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Gravitational VWaves enable us to

look back to the earliest moments

of the Universe (

What powered the big bang?

Only gravitational waves can escape from
the earliest moments of the Big Bang
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o G (Big Bang plus 103 seconds?)
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Gravitational Waves are sensitive to scales up to
the Planck scale (well beyond the reach of colliders)

Cosmoltogitcal QClD ele;troweak Beyond the GUIT Planck
constan scale scale scale mass
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Current
observations
are from

LIGO 01-03

The stage is
set for a
bonanza of
new results



GGravitational Waves are sensitive to:

e First Order Phase transitions FOPT (e.g. QCD)

e Cosmic Strings CS (e.g. U(1) sym breaking)

* Domain Walls DW (e.g. Z2 sym breaking)

In this talk we
are interested

in BSM
examples

* Many other effects (e.g. PBHs,...)




Gravitational Waves from First Order Phase Transitions

Phase Transitions:

@ Bubbles nucleate and grow. Discussed yesterleay by \M’V
Jose Ramon Espinosa,

@ Expand in plasma. Oliver Gould, N

@ Bubbles and fronts collide - - violent process. Xander Nagels, = \\Ty
@ Sound Waves left behind in thermal plasma. Marek Lewiki N

@ Turbulence, damping. T<Tn

sound shell model using the RMS fluid velocity (réd)

0.10

f (Hz)



T.Ghosh, A.Ghoshal, H.K.Guo, F.Hajkarim,
S.F.K., K.Sinha, X.Wang and G.White,
“"Did we hear the sound of the Universe
boiling? Analysis using the full fluid velocity

fl rSt O bse rvatl on Of ‘ | profiles and NANOGrav 15-year data,"
4 [arXiv:2307.02259]
stochastic

Pulsar Timing A¥ays

— == Analytical A
GW baCkgrOund L | T Numerical
1077 - Full Sound shell Broken power law fit
Parameter | Best fit value  Parameter | Best fit value
o s | s | s
T, 133 MeV 1, 142 MeV
Vw 0.09 Vw
10_7 1 Xfit 1.4 Xfit :
<
" 107 O J)
10-114 _-="7" g o
b= c.f. talk by Marek Lewiki
10713 QCD scale FOPT can fit
o _NANOGrav 15 year data

108
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Gravitational Waves from Cosmic Strings
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GWs via CSs from gauged
U(1)s-L In SO(10) GUTs

S.FK., S.Pascoli, J.Turner and Y.L.Zhou, 2005.13549:
2106.15634; w/ Marsili 2209.00021; 2308.05799
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Flipped SU(5): unification, proton decay, fermion masses and
g raVItatI on al waves S.FK.,G K Leontaris and Y.L Zhou, 2311.11857
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B .Fu, A.Ghoshal and S.F.K.2306.07334

Cosmic string gravitational waves from global U(1)s-L
symmetry breaking as a probe of the type | seesaw scale
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P.D1 Bari, S.FK. and M.H Rahat, 2306.04680

Gravitational waves from phase transitions and cosmic
strings In neutrino mass models with multiple Majorons
U(l)Ll X U(l)Lz X U(l)L:a
(Lahar HN; + 2261 NENy + 22 6o NGNo + 29 NEN; + hec. ) + Vo(61, 62, 63)
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S.F.K., R.Roshan, X.Wang, G.White and M.Yamazaki, 2308.03724; 2311.12487

Quantum gravity effects on dark matter and
gravitational waves

Peak occurs when volume pressure ~ Vpias
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S.FK., D.Marfatia and M.H.Rahat, 2306.05389

Toward distinguishing Dirac from Majorana neutrino
mass with gravitational waves

Majorana seesaw Dirac seesaw
—,CMDyZHN—I—NNT¢ —[,DDyLZHAR—I—yRZLO'VR—FMAZA
l l ¢ VR .
Nww S N2.5”"  odd under Z;
" <b " I / o <O‘> = U breaks Zz
M _ L 2 y M—l yT o 1 —1
M_\/iv N MD—EUUyLMAyR
Gauged U(1)g.L broken Gauged U(|)s.L preserved

— Cosmic strings Z; broken — Domain Walls



S.FK., D.Marfatia and M.H.Rahat, 2306.05389

Toward distinguishing Dirac from Majorana neutrino
mass with gravitational waves Dirac seesaw

Majorana seesaw { T T R
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B .Fu, A.Ghoshal, S.F.K. and M.H.Rahat, 2404.16931

Type-| two-Higgs-doublet model and gravitational
waves from domain walls bounded by strings
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Conclusion

 GWs can probe new physics BSM at HE, only a
few examples here: FOPT, CS, DW (+combos)

* FOPT at QCD scale can describe NANOGrav

e CS U(1)s-L gauged w/GUTs; global w/Majorons
e DW Z> w/QG bias; Majorana vs Dirac

 DW bounded by CS in 2HDM (type | )



Axs

B.Fu and S.FK., 2209.14605

Gravitational wave signals from leptoquark-induced first-order

electroweak phase transitions Yo =—#H"+ ulH[" + 5l Sal” + AslSal” + 2Xus|H || S

) 1st order PT
/ — == h->ypy, Y=4/3
5 (- h-py, Y=1/3
/
/ @ BP1:m,=1TeV, Ays=3.85
B BP3: m,=2 TeV, Ays=6.25
2 0.5 1 2 5 10

ms, [TeV]

(a) SU(2) singlet scalar leptoquark
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— == h->py,Y=1/3
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@ BP4:mg=2TeV, \yg=5.45

2 05 1 > 5 10

ms, [TeV]

(c) SU(2) triplet scalar leptoquark
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.......... h—)}/)/, Y=1/6

@ BP1:my=1TeV, \ys=3.85
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(d) SU(2) singlet, doublet and triplet scalar lep-
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(c) SU(2) doublet leptoquark mg =

1 TeV,
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(d) SU(2) triplet leptoquark ms = 1 TeV

Vi [Ty = 3.42



