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Outline

@ Gravitational wave observatories and PTA data

@ Promising SUSY SO(10) GUT

@ Metastable cosmic strings

@ Probing SUSY at GW detectors
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Cosmic Microwave Background
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Cosmic Neutrino () Background

Apart from CMB, another leftover cosmic fossil

Neutrinos coupled
by weak interactions
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GW: The Most Powerful Tool
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Groundbreaking Discovery : LIGO 2015

\ 7 (i

Fully
P lective
mirror
£
<
£
i
T
Partially
reflective
Power o ™ — mirror ’:u‘ly
recycling ' refiecive i
mirrors | Alm (25 mi) - miror Jey
» - c
i A
Bl L LI ©
- e g ey & =
Laser . by ] ' ] 5 £
& = K
Beamsplitter No wave 2 3
A g S
Interference b =
Light PAtETS - potential wave
detector AN @
* Not to scale

10732

Strain (10

035 o.40 035 040

History of the Universe aindnc ke

Saad ~ GW/PTA/Metastable Cosmic Strings 6/40



Saad

Cosmic Light-House
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Pulsar Timing Arrays 2023
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Gabriella Agazie et al 2023 ApJL 951 L8

@ First evidence of Stochastic Gravitational Wave Background at
nHz frequencies

o NANOGrav, EPTA, InPTA, CPTA, PPTA
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PTA Data: 2023
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Circular binaries
+GW-driven
inspiral only
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Adeela Afzal et al 2023 ApJL 951 L11

— Supermassive Black Hole Binaries (SMBHB): tension with data?
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Signals from New Physics?
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@ Metastable Cosmic Strings?
@ naturally arise from Grand Unified Theories —SO(10)
S Py i G e G| | 10/40



Cosmic Strings

U(1) — nothing

)

Loop enclosing non-zero flux in 2-D space.
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Cosmic String dynamics
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Monopoles

SU(2) = U(1) Cosmic Inflation*

Sphere enclosing non-zero flux in 3-D space.
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Metastable strings

P. Langacker and S. Y. Pi, 1980

e Example: SU(2) “ U(1) ~ broken

Monopole
Nucleation
- -. »

o lifetime determined by:

(k*? <9 metastable ) — Vimonopole ~ Vatring
g B r—— 14/ 40



PTA data: Metastable strings
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SO(10) GUT: Most Elegant Candidate?

16 =

built — in neutrino mass
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Origin of Metastable Cosmic Strings?
Promising SO(10) GUT models:— SUSY GUT

o Gauge coupling unification

@ Cosmic inflation

o Doublet-Triplet splitting

@ Chraged fermion + neutrino masses

@ Proton decay under control
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DTS problem

@ Doublets & Triplets
10y = (24 + 3n) + (24 + 31)
=(1,2,1/2) +(3,1,-1/3) + c.c.

o <45H> X i7'2 ® diag(a, 4, a, b, b) ~ MGUT

@ GUT scale mass:

1011 (451) 1001 = 211201 + 201211 + 311320 + 321314
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Features of our models

@ Lower-dimensional reps.: 10, 16, 45 (perturbativity)
o Superpotentia|: Antusch, Hinze, Saad, Steiner 2023

W = W(%l?'ffln'(‘aking + VVlnﬂation + Wl\ﬁxod.,lnﬂation
NS >
Vv

WIntermeditefbreaking

+ WDTS + WYukawa

DTS without fine—tuning: S. Dimopoulos, F. Wilczek 1981, M. Srednicki 1982

@ (45,) x B — L x i ® diag(a, a, a,0, 0)
@ (45),) o< kg o ity ® diag(0,0,0, b, b)

K.S. Babu, S. M. Barr, Z. Berezhiani, R. N. Mohapatra, J. C. Pati, S. Raby, ...
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Promising SO(10) GUT

e (45,) xx ity ®diag(a, a, a,0,0) , (45},) x i, ®diag(0,0,0, b, b)

@ Symmetry breaking:
SO(10) % SU(3)c x SU(2), x.SU(2)r x U(1)s_,

monopole

2y SU(3) e x SU(2) X U(L)g x U(1)s_1

45,

InflationSU(3)C x SU(2), x U(l)ybstring

@ No monopole problem

@ Metastable cosmic string network

Antusch, Hinze, Saad, Steiner 2023
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Inflation

@ Hybrid inflation

A. Linde 1991, G. R. Dvali I. 1994 SUSY 2 2 2 2
nde ali et. a VF C%(qﬁ—mw)@b
v
The Expanding Universe =
1A 2 /
VVInﬂation o S ,(16H16H - m16) v
inflaton

(flat direction along i) = 0)

Antusch, Hinze, Saad, Steiner 2023

@ Vacuum energy V ~ 3>mf; @ Waterfall— cosmic string
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Inflation

@ If no mixed terms, extra Goldstones

459) 164,165 O (1,1,1) + (3,2,1/6) + (3,1, -2/3) + c.c. .

@ Ensuring waterfall along SM direction

D 164(M454 + N,14)16), + 16,,(\2454 + My1),)164

Wl\lixcd,lnﬁation
+ 164( X345, + N510,)167, + 16,,( 445, + \,171)164 .

22/40
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Inflation

Fi6 = S3Vig

16’

Fo = <—\/%v45)\1 + X 1H) ve
Fl. = ( 2/3vish + N, 1H)
e (o )
Fi = (+VBvishy + N1 ) g
Flo = (—VBushs + 1) 55
Fle = (—VBush + Xi1n) vis

—d°¢

3V45)\1 + )\ ].H Vie

Fs = (161416 — mZy)
16"

F§ = (04 \317,) vy
FI. = (—2vishs + \517,) vig
Flile = (2vus A3 + A51%,) v
FZ, = (0 + )\/3/1/;1) Vi

Fie = (+245)s + M517,) Vi
Flie = (=2vishs + X517,) Vig

ve —
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Inflation

Ve ; Q u¢ . d° L e\ _
o vi; # 0 allowed if (vyg, vi§, vis , Vig, Vi) = O

@ Unstable directions Re (116 + 1§) and Im (<16 — v/5g) (stable
directions Re (116 — v{g) and Im (v16 + v55)):
Me = mye + |5S|2 % [emiy|
~N Y= Y—

1,01
F; Fi6 Fs

o Waterfall in the RHN direction can be arranged

Saad 24 /40



DTS

_ 0 _ 0 _ _
104(45:)10}, O 242t + 2420 +3u3l +33m

B .0
100,45210%, > 2,24, + 3,30

Wors O 7110445,10% + %10;,45’,310;, + Mye16,,16),

Antusch, Hinze, Saad 2024
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DTS

Multiplet (1,2, —-1/2) 4+ c.c.:
(12,-1) (1,2,-1) (12,-1) (1,2,—3) n(1,2,—1
H(1 22) > H(1,2,2) v X(4,2,1) 0 X@a21) » X@21) ’
(1,2,1) (12,3 _(1,2,4) (1,23 _m12,})
H(l 2 22) H(1,2,2§ ’ (1,2,12)’ (1,2,12) ) (1,2,1)2
0 0 0 0 0
72(45,)?
0 —= 4/\” 0 0 0
Mup-1y=10 0 0 2v6)2(454)  2X4(45),)
0 0 2v/6)1(454) 0 M6
0 0 2)\3<45’H) 0 0

Antusch, Hinze, Saad 2024
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DTS

Multiplet (3,1,1/3) + c.c.:

o ,GBLY) yELY) By (BLy) 3Bl
Heany Hlern)  X@io) X@ra)  Xaaz)
H(3,1,—%) H/(3,1,—%) _(31,-3) (31,-3) _n31-1)

C- Moy »Me11) 2 Xaiz) 1 Xa@12) 1X@,12)
71(454)
e o o
2v6
Maiy=| o0 0 0 4/20(854) 4 (a5})
0 0 4y/2n(450) 0 Mg
0 0 4X(45,) 0 0

Antusch, Hinze, Saad 2024
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DTS & Proton Decay
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Fermion Mass

Y,
Wyikawa= Y1016F16£10y + — A (16F45H)16(10H16F)E
Yb ch

22 (16745,)16(104168)15 + —~(16416)1(16,416r):
M, = Yioviy — \/§<4/5\—H>Yavfo + 2<4/5\/ ) YbVio
My = Yiovsh — \@@ Yol — 2<4i},> Youd
M. = Yiove + V6 <45”> 2<4i/*’> Yovd,
MP —Y10V1o+\/_< dl 310+2<4?\,>Yb V105
16
M, = < /\H> Y.

Antusch, Hinze, Saad 2024
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A Common Scale

Type-l seesaw
o Cosmic string : vs = myg

@ Inflation : Viygation ~ %2m16 N N

o Neutrino mass :

>
mie

myg ~ 1015716 GeV

Antusch, Hinze, Saad, Steiner 2023
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Saad

Mass Spectrum: Unification
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Unification, Proton Decay, and PTA data
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Antusch, Hinze, Saad 2024 (arXiv: 2406.17014)
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GW Spectrum and PTAs
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Soon to be discovered at LIGO?!H! antusch, Hinze, Saad 2024 (arxiv: 2406.17014)
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Dilution

NANOGrav

10-° 106 100 100 10°
f[Hz]

Early Matter Domination from SUSY Moduli fields

Antusch, Hinze, Saad 2024 (arXiv: 2406.17014)
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GW spectrum

loop number

density
87T(G,u2 > _2n dz 2n
Qaw(fit) = 350 Z:C"P T L H(z)(1+zﬁn(f(1+z)’t(z))

spectrum

o

X070

5(6,7) - (3H(1) +rdz

expansion histefy Monopole
of the uni Nuc eation
...... by, oy

H(z)'= Ho (Qn + (1 + 2)*Qunat + (1 + 2)*G(2)Quaa) >

43 . )
G(z) = 8(2)gs"" (20) s varies as the universe cools when
& (zo)g;B( ) species become non-relativistic

Blanco-Pillado, Olum, and Shlaer 2013, 2017; Buchmuller, Domcke, Schmitz 2021; Antusch, Hinze, Saad, Steiner 2024
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SUSY Degrees of Freedom

gMSsSM SUSY DOF / ; ; /
100 EW phase -~ 7
ng transition
_ 50 — 10°TeV |
= 1
xt — 10" TeV
—  10° TeV
10 — 10°TeV |
e+-e- 4
5t annihilation 10" TeV | |
1 10* 108
T [MeV]
Antusch, Hinze, Saad, Steiner 2024 (additional dof: Battye et. al.; Blanco-Pillado et. al.; Cui et. al,; ...)
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SUSY DOF
H:) = H (81l + (1+219(:000) |

10° TeV
10" TeV
102 TeV
10° TeV
10* TeV

Antusch, Hinze, Saad, Steiner 2024
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Probing SUSY

1079 — 10°TeV
— 10! TeV
| — 10°TeV
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4
10" TeV
S
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] SM
(0]
10782 2 20% drop
<ZE MSSM
10783 i
107 10° 10°
f[Hz]
NP SM g™ v SUSY QSUSY /SM
Qaw ~ Qcw oM 1 AgNP AgPUPY = 122 Qe /Oy ~ 0.8

N - mg _1/2
fs ~ (2.1 x107° Hz) (7GeV) (aT Gp)

X (93(Ts) + Ag.)"” (¢5(1)) ™° (98 (1)) T

Antusch, Hinze, Saad, Steiner 2024
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|
fnax i \ 2
SNR = \/ fobs / df (Qs'g"""(/ )>

1 0—7.0 L

1 0—7.5 L

Gu

1 0—8.0 ,,,,,,,,,,,,,,,,,,,,,,,,,,, /J ,,,,,,,,,,,,,,,,,,,,,,

10—8.5 L

10° 10! 102 10°
SUSY scale [TeV]

Fisher analysis: uncertainties of 10% for the number of DOF
and 5% for the mSUSY (ET and CE) Antusch, Hinze, Saad, Steiner 2024
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Summary

# PTAs : exciting new data — New Physics?
New Physics — Metastable Cosmic Strings

# Promising models towards SO(10) GUT —

Inflation, DTS, Unification, Fermion mass, Gravitational waves
Probing SUSY DOF at GW detectors
* GW/PTAS Vmonopole ™~ Vstring ©~ Vinflation ™ Vseesaw "~ 1015 GeV

# Fully testable in a number of gravitational wave observatories

THANK YOU!
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