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Motivations

Study about gravitational wave signals in leptophobic model.
Probing the Dark matter through the gravitational wave
signals.
Develope the connection between the dark matter and
gravitational wave.

Taramati, R.Sahu, U.Patel, S.Patra-:2408.12424.
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Gravitational wave and dark matter
Gravitational waves are ripples in the fabric of spacetime caused by
certain movements of mass, such as the acceleration of massive
objects, particularly those involving strong gravity. First predicted
by Albert Einstein in 1916.

Figure 1: www.quantumuniverse.nl/app/uploads/2023/11
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Leptophobic Model
⇕

SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)B

Taramati, R.Sahu, U.Patel, S.Patra-:2408.12424.
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Model Framework

A[SU(3)2
C × U(1)B] = 0

A[SU(2)2
L × U(1)B] = 3

2
A[U(1)2

Y × U(1)B] = −3
2

A[U(1)Y × U(1)2
B] = 0

A[U(1)2
Y × U(1)B] = 0

A[U(1)Y × U(1)2
B] = 0

B1 − B2 = −3

Two anomalies arises,
for cancellation we are
adding the 6 fermionic
particles.

SU(2)L U(1)Y U(1)B
Gauge fields W⃗µ Bµ Z ′

µ

ΨL =
(

Ψ+
1L

Ψ0
1L

)
2 1/2 B1

ΨR =
(

Ψ+
2R

Ψ0
2R

)
2 1/2 B2

ξL = ξ+
L 1 1 B2

ξR = ξ+
R 1 1 B1

χL = χ0
L 1 0 B2

χR = χ0
R 1 0 B1

H 2 1/2 0
S 1 0 B1 − B2

B1 = −1 and B2 = 2
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Model Framework
The complete Lagrangian for the gauge theory of baryons is given
by

L = LSM − gB
3
[
qLγµZµ

BqL + uRγµZµ
BuR + dRγµZµ

BdR
]

+ΨLi /DΨL + ΨR i /DΨR + χLi /DχL + χR i /DχR + ξLi /DξL + ξR i /DξR

−
[
h1ΨLH̃ξR + h2ΨRH̃ξL + h3ΨLHχR + h4ΨRHχL

]
−
[
λΨΨLSBΨR + λξξLSBξR + λχχLSBχR

]
+ h.c.

+(DµSB)†(DµSB) − V (H, SB) (1)

The Yukawa potential term is written by

LB
NF =

(
Ψ+

1L ξ+
L

)(MΨ M1
M2 Mξ

)(
Ψ+

2R
ξ+

R

)

+
(
χ0

L Ψ0
1L

)(Mχ M4
M3 MΨ

)(
χ0

R
Ψ0

2R

)
+ h.c., (2)
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Continued.....

Whose mass term are listed below,
MΨ = λΨvB√

2 , Mξ = λξvB√
2 , M1 = h1v√

2 , M2 = h2v√
2 ,

M3 = h3v√
2 , M4 = h4v√

2

The unphysical flavor basis
(
χ0

L Ψ0
L

)T
is related to

physical mass basis
(
Ψ1L Ψ2L

)T
basis as,(

Ψ1L
Ψ2L

)
= V

(
χ0

L
Ψ0

L

)
Similarly,

(
Ψ1R
Ψ2R

)
= V

(
χ0

R
Ψ0

R

)
,

V =
(

cos θL/R sin θL/R
− sin θL/R cos θL/R

)
Here, Ψ1 = Ψ1L + Ψ1R , Ψ2 = Ψ2L + Ψ2R , the lighter one
among them is a viable DM candidate.
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Continued....
Now, combining the chiral states of χ0 and Ψ0, is reduced to,

Ψ1 = cos θLR(χ0) + sin θLR(Ψ0)
Ψ2 = − sin θLR(χ0) + cos θLR(Ψ0) (3)

Where the mixing angle tan 2θDM = M4+M3
MΨ−Mχ

Here,
m ≃ M4 + M3.
The mass eigenvalues of the physical states Ψ1 and Ψ2 are
respectively given by,(for small sin θDM/LR (sin θDM → 0)
limit, mΨ1 and mΨ2)

mΨ1 ≃ Mχ + m sin 2θDM ≡ Mχ − (2m2)
(MΨ − Mχ) ,

mΨ2 ≃ MΨ − m sin 2θDM ≡ MΨ + 2m2

(MΨ − Mχ) . (4)

In the limit m ≪ mχ < mΨ, we can get mΨ1 < mΨ2 . Thus,
the lightest Dirac fermion Ψ1 is the stable dark matter(DM)
candidate.
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Phase transition - First order phase transition

Veff(φS , T ) = V0(φS)+VCW(φS)+VCT(φS)+VT(φS , T )+VD(φS , T )

Here:
V0(φS) = −µ2

S
2 φ2

S + λS
4 φ4

S .

VCW(φS) = 1
64π2

∑
i ni (−1)2si M4

i (φS)
(

log
[

M2
i (φS)
Λ2

]
− Ci

)
.

VCT(φS) = − δµ2
S

2 φ2
S + δλS

4 φ4
S ,

∂2VCT(φS)
∂φ2

S

∣∣∣∣
φS=vB

= −∂2VCW(φS)
∂φ2

S

∣∣∣∣
φS=vB

,

∂VCT(φS)
∂φS

∣∣∣∣
φS=vB

= −∂VCW(φS)
∂φS

∣∣∣∣
φS=vB

.
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Continue...

VT(φS , T ) = T 4

2π2
∑

i niJi

(
m2

i (φS)
T 2

)
,

Here, JB,F (y2) =
∫∞

0 dx x2 log
(
1 ∓ e−

√
x2+y2

)
.

VD(φS , T ) = − T
12π

∑
i ni
[(

m2
i (φS) + Πi(T )

)3/2 (m2
i (φS)

)3/2]

Parameters:-
Coupling constant λΨ, λχ, λξ, λS , λHS .
Degree of freedom (g) and (g∗).
Critical temperature Tc and nucleation temperature
Tn.
α and β parameters.
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Phase transition plots with differents parameters
space
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Figure 2: Effective plot at a temperature T=2.27TeV, with quartic coupling
λS = 0.0035, vB = 5TeV and gB = 0.67. differents colors lines represents differents
values of the Yukawa couplings yχ, yΨ, yξ.
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Understanding of GW through FOPT
Step1 Calculate the nucleation rate:

Γ(T ) ≈ T 4
( S3

2πT

)3/2
e− S3

T

Step2 Solve the differential equation to get the bubble profile:
d2φS
dx2 + 2

x
dφS
dx = dVeff(φS , T )

dφS

Step3 Find action:

S3 =
∫ ∞

0
dxdx2

[
1
2

(dφS(x)
dx

)2
+ V (φS , T )

]
.

Step4 α and β parameters:

α = ρvac
ρrad

= 1
ρrad

[T
4

d∆V
dT − ∆V

]
Tn

β =
(

HT d(S3/T )
dT

)
Tn
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Phase transition plots with differents parameters
space

Figure 3: Plot of vc/Tc(left Top) and Tn/Tc (left Bottom) and α (right Top) and
β/H (right Bottom) in parameter space involving quartic coupling λS and gauge
coupling gB assuming portal coupling λHS = 0. Each point indicates an FOPT.
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Continued....

Figure 4: Same as Fig. 2 but for λHS = 0.5. The potential is stable even in the (Right)
panel due to enhanced contribution of the scalar sector to the effective potential..
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Sources of gravitational wave

ΩGWh2 ≃ Ωswh2 + Ωturbh2 + Ωcollh2.

Collision of bubble(runway) walls and (where relevant) shocks
in the plasma.
Sound waves(non-runway) in the plasma after the bubbles
have collided but before expansion has dissipated the kinetic
energy.
Magneto-Hydrodynamic (MHD) turbulance(runway in
vaccum) in the plasma forming after the bubbles have collided.
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Ωsw(f )h2 = 2.65 × 10−6
(

H∗

β

)(
κsw α

1 + α

)2( 100
g∗

) 1
3

vw

(
f

fsw

)3( 7
4 + 3 (f /fsw)2

)7/2
Υ

here, fsw = 1.9×10−5
vw

(
β

H∗

)(
T∗

100GeV

)(
g∗
100

) 1
6 Hz

Ωturbh2 = 3.35 × 10−4
(

H∗

β

)(
κturb α

1 + α

) 3
2
(

100
g∗

)1/3
vw

(f /fturb )3

[1 + (f /fturb )]
11
3 (1 + 8πf /h∗)

where κturb = 0.05κturb and,h∗ = 16.5 · 10−6
(

Tn
100GeV

)(
g∗
100

)1/6
Hz The peak frequency is given by:

fturb = 2.7×10−5
vw

(
β

H∗

)(
T∗

100GeV

)(
g∗
100

) 1
6 Hz
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Gravitational wave plots
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Figure 5: Spectrum plots with benchmark points.
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Benchmark points for the spectrum plot

BP1 BP2 BP3
vB(GeV) 6429.38 55399.27 928114.36

λS 0.0057 0.0064 0.0015
gB 0.247 0.191 0.162

λHS 0 0 0
yχ 0.055 0.0093 0.0025
yψ 0.007 0.143 0.048
yξ 0.012 0.004 0.0020

Tc/GeV 2742.41 24631.03 284870.01
Tn/GeV 236.99 4062.15 40845.63
vc/Tc 2.344 2.248 3.257

α 212.647 13.468 30.181
α∞ 0.0025 0.0028 0.0013

β/H∗ 19.623 96.533 559.718

Table 1: Benchmark points for FOPT
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Connection between GW and Dark matter

Figure 6: Distribution plots with λHS = 0.
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With non zero mixing coupling...

Figure 7: Distribution plots with λHS = 0.5
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Benchmark point...

Figure 8: Benchmark points for λHS = 0 which are allowed from SIDD cross section
and relic density. We have implemented the model on SARAH, micrOmegas and
SPheno for obtaining the SIDD cross section and relic density..
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Continue...

Figure 9: Same as fig 8 λHS = 0.5 which are allowed from SIDD cross section and relic
density.
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Conclusion....

SFOPT requires small quartic coupling λS ≲ 0.01 and
relatively large gauge coupling gB > 0.01. The strength of the
phase transition is usually stronger near the supercooled limit
in the parameter space. However a non-zero portal coupling
reduces the overall strength and increases the stability of the
effective potential by enhancing the scalar contribution to it.
On the other hand large Yukawa couplings yχ,ψ,ξ of the exotic
fermions contribute negatively to the effective potential
rendering it unstable in the small λH and gB limit (see
Fig. 3-4).
The peak of the GW spectrum depends on the scale of U(1)B
breaking vB. For the 3 benchmark points given in Table 1
with vB ∼ O(1), O(10) and O(100) TeV, the resultant peaks
of the GW spectra with peak frequencies O(10−3), O(0.1)
and O(10) Hz lie within the sensitivity of LISA, BBO and ET
respectively (5).
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Conclusion....

The random parameter scan shows our model can generate
GW signals with peak frequency ranging from ∼ 10−3 to 106

Hz and peak amplitude ranging from ∼ 10−35 to 10−10 for
the vB ∈ (102, 106) GeV. Only a fraction of these will be
detected in LISA, BBO, DECIGO, CE and ET.
Also many of these parameter points overcloses the Universe
by producing excessive relic density (Fig. 6 and 7).
However, still a small fraction satisfies the correct relic density
condition along with being observable in the said experiments
in the future (Fig. 6 and 7)
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