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ABSTRACT

The first detection of Gravitational Waves (GWs) in 2015 has opened a new window into the
early Universe, providing a powerful tool to explore phenomena beyond the reach of electromag-
netic observations. This dissertation explores cosmic First-Order Phase Transitions (FOPTS) as
a compelling source of GWs, which also offers a plausible explanation to a key shortcoming of
the Standard Model (SM) of particle physics, the observed matter-antimatter asymmetry of the
Universe, via electroweak baryogenesis (EWBG) mechanism. In parallel, this thesis explores
another fundamental open question, the nature of dark matter (DM), with particular attention
to Weakly Interacting Massive Particles (WIMPs). The SM neither predicts a FOPT, essen-
tial for the EWBG mechanism, nor provides a viable particle DM candidate, despite strong
astrophysical and cosmological evidence for the latter.

To address these limitations, this dissertation investigates three well-motivated beyond-the-
Standard-Model (BSM) scenarios, focusing on the two interconnected aspects of the early
Universe: FOPTs and DM production, with particular emphasis on the possibility of multi-
component WIMP DM frameworks. With the upcoming GW detectors like LISA, BBO, DE-
CIGO and its variants, we analyse GW signals arising from strong FOPTs using both the
conventional and improved novel methods, aiming to constrain viable BSM parameter spaces.
By examining the complementary insights from various DM direct and indirect experiments,
relic abundance and GW observatories, alongside collider searches, this thesis refines the land-
scape of the BSM scenarios and offers robust predictions to distinguish between BSM models

in future experiments across different energy frontiers.



LSIRS

2015 # JecarehyoT a1 (Gravitational Waves, GWs) &I dgell il o RIS sEATs &
Slihed & fAT v @15 s @ier & 8, a8 & fegadeshia 9efor & qg & s &
AT ST 3TCTTT hlel &l Ueh LATFIRITell AT AT &1 Tg AT YT cosmic First-Order
Phase Transitions (FOPTs) &I GWs & Ueh 3fTehteh HId & & H GE Ll g, ST o
T ( particle physics) & Standard Model (SM) %1 Teh Y@ ®el, SEATS & T 75
qerd-lAuery fAvaAdT (matter-antimatter  asymmetry) @I Solgcidieh RIS O
(electroweak baryogenesis, EWBG) o o ATEIH A THSITe! T Teh THITIT alienT HT UcTeT
T B AU &, Ig AT 32T g (dark matter, DM) I Tehicl I Ueh 3= Hifelsh ot
gesT T o eTTT FaT &, To9H fAAY €T Weakly Interacting Massive Particles
(WIMPs) 9T g &1 SM o7 af EWBG dF & faT 31maeaes FOPT & stfasgarofy aar g, 31
o1 & Ao WIeT-AfAhIa (astrophysical) 3R SEATEA (cosmological) FHTUT & STa9[g,
particle DM & o7 Teh 3UgeFd 3FHICAR JeTd AT & |

37 AT A ARG o & v, g8 g ey AT S R ¥ 9Ra
beyond-the-Standard-Model (BSM) scenarios I ST &I g, TG URfAE seAS & ar
HIH F 33 TEI3iT: FOPTs 3 DM 3Teh HeX 3cUleet W €T higd foham arm §, T .
multi-component WIMP DM frameworks &7 THTGAT 9| 31TeT aTel GW f3eae S1& LISA,
BBO, DECIGO 3R g+Teh &UIcRR & &Y, §H strong FOPTs H 3ctesl I&cdleh¥UT TaT Hehel ohl
faearwor aRaRte 3R Fdd 3eaa AT Sl &1 39ART aXeh R &, difes GHST BSM
ARTHIET &1 S WA har o1 @ | faffier DM yegeT 3R 3rdcget y2er, afrse g=rar
(relic abundance) 3R T&caTehYUT AT ALRATATT (observatories), AT &1 Slellgs (collider)
el # YIod & 3idefse (complementary insights) @l 3Tead X, I§ MY BSM
scenarios & YR &I TR Tl g IR #fasT & TafHeet FoiT TAT3T 9 gt arel yian
# BSM Alsed & di<l 3 el & T ot fasganfomt seqd a8
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parameters Y7, v; and Ay are chosen as in Fig. 4.6 and the other relevant pa-
rameters are fixed as in BP-I of Table4.1. . . . . . ... ... .. ... .....
This figure shows variations of A¢g /T, in the vy - Ay plane. The green-coloured
points pass all the experimental constraints as discussed in 4.2.1. The points
favoured for SFOPT along the Hg field direction are marked by coloured ‘% ’.
Orders of parameters Y]f,, v; and Ay are chosen as in Fig. 4.6 and the other
relevant parameters are fixed following BP-IV of Table4.1. . . . ... ... ..
This figure shows variations of A¢ 5 /T, in the vy - Ay plane. The green-coloured
points pass all the experimental constraints as discussed in 4.2.1. The points
favoured for SFOPT along the Np field direction are marked by coloured ‘%’.
Orders of parameters Y]i,, v; and Ay are chosen as in Fig. 4.6 and the other
relevant parameters are fixed following BP-IV of Table 4.1.. . . . . . . . .. ..
The comparison of results obtained using the gauge dependent and the gauge
invariant approaches is shown by utilising the sample points that exhibit the
SFOEWPT in Fig. 4.10. See 4.3.4 for details. . . . . ... ... ... ... ...
Prediction of GW energy density as a function of the frequency for the first three
BPs as shown in Table4.1. We have also highlighted the regions that indicate
the proposed sensitivities of the GW experiments namely U-DECIGO and U-
DECIGO corr [113, 298]. The sensitivity curves for DECIGO and U-DECIGO
with correlation analyses are taken from Ref. [459]. . . . . ... ... ... ...
Prediction of GW energy density as a function of the frequency for the last
three BPs from Table 4.1. We have also highlighted the regions that indicate the
proposed sensitivities of the GW experiments namely DECIGO-corr, U-DECIGO
and U-DECIGO COIT [113,298]. . . . . . .
Values of o and -2 7= as a function of Aggr(2)/Ty (left) and nucleation temperature
T, (right) for the points in Fig. 4.10 that satisfy the criteria of SFOPT with
possible EWBG (depicted by coloured ‘W) and SFOPT without EWBG (depicted
by coloured ‘A”). . . . ..
GW spectra for the points that show SFOPT in the SU(2); doublet field direc-
tions with (left) and without (right) possible EWBG. Note that these points are
marked by ‘ W’ and * A’ in Fig. 4.10. For both figures, we keep « as a variable.

Possible t-channel processes responsible for the DM-N scattering. . . . . . . ..
Bounds on the scalar Triplet mass mpo from indirect searches of W™ W ™ channel
by Fermi-LAT [795, 798| (depicted by golden-yellow coloured patterned region)
and AMS-02 [807| (depicted by pink coloured patterned region). The two dif-
ferently coloured dashed lines correspond to two different choices of the triplet
SM-like Higgs coupling parameter, Agr, as depicted on the plot. . . . . . . ..
Yp < TOTY conversion in the chosen model. . . . . . . . . ... ... ... ...
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5.4

5.5

5.6

5.7

5.8

5.9

5.10

The top row represents the effect of parameter gg on the my, —Qy, 7o h? plane (a)
and my, — fwail plane (b) for parameter values detailed in Eq. (5.42). The left
plot of the bottom row (c) depicts the same for the m, — Qwh2 plane but for two
possible hierarchies between m,, and mqo. Lastly, for similar mass hierarchies
between my;, mqo, the right plot of the bottom row (d) shows gg dependence on
the myo — Qpoh? plane. The region excluded by the XENONIT experiment is
shaded in cyan colour. Other details are given on individual plots. . . .. . ..
The top row represents zg7 dependence of the mo —Qpoh? plane (a) and mqo —
fToJ:SFIO plane (b). The bottom row depicts the effect of sin@ for ¢-DM, in the
my — Qph? plane (c) and my — fwail plane (d). The region excluded by the
XENONIT experiment is shaded in cyan colour. Other details are given on
individual plots. . . . . . . . . .
Top row left plot shows gs dependence (depicted above in graded colour bar) in
the my, — Qth plane whereas the top right plot shows the same for parameter
sinf in the m, — f¢0§} plane. Detail specifications of these graded coloured
points are given in the text body. The black-coloured dashed line corresponds
to the 30 band of Qith? as shown in Eq. (5.33). The bottom row plots depict
variations in the mgo —Qpoh? plane (left) and in mpo — fToa:SFIO plane (right) with
(blue coloured points) and without (light-grey coloured points) constraints which
are detailed in the text body and also on the plots. The four differently styled
differently coloured lines in the right row plots represent bounds from various
DD experiments, as detailed on the plots. Other relevant details are given on the
individual plots. . . . . . . . . .
oPl versus my, plot where four differently styled differently coloured lines repre-
sent bounds from four different DD experiments, as detailed on the plot. The
light green coloured points survive all constraints mentioned in 5.2. The dark
blue points, besides the same, also obey the 30 bounds on the relic density.
The left plot depicts effects of various constraints in thesin § — gg plane whereas
the right plot shows the same for m,, — €0 h?/ Qth plane. Here, the light green
coloured points bypass all constraints mentioned in 5.2. The light blue coloured
points, for the right plot, depicts the same but together with the 30 bound on
the relic density (see Eq. (5.33)). The pink-coloured points, besides constraints
stated in 5.2, also obey the relic density 30 bound and are consistent with com-
bined the DD limits reported by XENONIT and LZ-2022. The red coloured
points represent the same but with updated bound from LZ-2024. Finally, dark
green coloured points are used to depict the same using the projected sensitivity
reach of the DARWIN experiment. . . . . . . . . . ... ... .. ... .....
Plots showing certain salient features of the chosen two-component DM model
which are detailed in the text body. The colour codes are the same as of Fig.
5.8(a), except the orange ones which are used to reflect the importance of the
combined direct search bounds in the context of XENONIT and LZ-2024 results.
The magenta-coloured dashed line in the bottom row plots is used to represent
a pair of mass degenerate states, i.e., my = mp, (d) and my = mqo (e).

The left plot depicts signed logarithmic correlations of different contributors
(plotted as signed log;, of absolute values) to the potential barrier and how
these affect the PT strength defined by Eq. (5.47). The right plot shows the
relative sizes of different contributors (plotted as signed log;, of absolute values)
to the potential barrier. . . . . . . . ..o

145

148

151

153

153

155



LisT OF FIGURES

xXvi

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

b
Plots showing variations of the PT strength &, of Eq. (5.47) in the 0V 5 Versus

SVP+sVE

AFy/|FSM| plane (left) and Wfib versus AFo/|F5M| plane (right). Details
' +oVyp

are given in the text body. . . . . . . . . ... o L
The top row left plot shows variations of TCT;ET" with «(T},). Here, the light-
blue coloured points show an FOPT while the deep-blue coloured points, besides
SFOPT, also obey the 3¢ relic density limit. The top row right plot depicts the
sensitivity of &, in the T, — T, plane. All points of this plot show an SFOPT
and obey the relic density bound. The bottom row plot shows how the transition
temperature T, changes with T, when (i) T = T,, (represented by the light-blue
coloured points), and (ii) T = T}, (represented by the dark-blue coloured points).
The green-coloured dash-dotted line represents T, — T}, (top right) and T, = T,
(bottom). The remaining details are depicted on individual plots. . . . . . . ..
The left (right) plot shows variations of model points in the my, — T, (mpo —
T,) plane. Here, light-blue coloured points show an FOPT whereas the purple-
coloured points undergo an SFOPT with &, > 1. The dark-blue (light-green)
coloured squares (circles) depict model points that show an SFOPT, obey the 30
relic density bound, and respect DD bounds from XENONIT (DARWIN). . . .
The left (right) panel shows variations in the mp, — vs (upgs — mp,) plane for

163

165

166

different values of s (&,) for models points which can accommodate an SFOPT. 167

Plot showing pps sensitivity of the my,, —vg plane for a few discrete pgg values,
keeping other relevant parameters fixed as written on the top of the plot. Different
s values are depicted with differently styled differently coloured lines as written
on the plot. . . . . . . . .
The left (right) plot of the top row shows variations in the sinf — gg (my — gs)
plane. The bottom row plot depicts a variation in the m, versus oPl plane
(see Eq. (5.38)). Here, the purple-coloured points represent model points that
can accommodate an SFOPT while the dark-blue coloured points, besides an
SFOPT, can also accommodate the correct relic density. For the bottom row,
the light-blue coloured points obey the 30 bound of the correct relic density but
do not assure an SFOPT. The four differently styled differently coloured lines in
the bottom row plot represent bounds from various DD experiments, as detailed
on the plot. . . . . . . .
The left plot shows percolation temperature (7},) sensitivity in thea(T},) — 8/ H.x
plane. The middle (right) plot depicts variations of T}, with «(7},) (8/H.). For
the last two plots, the dark-green coloured points can accommodate an SFOPT
and also obey the bounds on the DM observables whereas the light-green coloured
points only accommodate an SFOPT. Both these points are, however, consistent
with all constraints listed in 5.2. Also, as already stated in 5.4.4, all the model

points presented in these three points evade at least the XENONI1T DD bounds.

The top row plot shows variations of the model points in the Qgef\‘;j‘vlfﬁ — fpeak
plane, that can accommodate an SFOPT, along with the sensitivity reach of
different GW detection experiments, shown with differently styled and differently
coloured lines. In the bottom row, the left (right) plot depicts the sensitivity of
the analytic estimate of v, (T},) in the Qlée\";}(hQ — fpeak (a(Tp) —vy) plane. Other
relevant details are mentioned on the plots. . . . . . . .. ... ... ... ...
Plots showing sensitivity of the correlation in the Qge&}(hQ — fpeak Plane on the
parameter a (left), §/H, (middle) and T, (right). All these model points can
accommodate an SFOPT. The sensitivity reaches of different GW detectors are
shown with differently styled and differently coloured lines. . . . .. ... ...
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5.20

5.21

5.22

5.23

5.24

6.1

6.2

Plots showing model points in the Qge\?\}(m — [peak plane for LISA (left), DECIGO
(middle) and BBO (right), respectively. Here, the light-grey coloured points
survive all constraints of 5.2. The orange-coloured points yield detectable GW
signals, following an SFOPT, at the various detectors. The blue-coloured crosses,
along with a detectable GW signal from an SFOPT, also respect the relic density.
Note that, all these model points, i.e., orange, blue and including the light-grey
coloured points, also satisfy DD bounds, at least from XENON1T. The sensitivity
reaches of different GW detectors are shown with differently styled and differently
coloured lines. . . . . . . . . L
Plots showing variations of various PISCs driven peak amplitudes, as mentioned
in Eq. (3.66), with the corresponding peak frequencies for the LISA detector. The
light-grey (red) coloured points correspond to the value of the threshold smaller
(larger) than 10. The sensitivity reach of different GW detectors is shown with
differently styled and differently coloured lines or bands, as appropriate. All
these model points show SFOPT and are free from constraints discussed in 5.2,
including DD bounds (at least from XENONIT, see 5.4.4). Some of the red and
light-grey coloured points may also accommodate the correct relic density. . . .
Feynman diagrams of different annihilation channels for fermionic DM ), see 5.3.1
for more details. . . . . ... L
Annihilation channels for triplet scalar DM TP, following 5.3.1. For the first
and the last figures of the bottom row, replacing W+, W~ with Zs yields two
more possible configurations. For the middle figure of the bottom row, a charge
conjugate diagram exists with 77, . . . . . . .. ...,
A few coannihilation (annihilation) channels for the triplet scalar DM T9(T%F),
see 5.3.1 for details. Note that, charge conjugate diagrams exist with 7% — T°F
and W1 — W™, For the remaining processes that do not have any h; final states
or are mediated by the same, see Ref. [808]. . . . . .. .. ... ... ... ...

The plots display projections of model points onto various planes: (&) mp,-m,,
(b) my-ps and (c) vs-ps, illustrating their inter-dependence. The light blue
coloured points satisfy various constraints as outlined in 6.2, align with the 3o
relic density limit and also pass the LZ-2024 limit. The dark blue coloured points
represent the model samples that are further allowed by the stricter DD limits
projected by DARWIN. In (a), the light red coloured shaded region is excluded
by the requirement of an HS global minimum (see Eq. (6.15)), and the differently
styled black coloured lines correspond to various threshold limits, i.e., m, = myp,,
My = Mp,/2 and m, = 2my,. See text for more details. . . . . ... ... ...
Contribution of 7°-DM relic density Qo h? to the total relic density, Qioth?, in R-
I: (a) Projection on the mqo-plane with different values of (%ny. (see Eq. (6.28))
depicted by the colour bar, showing the impact of the DM conversion. The green
coloured shaded band corresponds to 50 — 60% contribution of Q0h? to Quih?.
(b) Relative contributions of 79 and x relic densities to Q;h2. The model points
shown in both plots satisfy the constraints outlined in 6.2 and also accommodate
the 3o relic density. In (a), samples consistent with the LZ-2024 DD bounds
are displayed, while (b) illustrates points passing both the LZ-2024 (light blue
coloured points) and DARWIN (dark blue coloured points) limits. . . . .. ..
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6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

Parameter space of model points with a leading DM conversion, i.e., (Zony. > 0.5,
in R-I. (a) Distribution of m,, in the my,-m, plane. (b) Correlation between my,
and ps3. (c¢) Variation of [Agg| with mp,. In (a), the light red coloured shaded
region and distinctively styled black coloured lines have the same meaning as in
Fig. 6.1(a). All model samples, apart from being consistent with the constraints
discussed in 6.2 and maintaining (X, > 0.5, obeys the 3¢ relic density limit and

evade the DD bounds reported by LZ-2024, as detailed in the legend of plot (c).

Similar to Fig. 6.1, but depicting R-IT with mqpo >m,. . . ... ... ... ..
Contribution of the T°-DM relic density to ,h? in R-II. (a) Projection on the
mqo-plane, showing that 7°-DM remains subdominant throughout the sub-TeV
region and only reaches ~ 50% contribution near myo ~ 1.35 TeV. (b) Relative
contributions of T and y relic densities to Qioth?, where y-DM dominates in
most of the parameter space, with 7°-DM surpassing x only near mgo ~ 1.35
TeV and beyond. . . . . . .. L
Distributions of the SI cross-sections for the elastic scattering of y and 70 with
nuclei, scaled by their respective fractions, f, and fro, and projected on the m,
and myo mass planes. The upper (lower) panel depicts the R-I (R-II) regime.
The colour bars in the upper-left (upper-right) panel and lower-left (lower-right)
panel reflect the variations of |sinf| (Agrp). Various DD limits from different
experiments are represented by differently styled and coloured lines, as detailed
in the legend (bottom right panel). The allowed points, for all these four plots,
satisfy the constraints discussed in 6.2. . . . . . . .. ... 0L
Summary of important ID constraints on the model parameter space. (a) Dom-
inant DM annihilation channels and the scaled cross-sections for pNGB DM y
and (b) corresponding results for the scalar triplet DM (7°), satisfying the 3o
relic density and DD bounds (at least from the XENONIT). The different final
states X;X; (Xj5) = Z, WH(W),b(b),t(t)) are differently colour-coded, with
exclusion limits from Fermi-LAT, AMS-02, and H.E.S.S. are indicated by shaded
regions (see the legend). . . . . . . ...
Comparison between two methods of calculating the thermal potential for the
PTs: (Left panel) HT expansion approximation, as given by Eq. (6.32), and (right
panel) the full V%, as shown by Eq. (6.29). The light-blue coloured points repre-
sent model points that are consistent with the 3o relic density, bypass constraints
outlined in 6.2, and survive both ID and DD (at least from XENONI1T) bounds.
The graded coloured points further show an SFOPT along the s-direction, and
their dependence on the singlet-doublet mixing angle (|sinf|) is shown above.
See the text for more details. . . . . . . . . ... L
Plots depicting the allowed mass regions of the pPNGB DM Yy, associated with an
SFOPT in the s-direction, in the mp,-m, (left) and pz-m, (right) planes. The
colour bar on the top indicates the variation of the singlet VEV vg, normalized to
the SM Higgs VEV v. The sample points are obtained by evaluating the full Vg‘g
(Eq. (6.29)). The differently styled lines in the left plot carry the same meaning
as of Fig. 6.1(a). . . . . . . .
Dependence of the PT parameters T, and «(7') on potential parameters vg (left
panel) and pg (right panel), respectively. All sample points bypass constraints
discussed in . 6.2, obey the 30 relic density bound, and evade DD (at least from
the XENONIT) and ID bounds. . . . . ... ... .. ... .. .........
The scatter points illustrate the correlation between a(7},) and 5/H(T},) for pa-
rameter samples that can generate an SFOPT while satisfying all constraints
outlined in 6.2. These points also yield the correct 3o relic abundance and lie
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within the sensitivity reach of different DD experiments, as outlined in the legend.213
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6.12

6.13

The left plot illustrates the distribution of model points consistent with the DM
phenomenology in the fpeak — Qlée\;aé{hz plane, overlaid with the sensitivity reach of
various GW detectors, represented by differently styled and differently coloured
lines. The right plot presents the estimated SNR values (see Eq. (3.65)) for
different GW detectors: LISA (blue coloured), DECIGO (orange coloured), BBO
(light blue coloured), DECIGO-corr (green coloured), UDECIGO (red coloured),
and UDECIGO-corr (purple coloured). The black horizontal dashed line marks
the SNR threshold of 10, separating regions with SNR < 10 and SNR > 10.

Plots display the variation of PISC-driven peak amplitudes from Eq.(3.66) with
peak frequencies for LISA (top panel), DECIGO (middle panel), and BBO (bot-
tom panel). The left (right) panel represents contributions from sound waves
(turbulence). Magenta (light-grey) coloured points indicate SNR threshold val-
ues above (below) 10. Sensitivity curves for various GW detectors are shown
with distinct styles and different colours. All model points satisfy the constraints
of 6.2, accommodate the 3o relic density bound, and evade the DD (at least from
the XENONIT) and ID limits. . . . . .. ...
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