the SM-like
Higgs boson /11 to 24 is larger compared to that of the BSM
Higgs h) and extra gauge boson Zp i.e. I,

>
1—>¢DM¢EM

thﬁ om ¢-[;-)M, FZBL" Son ‘PESM' The values of scalar quartic

couplings Apn and Apy in the left panel of Fig. 9 are such
that Fh2—> ooMBing and FZBL—> oMb always remain large
compared to 'y,  gpvepy and hence no kink is observed in
the total relic density curve. However, in the present figure (in
the left panel of Fig. 10) we do have kinks around the EWSB
region, because in the left panel with Apyg = 8.316 x 10714
and ng. = 1.33 x 1071°, T

hl—>¢DM¢]gM = Fh2—>¢DM¢1§M’

r 7z + condition is satisfied only for the case with
BL—>$DM®Ppy

larger value of App = 1.237 x 10~ (App >> Apy) while

in the right panel with a fixed value of Apy, = 1.237 x 10712,
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value have been kept fixed at A p, = 8.75x 10713, Apy = 5.88x 10714,
ngr = 1.33x10710, Mpy = 50 GeV (for the left panel), Mz, = 3000
GeV, g = 0.07, My, = 125.5 GeV and My, = 500 GeV, a« = 10~

the above condition is not maintained because the Zgy, decay
channel dominates.

In the left panel of Fig. 11, we show the allowed region
in the coupling plane (App—Apg) which reproduces the
observed DM relic density (0.1172 < Qh? < 0.1226). In
this figure, we clearly indicate the dominant DM produc-
tion processes when Mpy varies between 10 GeV to 100
GeV i.e. DM production from the decays of k1, hy or both
or entirely from the annihilations of the SM particles like
W%, Z, hy etc. The parameters which are related to the
ZpL, decay (gpL, nprL) have been kept fixed at 0.07 and
1.33 x 10719, respectively, so at every time an equal amount
of ZpL decay contribution remains present. As illustrated in
the figure, when the parameter Apy, is small compared to the
other parameter Apy then among the two scalars it is the
BSM Higgs h, which is mainly contributing to the DM pro-
duction, while for the opposite case, the production of ¢pm
becomes /| dominated and in between the two scalars con-
tribute equally. Apart from that, if the mass of ¢py is greater

M
than the half of the SM-like Higgs mass (i.e. Mpm > l),

then DM production from % decay becomes kinematically
forbidden. In this case, however, the production from the
decays of 17 and Zpy, is still possible. Now, the deficitin DM
production can be compensated by the production from self
annihilation of the SM particles like %1, W= and Z; for this
we need to increase the parameter App. Moreover, by increas-
ing App (decreasing Apy simultaneously) we can arrive at a
situation where DM production is entirely dominated by the
annihilations of the SM particles and this situation has been
indicated by a pink coloured arrow in the left panel of Fig. 11.
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Fig. 10 Left (Right) panel: Variation of relic density Qh? with z for three different values of A pj (Apg), where the other parameters are fixed at
rpn = 5.88 x 1071 (Apy = 8.75 x 10713), npL. = 1.33 x 10710, Mpy = 50 GeV, Mz, = 3000 GeV, gp. = 0.07, M;,, = 125.5 GeV and
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Fig. 11 Left (Right) panel: Allowed region in the A p,—Apn (Mpy,—«) plane where other parameters are fixed at Mz, = 3000 GeV, ggr, = 0.07,
npL = 1.33 x 10710, M, = 125.5

On the other hand, in the right panel of Fig. 11 we present 3 35 My, < Mypy, < My, Mzy BSM particles decay
. . 2 DM 9 2 s

the allowed region in the Mjy,—« plane which satisfies the
relic density bound. From this figure one can see that with
the increase of Mj,, the allowed values of mixing angle o
decrease. The reason behind this decrement is the vacuum
stability conditions as given in Eq. (14). The region satis-
fying both the relic density bound and the vacuum stability
conditions is shown by the green dots, while in the other
part of the My,—« plane the quantity uéh becomes positive
which is undesirable in the context of the present model (see

Eq. (14)).

and SM particles annihilation dominated region

Clearly in this mass region, DM production from the decay of
the SM-like Higgs h is kinematically forbidden and hence
DM has been produced from the decays of hy, Zpp only.
However, unlike the previous case, here we find significant
contribution to DM relic density arising from the self anni-
hilation of the SM particles namely, /1, W=, Z and t. On the
other hand, the annihilations of BSM particles like Zgy , /2
and N; have negligible effect on DM production processes.
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Fig. 12 Variation of the DM relic density €242 with z. The other
parameter values have been kept fixed at Ap, = 6.364 x 10712,
Apu = 7.637 x 10714, ng, = 8.80 x 107!, Mpy = 70 GeV,
Mz, = 3000 GeV, gpL = 0.07, My, = 125.5 GeV, My, = 500
GeV, o = 1073, My, & My, = 2000 GeV and My, = 2500 GeV

In Fig. 12, we have shown the variation of the DM relic den-
My,
2
the decay of the 4 to qu/[quMT is kinematically forbidden,
hence we can increase the parameter A pj, safely and this will
not overproduce DM in the Universe. Due to this moder-
ately large value of Apj, the annihilation channels become
important. From Fig. 12 it is clearly seen that in this case the
annihilation channel 71h| — ¢DM¢1T)M (Green dashed line)

M M
sity with z for % < Mypy < , % Since now
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Fig. 13 Left (Right) panel: Variation of the DM relic density $2h>

with z. The other parameter values have been kept fixed at Ap, =
2.574%10712(7.212x 107 %), Apr = 3.035x 10711 (8.316 x 10~ 14),
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contributes significantly to the DM production. Therefore in
the present case, production of DM has been controlled by
the decays of h», Zpy, and the self annihilations of the SM
particles and thus directly relates to the U(1)p_ . sector of
this model.

M
333 =
2

and annihilation dominated region

My,

MZBL .
< Mgy < — BSM particles decay

In this regime of the DM mass, the only surviving decay
mode is the decay of the B — L gauge boson Zg, to a pair of
¢pM. Apart from that, depending on the choice of the mass
of ¢pm a significant fraction of DM has been produced from
the self annihilation of either BSM Higgs %5. In other words,
we can say that in this region the production of DM is BSM
particles dominated. In the left panel of Fig. 13 we show the
relative contribution of dominant production modes of DM
to QA2 for a chosen value of Mpm = 450 GeV. From this
plot one can easily notice that in the case when Mpm < Mjy,,
the almost entire fraction of DM is produced from the decay
of ZpL (green dashed line) and self annihilation of the BSM
Higgs h» (solid turquoise line). This is because, as in this
case the production of ¢py from 4, decay is kinematically
forbidden, one can increase the parameter Apy so that the
annihilation channel hohy — ¢DM¢DMT, which is mainly
proportional to AZDH (due to four point interaction), becomes
significant.

On the other hand, in the right panel we consider a situa-
tion where almost the entire DM has been produced from the
decay of B — L gauge boson. For this purpose, we choose
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a =1075, My, ~ My, = 2000 GeV and My, = 2500 GeV
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Fig. 14 Allowed region in the Mz, —ggpr. plane which produces
observed DM relic density. Solid lines (black and red) are the upper
limits on the gauge coupling gy, for a particular mass of Zgj, obtained
from LHC and LEP, respectively. Other relevant parameters used in
this plot are 250 GeV < Mpym < 5000GeV, Ap, = 7.212 x 10714,
Apn = 8316 x 1074 M, = 500 GeV, @ = 107>, My, ~
My, = 2000 GeV and My, = 2500 GeV

Mpm > Mj, and a larger value of npp, = 6.2 X 10711,
Similar to the previous case (i.e. Mpm < Mp,) here also,
the production of ¢py from /4y decay still remains forbid-
den. However, as the sum of the final state particles masses
is larger than that of the initial state, in this case the k)
annihilation mode becomes suppressed. Moreover, to make
the contribution of the %, annihilation even more suppressed
we reduce the quartic couplings App and Apy accordingly.
As a result other annihilation channels, e.g. Zgp. ZgL, N; N;,
also become inadequate as these channels are mediated by
the exchange of 1 and /. Although RH neutrinos can anni-
hilate to ¢DM¢DMT via ZgL,, we cannot increase the contri-
bution of Zpr mediated diagrams because for that one has
to further increase the B — L charge of ¢pnm (npr), which
results in an over production of DM in the Universe from
ZpL decay. From the right panel of Fig. 13, one can easily
notice that in this situation Zp, decay is the most domi-
nant DM production channel (red dashed line), while the
total contributions from the annihilations of 4, Zg;. and N;
are negligible. Therefore, for the entire mass range of ¢pwm,
My, My,
>

cesses are always related to the U(1) g, sector of the present
model by receiving a sizeable contribution from Zgy, decay.

In Fig. 14, we show the allowed region (green coloured
points) in the Mz, —gpr. plane, which reproduces the
observed DM relic density. While generating this plot we
vary 250GeV < Mpym < 5000 GeV and 10711 < npL <
1078, In this region, as mentioned above, dominant contri-
butions to the DM relic density arise from Zgy, decay and
annihilation of the BSM Higgs /5. In this figure, the black

. MZBL .
Le. < Mgy < ——, the DM production pro-

solid line represents the current upper bound [59,91,92] on
gBL for a particular mass of Zgy, from LHC,” while the limit
[95-97] from LEP?® has been indicated by the red solid line
respectively. Therefore, the region below the red and black
solid line is allowed by the collider experiments like LHC
and LEP. The benchmark value of ggr., Mz, (= 0.07, 3000
GeV) for which we have computed the baryon asymmetry
in the previous section (Sect. 3.2) is highlighted by a blue
coloured star. Hence, in this regime the extra gauge boson
ZpL, immensely takes part in achieving the correct ballpark
value of the DM relic density and also at the same time Zpy,
plays a significant role in obtaining the observed value of the
matter—antimatter asymmetry of the Universe.

M, M, M
3.3.4 Myppy > %, 2h2, ;BL, BSM particles

annihilation dominated region

Finally, in this range of the DM mass the entire production of
¢pwMm from the decays of A1, hy and Zg, becomes kinemat-
ically inaccessible. Therefore, in this case all three param-
eters, namely App, Apg and npr,, become free and we can
make sufficient increment to these parameters so that either
scalar medicated (h, hy) or gauge boson mediated (Zpr)
annihilation processes of N;, Zpy, or both, can be the domi-
nant contributors in DM production.

Similarly, in the left panel and right panel of Fig. 15, we
show two different situations where the DM production is
dominated by scalar (h1, h,) mediated diagrams and gauge
boson Zp, mediated diagrams, respectively. In the left panel,
by keeping the np, value low and adjusting the parameters
Apn and Apy one can achieve the correct value DM relic
density and on the other hand, in the right panel we keep
the values of Ap;, and Appy sufficiently low and by suitably
adjusting the DM charge ngy, we achieve the correct value
of the DM relic density. Therefore, in this region, a strong
correlation exists among the neutrino sector, U(1) p_, sector
and DM sector as the entire DM is now being produced from
N;N; and Zgy Zg1, annihilations.

In Fig. 16, we show the allowed parameter space in the
Mpm—My, plane by DM relic density. In order to generate
this plot we vary the DM mass in the range 1500 GeV
Mpm < 3000 GeV, the RH neutrino masses 1500 GeV

A IA

7 To get the bound in the M Zp.—&BL plane from the LHC, ATLAS and
CMS collaborations consider the Drell-Yan processes (p p — Zpp —
I'1, with I = e or ;1) and by searching the dilepton resonance they put a
lower bound on Mz, for a particular value of the extra gauge coupling
gL. For updated bounds on the mass of the extra neutral gauge boson
at 13 TeV centre of mass energy of LHC, see Refs. [93,94].

8 LEP consider the processes et e~ — f f (f # e) above the Z-
pole mass and by measuring its cross section they put lower limit on
the ratio between the gauge boson mass and gauge coupling, which is

M7a. > 67 Tev.
&BL -
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Fig. 15 Left (Right) Panel: Variation of the DM relic density QA% with
z when dominant contributions are coming from scalar 4; (gauge boson
Zp1,) mediated annihilation channels. The other relevant parameter val-
ues have been kept fixed at Ap, = 7.017 x 10712 (7.212 x 10713,
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Fig. 16 Allowed region in the Mpyv—My, plane which mimics the
observed DM relic density. The blue coloured star represents our bench-
mark point (Mpy = 1600 GeV, My, = 2000 GeV)

My, <10000GeV (i =1, 2), My, < My, < My, + 5000
GeV and 10719 < npL < 1073, The other relevant param-

eters have been kept fixed at Ap, = 7.212 x 10713,
Apr = 8316 x 10712, Mz, = 3000 GeV, gpr. = 0.07,
Mp, = 500 GeV, o = 1075 As discussed above, in this

My, My, M
regime (Mpym > i, ﬁ’ —ZaL

) ¢pMm is dominantly
produced from the annihilations of Zgr. and RH neutrinos.
From this plot one can observe that in this high DM mass
range to obtain the observed DM relic density, the mass of
the lightest RH neutrino cannot be larger than ~ 6000 GeV.

Analogous to Fig. 14, here also we indicate the benchmark
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point for which we compute the baryon asymmetry in Sect.
3.2 by a blue coloured star. Therefore, in this case RH neu-
trinos are very actively taking part in all three processes we
consider in this work, namely DM production processes, tiny
neutrino mass generation and the generation of required lep-
ton asymmetry to reproduce the observed baryon asymmetry
of the Universe.

From the above four regions, which are based on the mass
of our FIMP DM, it is evident that in the first region DM
production mainly happens from the decay of &, hy and
Zg1, and all annihilations are subdominant. Therefore, in this
region only the extra neutral gauge boson (Zgr ), BSM Higgs
(h2) and SM-like Higgs (A1) are taking part in the DM relic
density estimates and there is no significant role of the RH
neutrinos. In the second region, SM-like Higgs decay does
not contribute to DM production processes, hence one can
safely increase the quartic coupling Ap; and consequently
the h1h annihilation contribution increases. Similar to the
previous regime, here also RH neutrinos have less impor-
tance in determining the DM relic density. In the third region,
the only decay mode that is involved in DM production is
ZBL — ¢DM¢DMT. Since all other decay modes correspond-
ing to i1 and h are kinematically forbidden, we can increase
both the quartic couplings A pj, and A p g appropriately, which
eventually enhances the annihilation contribution from the
BSM Higgs significantly. Moreover, due to the increment of
quartic couplings in this region, Zgy, Zp;, and N; N; annihi-
lation channels start contributing in the DM production pro-
cesses. Lastly in region four, due to the high value of the DM
mass no decay process contributes to DM relic density and
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only the BSM particle annihilation contributes. Therefore, in
this region by properly adjusting the extra gauge coupling
gBL, one can get a sizeable fraction of DM production from
the annihilation of the RH neutrinos. Apart from the masses
of the involved particles, the annihilation of RH neutrinos
mediated by Zg[, depends on the extra (B-L) gauge coupling
gBL solely. Thus, depending on the mass range of our FIMP
DM, we can say that the different model parameters and the
additional BSM particles (e.g. ZgL, N;, ho) are fully associ-
ated to the DM production processes in the early Universe.

3.3.5 Analytical estimates

So far, we have solved the full Boltzmann equation (Eq.34)
for a FIMP ¢py numerically. Apart from this, one can esti-
mate the FIMP relic density (or comoving number density)
by using the approximate analytical formula. Let us consider
a FIMP (¢pm) which is produced from the decay of a particle
Aie., A — ¢pmPpMm', where A in the present model can
be hi, hy or Zgy. The contribution of A to the FIMP relic
density at the present epoch, considering the effect of both
¢pm and ¢DMT, is given by [34]

2
gFvp 2 218 <10 Tga MpmT 4
8s+/8p M%

where M4 and g4 are the mass and internal degrees of free-
dom of the mother particle A, respectively, while "4 is the
decay width of the process A — ¢pm ¢DMT. The analytic
expressions for I" 4 corresponding to i, h1 and Zp are given
in Egs. (D4), (D7) and (D9) in the appendices. Moreover, g,
and gs, as defined earlier, are the degrees of freedom related to
the energy and entropy densities of the Universe, respectively.
Let us now compare the analytical result with the numerical
value which we obtain by solving the Boltzmann equation
Eq. (34). For this purpose, let us consider a situation when a
significant fraction of our FIMP candidate (¢pm) is produced
from the decay mode of the BSM Higgs i.e., hy — ququ]T)M.
Substituting the values of the model parameters given in the
caption of Fig. 9 to Eq. (37), we get the contribution of /> to
the DM relic density, which is

) (37

QFIMPR2 ~ 0.027, (38)

where we consider g, = gs ~ 100 and g4 = 1. This can be
compared to the contribution of %, obtained from the exact
numerical estimate shown in the left panel of Fig. 9, which is
2 _

thﬁdmmqb,’th = 0.0276. (39)
Therefore, from the above two estimates it is clearly evident
that the analytical result agrees well with the full numerical
result. Similarly, for the other decay modes also (i.e. k1, ZpL.)
one can match the analytical and numerical results.

4 Conclusion

In this work we considered a local U(1)p_; extension of
the SM and, to cancel the additional anomalies associated
with this gauge symmetry, we introduced three RH neutri-
nos (N;, i = 1,2,3). Besides the three RH neutrinos, we
also introduced two SM gauge singlet scalars, ¢z and ¢pMm.
The scalar field ¢y, being charged under U(1)p_y, takes
a non-zero VEV and breaks the proposed B — L symmetry
spontaneously. Moreover, as the scalar field ¢pp has also a
non-zero B — L charge, one can adjust this charge suitably so
that after symmetry breaking we are left with a model with
a residual Z, symmetry and only ¢py behaves as an odd
particle under this leftover symmetry. This makes ¢pn abso-
lutely stable over the cosmological time scale and hence acts
as a DM candidate. After spontaneous breaking of U(1)p_1,
gauge symmetry, all RH neutrinos and the extra neutral gauge
boson Zpy,, acquired mass. Due to the presence of the three
RH neutrinos in the model, we easily generated Majorana
masses for the three light neutrinos by the Type-I seesaw
mechanism. This model is also able to explain baryogenesis
via leptogenesis, where we generated the lepton asymmetry
in the Universe from out of equilibrium, CP violating decays
of two degenerate RH neutrinos and converted this lepton
asymmetry to the observed baryon asymmetry through the
sphaleron transitions.

In explaining the neutrino masses by Type-I seesaw mech-
anism, we considered a complex Dirac mass matrix Mp and
a diagonal Majorana mass matrix My for the RH neutrinos.
In determining the allowed model parameter space, we used
the measured values of the neutrino oscillation parameters,
namely three mixing angles (612, 613 and 6,3) and two mass
square differences (Am3,, Am2,,) in their current 30 range.
In particular, in the current model we could reproduce the
whole allowed 30 range of the neutrino oscillation parame-
ters by different combinations of the relevant model param-
eters. The Dirac CP phase was constrained to lie within two
distinct regions. One is the entire first quadrant (0°-90°),
while the other one spans the entire fourth quadrant (270°-
360°). However, if we considered the T2K result on the Dirac
CP phase then the values of § lying in the fourth quadrant are
more favourable compared to those in the first quadrant. We
also computed the magnitudes of the Jarlskog invariant Jcp
and found that the values of Jcp, for the model parameters
which satisfy the neutrino oscillation data, always lie below
0.039. Finally, we calculated the values of mgg, the quan-
tity relevant to neutrino-less double 8 decay, for the allowed
model parameter space.

Since we allowed complex Yukawa couplings in the Dirac
mass matrix Mp, the decays of the RH neutrinos were CP
violating. We took the masses of the RH neutrinos in the
TeV range and worked in the parameter space where the
lightest two RH neutrino states were nearly degenerate, with
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their masses separated by their tree level decay width. This
scenario led to resonant leptogenesis (or TeV scale lepto-
genesis) for the production of observed baryon asymmetry
in the Universe from the out of equilibrium decays of the
RH neutrinos. We generated the observed baryon asymmetry
for three different values of the RH neutrino masses namely
My, = 1600 GeV, 1800 GeV and 2000 GeV, respectively,
where the required values of the CP asymmetry parameter
(e1) were 4.4 x 1074,2.25 x 107* and 1.8 x 1074, respec-
tively. These values of My, and €; were also seen to be
allowed by the neutrino oscillation data.

Lastly, we studied the DM phenomenology by consider-
ing a FIMP type DM candidate ¢pp. We took into account
all the production modes of ¢py (both before and after
EWSB) arising from the annihilations and decays of the
SM as well as BSM particles. We found that depending
on the mass of ¢py, the production processes of ¢pm
can be classified into four distinct categories. These are:
(1) SM and BSM particles decay dominated region, (2)
BSM particles decay and SM particles annihilation domi-
nated region, (3) BSM particles annihilation and Zgy, decay
dominated region, and finally (4) BSM particles annihila-

tion dominated region. The first region is characterised by

My, Mp, Mzg

Mpm < ——, and here DM is mainly pro-

2 2
duced from the decays of hj, hy and Zpp. In the sec-
M
ond region, DM mass is concentrated between Zh and

M, M M, M M
min| 2 FZBL e T g < 22 TR gy
2 2 2 2 2

this case, ho, Zpy decays and h1h1, WY W™, ZZ annihila-

tions act as the dominant production modes of FIMP DM.

My, My,

M
In the third region where —-, ZbL

< Mpy < —2
DM )

DM has mainly been produced from Zg, decay and from
the annihilation of the BSM Higgs hy (for Mpm < Mp,).
Finally, in the last region all three decay modes become
i . . M hy Mhz M ZBL
inematically forbidden as Mpy > ——, - 5 and
hence entire DM is produced from the self annihilations of
ZpL and RH neutrinos (N;). Therefore in all four regions
the U(1)p_ gauge boson has played a significant role in
DM production, while the effects of the RH neutrinos are
important in the last two regions only. We also found that,
since for a FIMP candidate ¢pp the observed DM relic den-
sity (0.1172 < ;> < 0.1226) is generated via the freeze-in
mechanism; this puts upper bounds on the scalar and gauge
portal couplings of ¢pnm to restrict its over-production i.e.
2on < 1071 apg < 10719 and npp. < 1078, Hence, due to
such extremely feeble couplings ¢pm can easily evade all the
constraints coming from any terrestrial DM direct detection
experiment.
In conclusion, our spontaneously broken local U(1)p_,
extension of the SM with three additional RH and two addi-
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tional scalars can explain the three main pieces of evidence
for physics beyond the SM, viz., small neutrino masses,
matter—antimatter asymmetry of the Universe and DM. Tiny
neutrino masses and all mixing angles can be obtained via
the Type-I seesaw mechanism where we chose a certain pat-
tern for the real and complex Yukawa couplings. The model
gave a definite prediction for the CP violating phase to be
measured in the next generation long baseline experiments.
The DM candidate is a scalar which is neutral under the
SM gauge group and has a non-zero B — L charge. DM is
made stable by virtue of a remnant Z, symmetry arising after
the spontaneous breaking of the U(1) p_; gauge symmetry.
This can be achieved by imposing a suitable B — L charge
on ¢ppm so that the Lagrangian does not contain any odd
term of ¢pm. This scalar DM can easily be taken as a FIMP
candidate which is produced from the decays and annihila-
tions of the SM and BSM particles. Therefore, even if the
WIMP type DM is ruled out in the near future from direct
detection experiments, the present variant of the U(1)p_p,
scenario with FIMP DM will still survive. Further, since gpr,
is of the order of the SM gauge couplings, this model has
the potential to be tested in the LHC or in other future col-
lider experiments by detecting B — L gauge boson Zgy, from
its SM decay products. Moreover, considering the masses of
the RH neutrinos in the TeV scale allows us to simultane-
ously explain the baryon asymmetry of the Universe from
resonant leptogenesis, FIMP DM production via a freeze-in
mechanism and neutrino masses and mixing from the TeV
scale Type-I seesaw mechanism. Thus, all three phenomena
addressed in this article are interconnected.
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Appendix A: Expression for the Majorana mass matrix
of light neutrinos

Here we give the expression of all the elements of the light
neutrino mass matrix m, in terms of the Yukawa couplings
and the RH neutrino masses:


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Eur. Phys. J. C (2017) 77:875

Page 21 of 27 875

2 2 2
yee _ yeu _ yer

(my)1 = — ,
' My, My, My,
_ Yeu Yun Yetr Yut Yee Ve . Yee yue
(my)2 = — - - —1 )
My, My, My, My,
(M) 13 = ~ Yer Yz Yee Yre  Yeu Yiu
! My, My, My,
—; <yee Vre + Yeu yru) ’
My, My,
my)21 = (my)12,
(my) (my)
2 2 2 ~2 ~
()2 = _yMM . Yur _ Ve Ve _l.zy;wyue
v - )
My, My, My, My, My,
Yur Yrr Yue Yre Yuu Yru yue Vre
(my)3 = — - - +
! My, My, My, My,
_i <yre yue i Yue Ve n Yup yry) ’
My, My, My,
(my)31 = (my)13,
my )32 = (my)23,
(my) (my)
2 2 2 =2 52
(my)33 = — Yz _ Ve o Yru Ve + Yru
. =
My, My, My, My, My,
_i2 <yre Vre 4 Yru fm)
My, My,
(A1)
(my)11 (my)12 (my)13
my = | (my)21 (my)22 (My)23 (A2)

(my)31 (my)32 (My)33

Appendix B: Neutrino-less double § decay parameter
mpg

Since the light neutrino mass matrix is Majorana in nature, it
is acomplex symmetric matrix. A complex symmetric matrix
m, can be diagonalised by a unitary matrix Upyns (defined
in Eq. (9)) in the following way:

Miag = Uppins v Uppinss
= my = UpMNs Mdiag Uppins-

Now equating the (i, j)th element from both sides of the
above equation, we get

(my)ij = (Upmns)ik (Mdiag)ik’ (Uning )i -

Since mygj, is a diagonal matrix, we can further simplify
(my);j by using mgiag = my Sk, where my is the mass of kth
light neutrino. Therefore (m,);; takes the following form:

3

(my)ij = ka (Upmns)ik (UpmNS) jk -
k=1

The above equation expresses the elements of the light neu-
trino mass matrix (Eq. (Al)) in terms of the light neutrino

masses, the intergenerational mixing angles and the phases.
Takingi = j = 1, we get the expression of the (1,1) element
of m, i.e.

3
(my)11 = ka (UPMNS)Zlk,
k=1
which is related to the important parameter mgg of the
neutrino-less double 8 decay [81] by

3

Z mi (UpwNs)1
k=1

mgg = = [(my)11] . (B1)

Appendix C: CP asymmetric parameter calculation for
leptogenesis

The amount of lepton asymmetry generated in the out of
equilibrium decay of the RH neutrino N; is parametrised by
the CP asymmetry parameter (¢&;), which is defined as

X, [T Wi = Lj¢w) =T (WNi — Lj ¢n")]
Y [P — Ljgn) +T(Ni = Lj¢n™)]
If we consider only the tree level decay process of N; (first
diagram in Fig. 2), there will not be any CP violation. The
non-zero CP asymmetry is generated only by the interference
between the tree level and the one loop level diagrams. The

expression of the CP asymmetry parameter (g;) is given by
[85,86,98].

My, T (V;
o= =Yt (L))
J#i Nj Nj
Im [(MDMDT)%]-]
X b
(MpMpT)ii MpMph)j;
where V; and §; are the contributions coming from the vertex
correction and the self energy correction diagrams, respec-

tively (second and third diagrams in Fig. 2). The expressions
of V; and S; have the following forms [85,86,98]:

My, My, M3,
V=23 [<1+ Mlzvf)log<1+M—’2V') —1],
N; N; N;

2 2
M} AM,

(CI)

(€2

S; = , (C3)
/ (AM?)? + M3, T

with

AM}; = My, — My, (C4)

and I'; denotes the tree level decay width of the RH neutrino
N (neglecting subdominant one loop corrections), which is
given by
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r; = M f

i= W(MDMD )jj - (C5)
Now, as mentioned in the beginning of this section, the

enhancement in the CP asymmetry factor (Eq. (C1)) occurs

when two RH neutrinos are almost degenerate i.e. My, —

| .
My, ~ > This is known as the resonance condition. In the

present scenario, we consider My, > My, >~ My,. There-
fore, the resonance condition is satisfied only for the two
lightest RH neutrinos N, and Nj. Hence we can neglect the
contribution of N3 in the CP asymmetry parameter (Eq. (C2))
by considering the summation over only Nj and Ny (i.e.
j =1, 2). Using the resonance condition in Eq. (C3), one

My,
can easily notice that §; ~ O (i) >>1(j=1,2)and

F/
2
o wn, ]
T it = Mn; My, T (MpMphii MpMph)j;

(Co)

where we neglect the quantity V;, which is, under the present

r
condition (My, — My, =~ 71), much smaller compared to

S ;. The resonance condition leads to

AM3, = M,Z\,2 - M,"‘vl ,

Iy Iy
= 7 2]‘4N|—i__ s

2 2

~ My, T + O (r%) . (C7)

Using Eq. (C7) in Eq. (C3) we get
2
S
YT oMy, Ty

M3 T
Sy~ (C8)

My, ry+1I3

Now, substituting the expressions of S; and S in Eq. (C6)
and using Im [(MDMDT)%z] =—1Im [(MDMDT)%I],one
obtains

1 Im [(MDMDT)%Z]

&) X —— s (C9)
2 (MpMpHir MpMpHm
Im [(MpMpT)?
g~ — 1;1 F22 m[(T D/VID )12] - ’ (C10)
Iy +T5 MpMpHi (MpMp'an
2T Ty i
>~ —F8&9.
r?+r3

Appendix D: Expressions of decay widths of h;, h; and
Zpr,

In the present work, we consider the effect of electroweak
symmetry breaking on DM production. After EWSB the SM

@ Springer

particles become massive and affect DM production, while
before EWSB, those particles have no effect. To take this
effect into account we define an extra constant, Casg. In all
the equations, the value of the constant Casp = 0 before the
EWSB and itis equal to unity i.e. Casp = 1 after the EWSB.
Also before the EWSB, there is no mixing between the SM
and BSM Higgs bosons, i.e. « = 0. The two vertices which
are common to all Higgs mediated diagrams are as follows:

gh1¢;r)M¢DM = — (VAppcosa + VBLApH Sin )
gh2¢]1‘)M¢DM = (VAppSina — vBLApH COS ) . (D1)
Total decay width of /,:
o hh > VV (V=WH=* 2):
M3
ShoVV = — sino ,
CasB M}? g% 178% 4M‘2/
647TMV SV th
aM: 12M3%
x(]——2v+ 4V>, (D2)
Mhz Mhz
where Sy = 2 (1) for the ZZ (W W ™) final state.
e iy —> hihy:
2 2
g aM
T(hy — hyhy) = b 77h (D3)
327w My, M?
2 i
o 1y — ¢1§M¢DMI
g 2
i I PpM 4M
T(hy — ¢ — _2%mfPM | TTDM -y
(h2 — ¢ppPDM) 167 My, ", (D4)
o hy— ff:
My .
Shaff = W sina ,
2\ 3/2
Fhy — £5) = CAsB e M guagy (1 My
& Mﬁ ’
2
(D5)

n. is the colour charge, for leptons it is 1 and for quarks
itis 3.
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The total decay width of the extra Higgs, />, in the present
case is

Ty = Y T(hy— VV)+T(hy— hihy)

V=W,Z
+T(ha — ¢pmgpm) + Y Ty — £ f).
f
(D6)
Total decay width of /1 :
Cass 8> 2
h1¢ppPOM 4M,
C(h T _ DM 1— DM
(h1 = ¢éppmPOM) 67 M, w2
(D7)

The total decay width of the SM-like Higgs boson is
[y = cos” @ Dsm + (1 = pfydom) » (D8)

where I'sy is the total decay width of the SM Higgs
boson.

Total decay width of Zp| :

_ My
M'(ZpL — ff) = lzj ne(qr geL)’

2M7
x |1+ >
MZBL

_ Mz
I'(ZpL — vyVy) = 2. g2 (1 -

_ My
[(ZpL — NelNe) = 2% SBL (1 -

['(ZpL — épm' dpm) =

The total decay width of the extra neutral gauge boson
ZBL 18

Pzg = Y T(ZpL — [ )+ T(ZpL = vievy)
f
+T(ZpL — NiNy) + '(ZpL — ¢pm ¢pM) -
(D10)

Appendix E: Analytical expression of relevant cross sec-
tions

Here we will give the expressions of the cross sections for

all relevant processes which take part in the FIMP DM pro-
duction.

o hihy — ¢1T)M¢DM5

8hihihy = —3[2vAp coss o +2 UBL A g sin’
+Apg sina cosa (vsina + vpp cosa)],

2 2

8hihhy = [6VA, cos” asina — 6 vgL Ay sin” a cos o

-2-3 sinzoz) VApyg Sina

—(1 = 3sin® @)vpL Anp cosal, (ED)
— 2 .2
Sl gou = —#DhCOST &+ App sin®a),
Moy — CASB &hyhyh ghld)f)quDM
o (s — M} ) +iMp, T,

Ehihihy gh2¢]§M¢DM
+ :
(s — M}) +iMp,Tn,

8, h1¢1§M¢DM iy —>¢BM¢DM

s — 4M3y,
s — 4M,%]

My n, % E2
167cs | h]/’l1| ( )

o hyhy — ¢1T)M $DM:

8hahahy = 3[2 VA sind o — 2 UBLAH cos’ o

+Apg sina cosa (vcosa — vpL sina)],

2

8hohahy = —[6 VA sinfa cosa + 6 VBLA K COS” ¢ sin

-2-3 sin® o)UBL ALY SIN
+(1 = 3sin? a)vAp cosal,
2

gh2h2¢f)M¢DM = — (hppsin®a

+ApH cos® @),

8hahohy 8, . ¢BM¢DM

(s — M} ) +iMj, T,

Mp,p, = (CASB

8hahohy gh2¢BM¢DM
+ ;
(s = M})) + iMp, T,

_ghzhzaﬁf)M(bDM ’ Gh2h2—>¢1§M¢DM

(E3)

o hihy — ¢1T)M épM:

8hihihy = [6 VA cos® a sina

—6UVBL AH sin @ cosa
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—(2=3sin’a) vy sina

—(1-3 sin? o) VBL Apg cos ]
8hohohy = —[6 VA sin? & cos

+6 VgL Ay cos” a sina

-2-3 sin? o) VL Ay Sin«

+(1 = 3sin® a)vAuy cosal,

= sin ADh —
Bhimadh o — S acosa(Ap, —ApH) ,

My, = —Cass (ghlhwEquDM
8hahaht 8pygt goug
(s —M}) +iMh2Fh2)
8hihihy 845 gpug
(s — Mh )+ ththl

1

h1h2%¢DM¢DM 167‘[8‘

s(s _4M12)M)
(s — (Mp, + Mpy))(s — (M,

- Mhl)z)

o« WHW™ = ¢l dpm:

ZM%, cos o

gmww = ———,
v

2 .
2MW sin o

EmWw = ———
v

8 WwW ghlq%M(ﬁDM

(s — M7 ) + iMy, T,

Aww = CasB (

Eh, WW gh2¢1‘ dDM
(S — M2 ) +iMp,Tp,

M (1+(s_2M2)2>A
wWw = 3 T oaxsd Ww,
9 8My,

o +
WW— ¢p\épm

o Z7 — ¢ doM:

ZM% cos o
8mzz = ————,
v
2M% sin«
8hy727 = _T’
8h7ZZ gh ¢'I‘ b
Azz = CasB o
(s — Mhl) +iMp, Ty,
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2
[Mppy |

1 s —4MBy, )
= M )
t6rs \ s —ansz, WV

Mz7; = 1
77 9(+

o =
z7z "¢]§M¢DM

82z gh2¢TM¢DM
(s — M? )+ iMp, Ty,

(s — 2M2)2> A

— | Azz.
8M%

1 s —4MBy,

M 2
167s s—4M2 Mzzl".

(E6)

o If — ¢]5M $pM:

gh]lt

8hott

M;
——cosa,
v

M; .
= —sina,

v
8BL

3
8htt gh]d%

MPDM

= CasB -
((S—MZ)—i—thll"hl

8hott gh2¢)T oM
(s — M} ) +iMp,T,

(s —4M?)

32msn,
s — 4M]%M

M 2
S—4Mt2 | tl‘l

)

2 2 2
_ 8BL"BL [5T 4Mpy
64ms n, s — 4M2

s (s — 4MDM) ngLn
— 2 2
(S ZBL) + FZBL MZBL
hiha O.ZBL
tt_"‘ﬁ]})M‘pDM tt_~>¢]}31vl¢’DM

’

(E7)

o NiNi — ¢iy ébom (i =1, 2, 3):

87ZpLtt
Ml‘l
(E4)
Uh_lhz .
tt— Pp$oM
oL .
”‘)¢’DM¢DM
Uft_—>¢];M¢DM -
(E5)

8h|N;N;

8haN;N; =

yn; sino

5

YN, cosa
N

CASB &\ N;N; ghl(P];M‘f’DM
(S _ M2 ) +iMh1Fhl

gthN gh2¢DM¢DM
(s — M2 ) +iMy, Ty,
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_ 2
- _ (s—4 M7, )
N;i Ni— ¢ oM 327s
y (s—4M3y\p) | 2
—_— NiN;1™»
(s—4My,)
4 2
ol _ Suilur
N Ni—dipéom 1927s

s —4MBy, (s —4MB\) (s — 4My)

X
2 2 2 2 2
s — 4MNi (s — MZBL) + FZBLMZBL
— Shh2 ZBL
UNiNi_)¢BM¢DM aNiNi_"f’lgM‘ﬁDM+UNiNi—>¢|T3M¢DM.
(E8)
* ZpL ZpL — ¢py ¥DM:
2M3  sina
_ BL
8hiZpLZp, = — >
v
ZM% cos o
BL
8hyZg1Zp. = _f’
. _ 2 2
8 28 ZBLpppdoM 2 8BLMBL »
A c 8 ZoLZeL 8py g dom
ZpLZpL — “ASB -
e (s — MZ) +iMpy, Ty,
8h2ZpLZeL 8yl
+ 2 . - gZ 7 ¢'§' b
(s — Mhz) +iMp,Tp, BLZBL®py DM
2 (s —
Mz 7 = 5 1+ o ZoL ZsL
1
GZBLZBL_’¢’1T)M¢DM ~ 167s | Mz Zp. |
(E9)
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