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= Motivations,

to consider the singlet extended type-1l seesaw model:

m Provide an cold Dark Matter candidate (the additinal singlet)

Possible signals at the Dark Matter
Direct Detection experiments

B Extended Higgs sector———» First-order EW Phase transition

Solution to /\
Matter-Antimatter

asymmetry Stochastic Gravitational Waves
from Higgs Bubble Collisions in
FOEWPT and Plasma Motion

m Provide tiny mass to neutrinos

® Probing the Extended Higgs Sector: through the heavy Higgs Searches (coming from
the triplet sector) and the
precision Studies of jy¢,, at LHC



= Singlet extended type-Il seesaw model
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® Some interesting mass relations
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m Two types of mass hierarchy among different components of the triplet scalar
depending on the sign of A4

e when A4 is negative: myg++ > myg+ > mpyo g0,

e when A4 is positive: my++ < mpyg+ < mpyo 4o.

m Define, Am = mpg++ — Mg+



m Heavy doubly charged Higgs decay modes

m:=300 GeV Am=15 GeV
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B Constraints after recasting LHC data
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LHC will be unable to constrain 10GeV < Am < 40GeV, 107°GeV <1, <107°GeV and my++ > 200GeV
region, even with ?,ab_l of integrated luminosity data, from its canonical searches.



m First order electroweak phase transition and production of gravitational waves:

Dine, Kusenko, 0303065

First order > Second order

mp — »

Additional new scalars
(add cubic terms in the potential)

B Phases are seperated by potential barrier at finite temperature

B Broken (true vacuum) phase bubbles nucleates and expand

® They eventually merge/collide : : L :
——» anisotropic stress ——» sources of gravitational waves signal

also, from the subsequent
plasma motion



FOEWPT preferred region
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B FOEWPT prefers relatively larger quartic couplings and smaller Higgs states.

® The precision study of hgy — Y7 decay mode excludes most of the region, which are
otherwise allowed from the canonnical searches at the LHC, that can generate stochastic
gravitational waves



Dark sector :

M 3
The phenomenology of DM depends on
{m57 M3, ASHv )‘SA}
{Ma = 367.7 GeV, v, = 3.3 x 107* GeV,
M =392, o =0.1, \3=0, Ay =—0.989}
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Variation of relic density as a function of DM mass
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spin-independent DM-nucleon
scattering process g

n

Mg controls the crosssection

H'— mediated process is suppressed
by V¢ and mixing angle

ASAis a free parameter in Sl cros-section
but, control relic density for Ms > MmA
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FOEWPT in the dark sector prefers relatively larger quartic couplings (\sy) and smaller dark

matter mass.

————® Correlation with Spin-independent Dark matter direct detection



Input /(Observables BP3
I Al 0.17
Benchmark scenario o o0
Ma 193.2
— v (GeV) 4.5 = 10—4
BMNo || T: (GeV) | {havhe hadguwe | =2 | {hashes hadirue (GeV) | Y i3 (GeV) -100.8
. — . ASH 1.2
T 163.2 {0, 0,0} FO {0, 0, 14.8} fps .
Bp3 145.7 | {0, 0, 63.6} {78.9. 0, 0} AsT 2.17
' ;| 1631 {0, 0, 0} {0,0,15.1} M g 252.2
1 '.|1' 7 -3 r-:
116.3 | {0, 0, 86.7} {197.3, 0, 0} 1.7 ”r:::-f | {E:E;'::ﬁ} }11]4};}
H T2 ] & |
M o 40 (GeV) 193.2
mp (GeV) 125
sin &y ((zeV) 8.0 = 107"
Qh- 4.3 = 10™*
Epn J%ID_ (em?) 7.1 % 10—47
Phase flows with temperature SNE (LISA) =<1
200 . .
200 . . phase-1
pﬁase—é pﬂase—Z
T.(1) - 1) 4 L
. Phace-s o T ke
150 _Tﬂa)_\ -
T.(2) \
Lo Ry & 100 T.(2) 6 =17
&~

20 40 60
hs (GeV)

80

100

120

100 150 200
ha (GeV)

250




Benchmark scenario
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The peak of GW spectrum lies within the sensitivity of various future proposed GW experiments
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Conclusion

Explore DM, LHC physics, and FOPT-produced GW interplay at the electroweak scale.

Point out triplet sector parameter space that can modify the Higgs potential in such a way that it can
produce an FOEWPT satisfying constraints coming from the direct heavy Higgs search at the LHC.

However mostly that region is excluded from the the precision measurement of the di-photon decay
rate of the observed 125 GeV Higgs boson at the LHC.

Such a correlation limits GW detection in proposed detectors due to FOEWPT in specific parameter
space.

FOPT in the singlet-direction parameter space is either excluded by recent DMDD-SI limits or will be
probed in the near future, corresponding to significantly underabundant DM.

The absence of new physics at the HL-LHC and various DMDD experiments
in future would severely limit the prospects of detecting GW at future GW experiments

from this scenario.



Thank you
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Variation of the signal strength p, in the A\; — A4 plane
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The signal strength parameter of ho — ~-y channel is defined as
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Spin-independent DM-nucleon scattering cross-section, o231, , for relic density
allowed (PLANCK) parameter space as a function of DM mass ( 711 g )
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Gravitational waves from FOPT

The dynamics of the nucleated bubbles generated from FOPT could generate
stochastic background of gravitational waves (GW).

It is caused mainly by three mechanisms namely,

(i) bubble collisions,

(i) sound waves induced by the bubbles running through the cosmic plasma

(i) Magnetohydrodynamic turbulence induced by the bubble expansions in the cosmic

plasma.
2 2 2 2
~ sourced by o oureed by sourced by
collisions of bubble walls plasma sounds waves olasma turbulence
(usually the dominent one)

Kosowsky, et. al., PRL 69 (1992) 2026; Gogoberidze, et. al., PRD 76 (2007)
PRD 45 (1992) 4514 Hindmarsh, et. al., PRL 112 (2014) 083002

Huber, Konstandin, JCAP 0809 (2008) 022 041301: Caprini, at. al., JCAP 0912 (2009) 024

Hindmarsh, Hijazi, JCAP 12 (2019) 062

The contribution of bubble collision may be ignored since long-lasting sound waves during and after the FOPT
contribute mostly to the production of gravitational waves, followed by MHD turbulence.



Observables for GW calculation from FOPT

Important quatities:
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b Related to the energy

budget of the FOPT
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Vw — ™ the wall-velocity of the
expanding bubble

T, — ™ Nucleation Temperature
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For this work, we consider U, value 1.

Nucleation temperature:

One Higgs bubble per Horizon volume (on average)
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Linde, Phys. Lett. B100 (1981) 37; Nucl. Phys. B216 (1983) 421




GW from sound waves
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Dilusion of DM relic abundance
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