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@ 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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GW Experiments

LISA Space based Observatory

2017 Nobel Prize in Phy

Pulsar Timing Arrays,
LIGO, US ,Washington

VIRGO, Italy

How to Probe It ?
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Leptophobic Model

i
SUB)c® SU2) @ U(l)y ® U(1)s

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

A[SU(3)E x U(1)g] =0 SU(2), UQ)y U,
A[SU(2)? x U(1)s] = g Gauge fields W, B, z)
\U+
3 _ (Y1
AUQR x U] = -5 | Ve \ugL) 2 12 B
Jr
AUy < VLRI =0 |y, — $3R> 2 12 B
1)2 1)a] = 2R
A < umel =0 | AET
AU(1)y x U(1)g] =0 (r=¢F 1 1 B
By —By,=-3 xe=x" 1 0 B
XR = X% 1 0 B
Two anomalies arises, H 2 1/2 0
for cancellation we are S 1 0 B _B
adding the 6 fermionic ! 2
particles. By =-1and B, =2
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Model Framework

The complete Lagrangian for the gauge theory of baryons is given

by
L= Lou-2F

FVLiDV, + VRiPVR + X1iDxL + XRIDPXR + ELiDEL + ERiDér
— [hl\TLF/ﬁR + hWrHEL + b3V Hyg + h4W7RHXL}

W%%W+WW%W+EW§@]

— [)\w‘TLSB‘UR + Ae€LSBER + )\xﬂSBXR} + h.c.
+(D,Sg)"(D"Sg) — V(H, Sg) (1)

The Yukawa potential term is written by
My M vl
B _ + + v 1 2R
ENF - (wlL L) <M2 Mg) (&ﬁ )

7o o (M2 M 0
0 0 X 4 XR
+(XL wlL) <M3 /V’\u) (ng) +hc, (2
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@ Whose mass term are listed below,

— Ay, _ Ve _ v _ hyv
M\U_ :’/EBY Mé'_ \/Ey Ml_\}iv Mz_\;ﬁy
Mg =12 My =

V2
. T .
@ The unphysical flavor basis (X(L) \U(Z) is related to

V2

-
physical mass basis (\UlL \U2L> basis as,

\UlL . X(L) .. wlR _ X(f)?
(‘U2L>_V<‘U(Z Similarly, Wy =V wo |

V— co.sﬁL/R sinf/r
—sm0L/R COSQ[_/R

o Here, V; =Wy, + Vg, Wy =Wy, 4 Wyp, the lighter one
among them is a viable DM candidate.
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@ Now, combining the chiral states of XO and WO is reduced to,

W1 = cos O r(x°) + sin O (W)

Yy = —sin HLR(XO) -+ cos 9LR(WO) (3)
@ Where the mixing angle tan 20py = ,\%%%i Here,
m =~ M4 + M3.

@ The mass eigenvalues of the physical states W1 and V5 are
respectively given by, (for small sinpp/1r (sinOpy — 0)
limit, my, and my,)

2m?
my, ~ M, + msin20py = M, — (MEI, — ) X)
. o 2m?
my, =~ M\U — msin 29DM = M\U + m (4)

Taramati Gravitational Wave Study in Leptophobic Models 11/28



Phase transition - First order phase transition

Vet (s, T) = Vo(ws)+Vew(ps)+Vor(es)+Vr(es, T)+Vo(es, T)

Here:

o Vo(ps) = —#7590%4- Lot

o Vowlps) = sdr £y (<1 Mi(s) (log | M2 - ).

R0 2 oA
o Ver(ps) = =575 + 3248,
9?Ver(ps) _ _ 9*Vew(ws)
8@% acpi
ps=vg ps=vg
Vet (es) _ _ OVew(es)
Ops Ops
ps=vp ps=vp
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o Vip(ps, T) = 27r22 J< (505)>,
Here, Jg.r(y?) = J5* dx x2log (15 &~ V7).

o Volps, T) = — 3 Xy mi [(m2(is) + M T))*/2 (m2(5))*?]

4 o Parameters:- )
@ Coupling constant Ay, Ay, A¢, As, Ans.
@ Degree of freedom (g) and (gx).
o Critical temperature T, and nucleation temperature
T,.
9 @ « and [ parameters. y
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Phase transition plots with differents parameters

space

51 — W= 0.3, y4=0.6, y=0.95
— y,=0.1, y,=0.1, y=0.9
— ¥ =0.0, 4, =0.0, 5 =0.0

L

0 1 2 3
psGeV

Figure 2: Effective plot at a temperature T=2.27TeV, with quartic coupling
As = 0.0035, vg = 5TeV and gg = 0.67. differents colors lines represents differents
values of the Yukawa couplings yy, yw, ye-
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Understanding of GW through FOPT

o Stepl Calculate the nucleation rate:
S3 3/2 53
T~ T* T
(1)~ (2ﬂ) e’
@ Step2 Solve the differential equation to get the bubble profile:

d*ps | 2dps  dVe(ps, T)

dx2  x dx dys
@ Step3 Find action:

S5 = / dxdx [ (d‘if(x)> +V(<p5,T)].

@ Step4 o and 3 parameters:

poe 1 {TdAV ]
Prad Prad L4 dT T,
d(53/T)>
= (782D
b (H dT T,
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Phase transition plots with differents parameters

Unstable
egion

107 100 1000074 100 100 100 10° 10 100 107 100 10°10* 102 10% 100 10°

As As As As

107

Figure 3: Plot of v./Tc(left Top) and T,/ T, (left Bottom) and « (right Top) and
B/H (right Bottom) in parameter space involving quartic coupling As and gauge
coupling gg assuming portal coupling Ays = 0. Each point indicates an FOPT.
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Figure 4: Same as Fig. 2 but for Ays = 0.5. The potential is stable even in the (Right)
panel due to enhanced contribution of the scalar sector to the effective potential..

vg € [10%,10°] GeV, Ag € [10741], g5 € [107*,1], Ags € 0 or 0.5, yy e € [0,1]

Taramati Gravitational Wave Study in Leptophobic Models




Sources of gravitational wave

nghz ~ sth2 + Qturbh2 + Qcollh2'

e 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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) 6 [ He rawa \2 [100) 3 )3 7 /2
Quu(F)h? = 2.65 x 1070 [ == =) w N — T
B l1+a g« fow 4+3(f/ fow)?

1
_5 s
_1ox107% (B (_Te ) (85
here, fow = (H* ) (100GeV) (100) Hz

Vw

3 1/3 3
H 2 (100 f/f
Qturbhz =335x10°" (7*> (Klturb a) (7) Yw ( /tlulrb )
7 o & L+ (f/furn )13 (L +87F/hs)

1/6
where K¢yrp = 0.05K¢yrp and hy = 16.5 - 10~ (100270\,) ( ke Hz The peak frequency is given by:

—5 =
_ 2.7x10 B Ta g )6
furb = =0 (K) ( 100GV (W Hz

h*Qean(f) = 1.67 x 107° (ﬁ) (:_._f) (ﬁ) A(feolts Vi) Seon(f,vw),
N

Shape

Scaling

Redshift

1 . P
w100 (2 (T (L) (2
feon = 1.65 > 10 HZ<100> <100Gev><ﬂ )’

Redshift
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avitational 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
ve(GeV) 6429.38 55399.27 928114.36

As 0.0057 0.0064 0.0015
gB 0.247 0.191 0.162
AHS 0 0 0

Yx 0.055 0.0093 0.0025
Yo 0.007 0.143 0.048
Ve 0.012 0.004 0.0020

T./GeV 274241 24631.03 284870.01
Tn/GeV  236.99 4062.15 40845.63
ve/ Te 2.344 2.248 3.257
o 212.647 13.468 30.181
Qoo 0.0025 0.0028 0.0013
B/ Hx 19.623 96.533 559.718

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

1074 1072 10° 102 10° 105 1079 10°% 101 107 1072 10° 107 10° 10° 10° 10 1070

frene (H2) QEstin? Foa (H2) agn?

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

0.02f .
gL 7 X
1074 1072 10° 107 10* 10° 10730 102 107 107* 1072 10° 107 10* 10° 107% 1072 10710
frene (H2) QEstin? Foa (H2) agn?

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

Parameters BP1 BP2 BP3 BP4 BP5H
Mpo T80T 52.33 10174 72.81 25.73
SIDD 3.38%107%  18x107%  1Le6x107% 1x1075¢ 1.22x107%8
Qpah’ 0.112 0.105 0.108 0.128 0.122

Mg 536x107°  6.03x107°  276x10™%  123x107%  3.57x107°
v, 31423.70 36647.79 37572.64 144076.64 22505.61
an 156x1070  1.08x107! 6.76x1072  1.30x 10~ 1.30x107}
Uy 3.54x107%  2.02x107° 3.82x107%  714x107'  1.61x107°
v 3.88x107%  7.03x107  778x107% 7.80x107!  1.8dx107"
Ye 2.59x10°0  2.18x107° 3.07x107°  B55x1072  2.38x1072
T. 19740.7 32064.9 37703.42 53067.35 43407.63
T, 18430.77 31594.60 37613.76 36013.61 12248.47
v/ T, 1.208 5.61x1070 2.30x107! 2.66 13523
o 258x107%  2.83x107"  L769x107°  245x107%  2.61x107
B/H 14635.24 16655.11 9965728 2128.67 4048.89
o, 144x107%  6.864x107%  2.42x10” 8.66x107%  8.904x1074

Figure 8: Benchmark points for Ays = 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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Parameters BP1 BP2 BP3 BP4 BP5 BPG
Mpyy 85.68 3073 20547 2.20 124 51 86.04
SIDD 1x107%0 32%107%7  118%107Y  414x10™  18%107"  8.72% 10718
Qpurh’ 0.112 0.121 0.105 0.112 0.119 0.118

Ae 133x107° 7.35%1070  7.02x107°%  462x1070 931x107" 3.75%x107°
v, 188560.73 100158 20677.7 1414505 3448116 19041.50
95 L61x107" 3.70x107  L69x107"  6.17x107"  3.13x107"  2.07x 107"
Yy 6.42x107% 5.61x107%  140x107%  220x107%  17x107* 6.45x1077
Yo 2.30x107%  6.67x107%  2.32x1070  253x1070 L7Tx107% 5.32x1072
Uy 6.71x107 1.00x107" 1411077 2.50x107" 5.08x107° 6.75%107
T, 18639.31 3650111 1982157  10796.57 2115504  15098.36
T, 182380.48 3648604 197908 18719.6  183760.6  14854.67
0./ T, 240x1070  T.2x107% 2.56x1070  6.52x107" 1.38 6.63<107"
a 215x10°% 2471077 272x107% 038x107%  171x107%  2.18x107?
B/H 1634743 581964.2 1438322 4231.47 1644.71 14065.30
Qinf L12x107% 1.56x107%  1.64x107%  283x107%  39x10™°  2.15x107°
Ay 1454 214x107} 8.92 2.64x107" 67.21 16.86

Figure 9: Same as fig 8 Ays = 0.5 which are allowed from SIDD cross section and relic

density.
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Conclusion....

@ SFOPT requires small quartic coupling As < 0.01 and
relatively large gauge coupling gg > 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 y, . ¢ of the exotic
fermions contribute negatively to the effective potential
rendering it unstable in the small Ay and gg limit (see
Fig. 3-4).

@ The peak of the GW spectrum depends on the scale of U(1)g
breaking vg. For the 3 benchmark points given in Table 1
with vg ~ O(1),O(10) and O(100) TeV, the resultant peaks
of the GW spectra with peak frequencies O(1073), 0(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 ~ 1073 to 10°
Hz and peak amplitude ranging from ~ 1073% to 10710 for
the vg € (102,10°) 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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