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Motivation

e SM is extremely successful in describing the masses of ele-
mentary particles and their interactions, but it can not explain
non-zero neutrino mass, dark matter (Q2pprsh? ~ 0.12), matter
anti-matter asymmetry of the Universe (ng ~ 6 x 10~19) etc..
e NANOGrav, EPTA, PPTA etc have reported positive ev-
idence for stochastic gravitational wave (GW) background
which could originate from various sources like domain walls
(DWs), cosmic string, phase transition etc.

e DWs emerge when a discrete symmetry is spontaneously
broken in the early universe and can quickly surpass the to-
tal energy density of the Universe. It’s possible that DWs are
inherently unstable and collapse before they can dominate
the total energy density of the Universe.

e Pure singlet dark matter models struggles with overproduc-
tion of dark matter and suppressed detection signals. In ad-
dition, the pure doublet case is excluded from relic density
and direct search bound up to several TeVs of DM mass, ren-
dering the model unprobable.
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Z, Symmetry

Dark Matter

The relevant Lagrangian is
L = Nivy,0*N + Siv,0"S —y,,LHN — y, NpS —
sMsScS — S MNNeN + h.c+ p3 HHH — Mg (HTH)? +
p2p® — Xpp* — A, (HTH)p? Here N = Ni, N,

e At a scale larger than electroweak scale, p obtains
spontaneous vev and breaks the Z, symmetry which leads to
the mixing between S — N3 3 and formation of DWs.

e Assume a strong mass hierarchy Mg < M, < M3, any
lepton asymmetry produced by the decay of N> and N3 will
be erased by the lepton number violating interaction of S.

The neutrino mass is given as

(my)ij = — 3 (MmD)ik (Mk + #21\45) _l(mD)kj

where d = y,.v,/V2, mp = Yy, vn/V2.
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Correct Lepton Asymmetry
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e BP1: M, = 1.3 x 102 GeV, Mg = 2 x 10° GeV,
v, = 2.57 X 10" GeV,0; =7 x 1073, yns = 0.05 RXEL R 400) O 1 N1 e
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e BP2: M> = 10'? GeV, Ms = 2 x 10° GeV, v, = 3.36 X 107 GeV, onoen e —My/T
0; = 10_51 YNS = 0.42 2=Ms
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“We obtain the minimum value of Mg which can give rise to observed baryon asymmetry as Mg ~ 4 X 10°% GeV as for Mg < 4 x 10® GeV, es will not give rise to correct lepton asymmetry”

Domain Walls and signatures of Gravitational Waves from Z, symmetry breaking

e The potential of the scalar p has two degenerate minima at 0

< p >= =v, and the field can occupy any one of the two
minima after the symmetry breaking resulting in two differ-

ent domains, separated by a wall. 10

e Thee i i is: Lo _dV _
quation of motion for the DWis: -5 ip =0

with the boundary condition : lim,_, 4 p(x) = £v,

e The surface energy density : o = g\/gvg ~ %M pfvg

e We introduce an energy bias in the potential as uj p, which
breaks the Z; symmetry explicitly and the degeneracy of the
minima is lifted by Viias = vV2u3v, :
e This creates a pressure difference across the wall and they 107
can then annihilate and emit their energy in the form of
stochastic gravitational wave.

o QGthlpeak x o2 Ta_n4n and fpeak X Tann ;
¢ BPGW1:0 = 7.53 X 10® TeV3, Ty, = 0.3 GeV e e
e BPGW2: 0 = 7.53 X 10° TeV?, Ty = 0.5 GeV f(Hz)

e BPGW3:0 =3.29 X 10?2 TeV?3, T,,,n» = 2 X 10° GeV.
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Singlet-doublet dark matter

e Due to the unbroken Z) symmetry combination of N; and ¥ = (¢° ¥~)T = (99 + 9% 17)T can give rise to a singlet-
doublet Majorana DM
e The DM Langrangian is
Lom = ¥iytD, ¥ — MUY + Nyiv"8, N1 — M1 NNy — %ﬁﬁ(Nl + N¢) + h.c.
e The DM relic is decided by the freeze-out of various annihilation and co-annihilation processes in the early Universe.

e The Yukawa coupling is y; = Af‘jgif;?@

e The direct detection is possible via the Higgs portal and the spin-independent DM-nucleon cross-section is

G%IM_N X y% sin? 20 o« AM?2sin* 20

Correct relic

| Correct relic + Direct detection
— 1 T T T 1 T T T T

A M (GeV)
A M (GeV)

o
=)
-
o
=)
N

%o o’ %
Y

sin0

|

| ‘750‘ “
Mbpm (GeV)

|

1000

|

1250 1500 750 1000 1250 1500
Mpu (GeV)

Reference

1. Partha Kumar Paul, Narendra Sahu, Prashant Shukla, “Thermal leptogenesis, dark matter and gravitational waves from an
extended canonical seesaw”, [arXiv:2409.08828[hep-phl]

1016

10" /

/

1012

1010

108 /

10°

]
]
J
4
4
4
4
4
4
4
4
4 s
,
10 ,
4
4
4
4
Cdl
4
4
4
4
2 ol
10 ; ’

10'

v, (TeV)

BBO
NANOGrav
EPTA
GAIA
IPTA

SKA
THEIA
LISA
aLIGO+aVIRGO b
DECIGO
RARES

a
=

107 10° 10° 10° 10°
Tam (GeV)

Conclusion

e We explored the potential for generating successful thermal
leptogenesis at a scale lower than the Davidson Ibarra bound
in an extended type-I seesaw framework along with non-zero
neutrino mass, dark matter and gravitational wave.

e At high scale, typically above the EWPT p acquires a vev
and breaks the Z; symmetry spontaneously. As a result we
got S mixed up with N2 such that late decay of S could give
rise to a relatively low scale thermal leptogenesis.

e The successful thermal leptogenesis requires Mg 2 4 x 10®
GeV which is one order magnitude smaller than the usual
Davidson Ibarra bound (2.4 x 10° GeV).

e The spontaneous breaking of the Z; symmetry also gave
rise DWs in the early Universe. We discussed the evolution
of the DWs which disappear by emitting stochastic GWs.

e In appropriate parameter space they can give rise signatures
at various GW experiments like NANOGrav, EPTA, PPTA,
LISA etc.

e In our setup the lightest RHN /NV; mixes with the neutral
component of a vector like fermion doublet ¥ which are odd
under an unbroken Z} symmetry. As a result we get singlet-
doublet Majorana DM in a wide range of parameter space.
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