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Motivation

P Among many, the two issues that the Standard Model of particle physics cannot
answer:

@ Dark Matter candidate
@ The origin of Baryon Asymmetry of the Universe

Motivation for Beyond the Standard Model !

P After the Higgs Boson discovery in 2012, the detection of Gravitational Waves
(GW) in 2016 is the other major discovery in our time.

% A new window into the early Universe

Is there any connection among them ¢
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Cosmology with Gravitational Waves

» GWs are a probe for Early Universe
__» GWs from Inflation

What process of theEarly __--- - - -p GWs from Preheating

Universe source GWs? So--
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"~ A GWs from Cosmic Defects

check.
oS
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> GWs from First-order “EW Phase Transitions” ; )
True The main production processess are, z /

@ 'ﬁ ~ Bubble collisions \/
" @ ~ Sound waves left behind in thermal plasma
e =P EW Baryogenesis

@o " G > Turbulance
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SM with Inert Triplet Scalar

> First, we cosider a framework with the SM extended with SU(2) triplet scalar with Y = 0.

1 Th \/§TJr In a simple set-up, imposing Z2 symmetry can ensure the
1I'=3 V2T- —T, stability of 73, and be a DM candidate.

The scalar potential is given as,

V(H,T)=—p>HTH+p2Te(TTT) + M\ |HTH|? + X\ (Tx|TTT)? + N\, HTHTe(TTT
T

[ Key findings in existent literatures,

3¢ band in
Oh?=0.1198+0.0026
1 As(M-)=0.1

0 Thermal relic is satisfied for heavier DM mass, 7o > 1.8 TeV
O DD constraints can be evaded for DM mass, mo > 1.2 TeV

:“:::
ik
2 o010} &
o X Aht
SI m2.m2
H" 10 0.001

N. Khan, Eur.Phys.J.C 78 (2018)
U An SFOPT demands the mass of the new neutral scalar state, :

mpo >~ 250 Gev for a max. of Aht 5 1.95¢- Bandyopadhay et al. Phys.Rev.D 107 (2023) o 50 100 o00 - A.000

Mo [GeV]

“Tensions with DM observations and SFOPT predictions”



A multi-component DM scenario

NI

(- Let’s consider an extension of the Inert Triplet Scalar with a real scalar and a

- V - . i
&€ Dirac fermion singlet under SU(2).
P Objectives:
0 Explore the “desert” region of the ITM DM scenario.

0 Look for parameter spaces where both the criteria of an
SFOPT and DM constraints can be fulfilled, provided T°
remains in the desert region.

0 Investigate the GW frontiers for complementary
searches.

P The extended scalar Lagrangian,
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A Z, x Zlisimposed, under which 7°
and ¥ are DM candidates.




Scalar Singlet-Triplet with a Dirac Fermion

NI

(- Let’s consider an extension of the Inert Triplet Scalar with a real scalar and a
&€ Dirac fermion singlet under SU(2).

b Relevant potential and interaction:

..o-....u-.....o-.....o-......-......-...-..-...-u-.n-u-.n-u-.n-u-...-..-.n-..-.n-..-.n-....n-......-....n-....n-....n-....n-.n.n-..

V(H,T,S)=V(H)+V(H,T)+V(H,S8)+V(S,T) STT %

Zy | +1 | +1 | -1
V(H) = —p% HH + Ag(HH)? e ——

il
V(H,T _ BT 4 Az (Te(TTT))2 + 222 Ty (THT) (HTH
S e HCR e ) e RN ) A Z, x Z}is imposed, under which 7°

Vi —%52 % %554 e (ER S ASTH(HTH>S2 N %53 and ¢ are DM candidates.

£5 ﬂs_T T A_ 5 2
V(S, T) i Tr(T T)S e o Tr(T'T)S i U Due to non zero VEV of S, it mixes with

Ly =1 (i0 — piy) h — gsbtpS . Hwith mixing angle tan26 = At

. 3
.....................................................................................................................................................

J Independent parameters are:

O We consider non-zero VEV for the singlet
(S) = vs

mro, Mg, My, 43, ST, Us, Sin97987
ASs ATy AT AsT




Brief comment on Parameters

Crucial parameters DM1

....................................................

...................................................

....................................................

...................................................

What we consider:

Crucial parameters DM2

....................................................

...................................................

(0 A
_Ia/he
E % TO
b, TOTO AgTvcosf + psr sinf + Agpv, sin 6
Ah,roro =  —AgTvsing 4 psr cosl + Agrvs cosd

> We want Triplet DM to be under-abundant with mass

below 1 TeV

> Couplings controlling DM1 abundance should be

below 1

So that DM+PT
remain in the
same page !



General Scan and Results
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Very small values of gs and |sin ¢/, together, results in overproduction of the fermionic DM, leading to their

exclusion based on DM relic constraints.
Comparatively larger gs underproduces -DM, however it can be compensated by smaller |sin 6.
Smaller|sinf|, j.e., O(10~2) or less, is favoured to avoid LZ and DARWIN limits on direct detections.



General Scan and Results
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In some cases, the triplet DM relic exceeds the PLANCK-measured
relic limit. Purely due to DM-DM conversion.

Such scenario mainly corresponds to very small gs (0(10_2)), which
Is heavily challenged from DM relic constraints as it produces, in
general, overabundant ¥-DM.

In the considered phenomenologically viable region, i.e., [300, 1000]
GeV, triplet DM remain underabundant.

In our model set-up, the fermion DM is the dominant one.

However, due to DM-DM conversion, there is an enhancement in
contribution to ()., h2 upto 26% for the 7°-DM, which is otherwise
below 10% in a pure Y=0 triplet DM set-up for DM mass below 1 TeV.

In some cases, the 7" contribution is often being suppressed by up to
five orders of magnitude. This suppression is necessary for evading
the exclusion limits on the 79 SI cross-section.



General Scan and Results
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> Alarge parameter space is available in our model
that eludes experimental bounds including DD
constraints and satisfies PLANCK measured relic
limits.

> For, Indirect Detection, both fermion and triplet DM
are insensitive to the current limits.
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P Dynamic fields

Phase Transition Dynamics

P V...interms of dynamic fields

VE = Viree + AV + V'GP + Vo™ + Ve
‘/:cree — _,MTHhQ_ u7382_ ,UTTTO2 >\Hh2 —i—(:{[;‘;h28—|— AHshQ 2 M;));\:“E':,_I_ 584
A 202 | A 2002 | Appod e
AERPTO 4 AT AT
I Different possible PT patterns p \ 4 #
O—H
one-step” 0O—S . Vol e Tew
S —> SH h ‘\‘ h
> Also along the Triplet direction at high temp. in some region.
However, at zero temp. it must be 0.
> We are not interested any transition along the triplet

Presence of such couplings are crucial as they give rise to
potential barrier along h(s)-direction at the tree-level itself

11



PT Dynamics Results
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T N 5 1
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PT Dynamics Results

- XENONIT
= LZ 2022
- DARWIN

Most of the SFOPT
data falls under the DM
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Apart from the DM masses, the phenomenology of
the multi-DM is, mostly, determined by 9s and sin 6

On the other hand, additional scalar couplings pms(As)
and w3 aid in generating a SFOPT, which doesn't
impact the DM phenomenology significantly.

The above feat is usually absent in a typical “ITM+real
scalar” extension with Z; symmetry,.

Moreover, the constraint on sinf from the demand
of a SFOPT is also relaxed in our setup.
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PT parameters and GW spectra,

Particle
physics model

-

PT parameters ]
GW power spectrium
Effective action — 3, H,
Numerical simulations —
R Q0w | i H,, o8 u,)
Bubble wall dynamics — vy

and depends on your particle physics model,

latent heat released by the PT process

* 2
_ T 2
Prad = 930 T*

Ap= |V (g0, T) ~T

dVet; ($0,T)

dT

AV i (¢n,
_ [‘/’e%}(gbn,T) T Veffcg;é T)

, Uy — 1 (a conservative choice)

13



GWSs: production

1l 2 Kosowsk ] : : Wei : ]
. y, Turner, Watkins, PRL 69 (1992) 2026; PRD 45 (1992) 4514; Weir, PRD 93 (2016) 124037; Huber, Konstandin,
' B u b b I e COI I ISlons: QCOI h JCAP 0809 (2008) 022; Cutting, Hindmarsh, Weir, PRD 97 (2018) 123513, etc.

In general negligible, except for very strong super cooling.
In most cases, such amount of supercooling incompatible with PT completion... =i, Lewicki, no, scap 1904 (2019) 003
A few exception, e.g., conformal scalar potentials

b Sou nd waves: () h2 Hindmarsh, Huber, Rummukainen, Weir, PRL 112 (2014) 041301; PRD 92 (2015) 123009; PRD 96 (2017) 103520; Konstandin, JCAP
Sw 1803 (2018) 047; Hindmarsh, Hijazi, arXiv:1909.10040

. af 3 KewO % max(vy,, Cs,f) B =
h? Qe (f) = 2.59 x 107° [ = T (7ew) Sew(f)s

. . . 100 1+ e H,
Typically dominant signal. v~ e =
Works for low bubble velocity! 1
fow =89 x 1075 Hz | & T. - BY(=
e ' 100 100 GeV max () S N H S\ 10 )
Rf.‘{?.:f.’-.f_,ﬂf Se ';a'r;' ng

Y(r) = 1= e, SulP) = () [mmmr]
b T b I 0 SwW 1"’27—st*, w fsw 4+3(f/fsw)
urbulance: O,k

Numerical simulations are going on! Semi-analytic approximations exists so far.
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GW spectra
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GW detectablity-I

Conventional strategy:
O Obtain the peak frequency and peak amplitudes and project them against experimental sensitivity

limits of respective GW detectors.
O Calculate sound-to-noise (SNR) w.r.t GW detectors and check its detectability against respective
Project them against experimental sensitivity limits of respective GW detectors power-law-

integrated sensitivity curves (PLIs).
SNR = /T [ [fmax

4

1/2
(Qsignal(f) ) 2 df
,glnoiie\(f)

N
N

A
Detector noise data.

4
4
4
/

| 2
Time duration of mission,
generally, 4 years. *'
Amplitude obtained for a
particular physics model
with a given parameter set.

)
1
)
1
I
I
1



GW detectablity: PLIs
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We obtain parameter points with SNR > 10 that satisfies DM relic + DD constraints and they
can be detected in LISA, BBO, DECIGO.



GW detectablity-II

Limitations of PLIs:

A Calculation of peak freq. and peak amp. of individual points carries no inherent information about
SNR.

J Note that, PLIs only have a well defined satistical meaning for GW signals that are described by a
power law, which is maximally violated close to the “peak” in the GW spectrum due to SFOPT.

T. Alane et. al., JHEP 03 (2020) 004; K. Schmitz, JHEP 01 (2021) 097

Another approach: Peak Integrated Sensitivity Curves (PISCs)
f 9 1/2 2 L 2()peak 2 h2()peak 2 B2(peak 2
p _ n . tobs f max (Qsignal(f)) df ﬁ p — b —|_ SwW + t
(?'e S fmin \ {noise(f) tobs/yT ﬁ2Q]121§\ h2 QP h? Qg
:’I ,"/’ e;\k 2 eak \ 2 eak \ 2
/ Pt hZQE/SW\ h2Q§w/t hQQE/t
4 , Bt + el B o + o :
Auto or cross-correlation e h2QPé;W | hQQ;V‘I’ét h2Qp{g
measurement JPtian Lo ‘*
i/ Fmax S(f) S(f) - 2 Hpeak 2 Hpeak ; 2 peak 1/2
W2, = 2—5z~ne1r7 df =122 h2Q7) = (57" R0 :
PIS [( j) Mdet 1y - f (h2Qnoise(f))2 /3 ( J )

i,j € {b,sw,t}
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GW detectablity: PISCs

Advantages of PISCs:
QO PISCs are constructed in a way such that they retain full information on the SNR.

O For a given experiment and observation time, the SNR is uniquely determined by the peak energy
densities and the corresponding peak frequencies, once the “mother integral” is carried out.

O A given point in the PISc plot, the SNR correspond to the vertical separation between the point & PISC
of interest. Think of DD limits & exclusion as an analogyt

2 2
max 2 1/2 2 hQQpeak h2Qpea‘k 2 h2Qpeak
o [ndet tObS ff (%Sig?al((}f ))> df] - - 2 ?) + ( 2 Oyew ) + 2 tt
S min noise tobs/yr h QPIS h, QPIS h QPIS

. (hQﬂﬁi‘:‘ii)Q ) (hms;i‘z>2 ) <h295i3k>2
2 b/SW 2 SW/t 2 b/t )
Mother Integrall 7= $pig h*Qprg h*{prg
~1/2
hQQi/j — (2 Y ) 1 Fima df Sz(f) Sj(f) p2peak _ (hZQpeak h2Qpeak> 1/2 .
PIS — ij) Ndet L YT | (B2 (f))2 i/j i J

1,7 € {b,sw,t
{ ki 19



GW detectablity: PISCs
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> Fig. shows analysis for LISA only with observation time 4 years. Can be extended for other
detectors.

> Read the plots as, any data points that falls on or above any experimental curves are allowed by
their respective SNR.

> Points that are below the curve needs inspection individually for different detectors.
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GW detectablity: PISCs
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Conclusion & Summary

# We successfully revived the “desert” region for the triplet dark matter in the interested region, i.e., [300,
1000] GeV. Moreover, a wide range for the fermionic dark matter is allowed from around m,,, /2to over
the TeV scale leaving a large parameter region for rich phenomenology.

# We further estimate the gravitational wave signals (GW) arising from such SFOPT by comparing them
with the power-law-integrated sensitivity limits (PLIs) and also with the peak-integrated sensitivity
curves (PISCs) to examine the detectibility prospects.

# We find parameter points that evades experimental constraints, satisfies DM relic and DD limits
and also lie within the detectable sensitivity range of LISA, BBO, DECIGO etc.

# Our investigation complements the collider searches of BSM new physics at the DM and GW
detector frontiers.
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Constraints on the model

___________________ > Perturbativity
———————— Vacuum stability (bounded-from-below)
Perturbative unitarity

Electroweak precision test (oblique parameters)
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>
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> SMHiggs searches (e.g., diphoton decay, etc.)
- BSM Higgs searches and other collider limits e e L P P :

> DMrelic density e mm -
> DM direct & indirect detection

——————————————————— , > Correct EW vacuum at T=0

|
: lll. PT Constraints == » Successfull nucleation & percolation criterion
I

___________________ | > a

O We used FeynRules, micrOMEGASs, HiggsBounds, HiggsSignals/Lilith and personal
python codes to check contraints I. & Il

d CosmoTransitions is utilized to implement PT analysis and to obtain GW observables
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General Scan and Results

> For the general scan, we
choose the parameters as,

A

Lower limit appears from collider
—W» constraints, and we want it to be in the
“desert region” and hence the upper limit

This range is inspired from EWPT point
***** » of view as it demands parameters 1o be
at (or near to) EW scale

Ty Conservative limit due to BSM Higgs

Parameter Range
ms 1130, 2000]
mro ] 300, 1000]
my | [10,2000]
vs .1 [-1000,1000] -,
ps i | [~1000,1000]
KsT .[=1000,.1000] -
0 . [Z0:2,0.2]..
As © [0.001,3.5]
gs - [0.01,3.5]
AST [0.01,0.3]
AHT - [0.01,0.3] -

> We fix Ar = 0.05 throughout

searches, EWPO and W-boson mass.

> Inspired from previous findings and
perturbativity



First-order EW Phase Transition

I The main ingredient to investigate the phase transition is the effective potential, in general,

V= Viree + AV + VG + Vg™ + Ve

....................................................................................................................................................................................................

Viree is the tree level potential of the underlying theory.

V%;?\lfoop T 64% Zi:B,F(—l)Finim?(ﬁme) [log (M) Ci]
m?(da, T) = m?(Pa) + ¢;T?, ¢; — Daisy coefficients.

2¢v,1—1
h e VT;éooop

¢; can be calculated using the high-temperature limit with —5 o
1OQj

1—loo & : mi{dn, T
Vrzo i i:B,F(_l)FZniJB/F (%)
o 2 i
JB/F ($2 = el T)> — L P or o (1 e 2+92>
Vet = counter term potential

B (Verr V)|, _

....................................................................................................................................................................................................
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GW analysis

1.0
» Generally, bubble velocity is either calculated by solving detonation S asipe e o™ || 110
hydrodynamic equations or consider it as input e - Ol -
parameter. soale hybrid
. . . . ) 5 L G I 1 - 100 %
> However, in some approximation, analytic form of v,,_is g e
also available. Tl 04 deflagration so =
-5~
. . . @ T
> We calculate v,, analytically for points with SFOPT and A AV —-- v 60
identify different regions for bubble's motion in plasma. apr T aticon | B a0
000000 0025 0050 0075 0100 0125
a(Tp)
106 160 160
i ° E o 2% ;s: °J
. 140 140 140 o 2P &
- 120 120 - 120 - ?{f
m % e "-.
= 1002 g§100 & 100 s
= 108 & e ot
80 80 80 1 et
102 5 X ead”
. 60 60 1 Allowed by DD + SFOPT ' 60 1 ! . Allowed by DD + SFOPT
e Allowed by DD + Qpnh? 4 SFOPT e Allowed by DD + Qpnh? + SFOPT
10! . . . 40 . . . 40 : . . .
103 102 101 10—3 102 101! 102 103 104 10° 10
o(T,) o(Ty) B/H 24



Spectral shapes:

_ 38(f/fo)**
Sb(f& fb) 1 1928 (fl/:.fb)3-8 ,
(f/fs)°
SS f&fs = -,
I [4/7+3/7(f/fs)2)2
3
St(f'.' ft&h*) = (f/ft)

(L+8nf/h)L+ (f/f)]

1
(d —5 g« Ta: 6 Thk
heo(T.) = a_nH*(T*) =1.6-10""Hz ( 1(00)) (100 GEV)
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