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Outline

Yukawa Sector of Minimal SO(10) Unification

Symmetry breaking and Gravitational Waves

Proton decay and Coupling Unification

Saad GW probes of SO(10) 2 / 21



Searching for a Minimal Yukawa Sector

Most constructions: complex 10H Babu, Mohapatra 1992

→ Reducing number of parameters: SO(10)× U(1)PQ

❈ Our proposal: only SO(10) gauge symmetry Babu, Bajc, Saad 2016

→ No new fermions beyond the three families of chiral 16s.

→ Non-supersymmetric framework.
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Proposal: Minimal Yukawa Sector

Fermion bilinear: 16× 16 = 10s + 120a + 126s

10 and 120 are real representations of SO(10)

126 is complex representation of SO(10)

The most general Yukawa sector

Lyuk = 16F (Y
i
1010

i
H + Y j

120120
j
H + Y k

126126
k
H)16F

i = 1, 2, ..n10, j = 1, 2, ..n120 and k = 1, 2, ..n126

❈ {n10, n120, n126} = {1, 1, 1} Babu, Bajc, Saad 2016
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Fermion masses

MU =

10H︷︸︸︷
D +

126H︷︸︸︷
S +

120H︷︸︸︷
A

MD = D + r1S + e iϕA

ME = D − 3r1S + r2A

MνD = D − 3S + r ∗2 e
iϕA

MνR = cRS︸︷︷︸
diag(M1,M2,M3)

MN = −MT
νD
M−1

νR
MνD .

Babu, Bajc, Saad 2016
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Fermion Fit

Saad 2022
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Features: MR

M3 ∼ 1014 GeV (seesaw scale)

M2 ∼ mc

mt
M3 ∼ 1011 GeV

M2,3 ≫ M1 ∼ 105 GeV

M IO
1 ∼ MNO/10

Saad 2022
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Importance of RGE running
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Features: Proton decay correlations

Saad 2022
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Pulsar timing data

NANOGrav : 12.5 yrs of pulsar timing data 2020

→ strong evidence for a stochastic common-spectrum process

→ Interpreted as a GW signal: A ∼ O(10−15)@ f ∼ 1/yr

✬ Cosmic string model gives an excellent fit Ellis, Lewicki 2020

→ Gµ = (2× 10−11 − 3× 10−10)@ 95% C.L.

❄ Similar hints from PPTA 2021, EPTA 2021, and IPTA 2022

❅ GW energy density Fu et. al. 2022(
ΩGW(f )h2

)
PTA

≈ 2.02 · 10−10

(
A

10−15

)2

×
(

f

fyr

)5−γ
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New results upcoming
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Higgs sector

❈ Minimal scenario to provide cosmic string network

the breaking by 126H leaves a remnant Z2 symmetry (not broken by
tensor representations)
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GW from stable cosmic string network

Gµ = 4.22× 10−38v 2
R

Saad 2022
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String scale and fermion mass fit

CMB: Gµ < 1.1× 10−7
Charnock et. al. 2016 ⇒ MII ≲ 2× 1015 GeV

LIGO: 2021 Gµ ≲ 10−8 (f ∼ O(10) Hz) ⇒ MII ≲ 5× 1014 GeV

✲ Neutrino mass fit: M3 ≲ 1015 GeV

✲ Up-quark mass fit: M3 ≳ 2× 1013 GeV

✲ Valid: M3 = [2× 1013 − 1015] GeV

Saad 2022
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String scale and fermion mass fit

S = vu
126 Y126︸︷︷︸

diagonal

10H : MU ,MD ∝ D︸︷︷︸
no extra factor

mb ∼ D33 + r1S33

mt ∼ S33 ≫ D33 + r1S33

M3 = vR(Y126)33

vR =

{
vmin
R = 0.5×M3 , (Y126)

max
33 = 2

vmax
R = 2.05×M3 , (Y126)

min
33 = 0.48

Saad 2022
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Consistent SO(10) and GW fits

excellent fit for:

→ ΩGWh2 ∈ (2, 6)× 10−10

@ 2σ CL

Corresponds to

→ Gµ ∈ (4.9, 6.9)× 10−11

Restricted seesaw scale:

→ vR ∈ (3.4, 4.1)× 1013 GeV Saad 2022
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Consistent SO(10) and GW fits

Saad 2022
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GW from SO(10): consistent with proton decay?

Saad 2022
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https://arxiv.org/abs/2212.05291


Compatibility with a small threshold correction

Saad 2022
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Upshot
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Summary
❄ Minimal Yukawa sector: {n10, n120, n126} = {1, 1, 1}

❄ Minimal SSB sector (cosmic string): 45H + 54H

❄ Dominant modes: p → νπ+ and p → e+π0

❄ Fermion mass fit: M3 = [2× 1013 − 1015] GeV

❄ M2 ∼ mc

mt
M3 ∼ 1011 GeV

❄ M2,3 ≫ M1 ∼ 105 GeV , M IO
1 ∼ MNO/10

❄ GW/PTAs: vR ∈ (3.4, 4.1)× 1013 GeV

❄ Fully testable in a number of gravitational wave observatories

THANK YOU!
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Explaining features

|S |
v

∼

 4.5× 10−10 0. 0.
0. 1.3× 10−3 0.
0. 0. 4.8× 10−1



|D|
v

∼

 3.0× 10−6 2.8× 10−5 1.7× 10−4

2.8× 10−5 2.4× 10−4 2.7× 10−3

17× 10−4 2.7× 10−3 2.6× 10−3



|A|
v

∼

 0 2.3× 10−5 1.2× 10−4

2.3× 10−5 0 2.5× 10−3

1.2× 10−4 2.5× 10−3 0
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Explaining features

|S |
v

∼

 4.5× 10−10 0. 0.
0. 1.3× 10−3 0.
0. 0. 4.8× 10−1

 ∼

0 0 0
0 yc 0
0 0 yt



|D|
v

∼

 3.0× 10−6

2.4× 10−4

2.6× 10−3

 ∼

yd ,e,u 0 0
0 ys,µ 0
0 0 yb



MU ∼ S , MD,E ∼ D, M2 ∼
yc
yt
M3, M1 ≪ M2,3
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Explaining features

At the GUT scale mt/mb ∼ 75

yt ∼ S33/v

yb ∼ (D33 + r1S33) /v

(D33 + r1S33) /S33 ∼ 10−2

D33, r1S33 ≪ S33 ∼ mt

M3 = vR(Y126)33 determines String scale
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Explaining features

|MνD |
v

∼ (D − 3S)/v

=

 3.1× 10−6 2.8× 10−5 1.7× 10−4

2.8× 10−5 2.73348× 10−3

1.7× 10−4 2.73348× 10−3


−

 0 0 0
0 4× 10−3 0
0 0 1.4
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Explaining features

MN = −MνD

M−1
1

M−1
2

M−1
3

MT
νD

∼


10−7

M1
+ 10−15 10−7

M1
+ 10−14 10−6

M1
+ 10−13

10−7

M1
+ 10−14 10−7

M1
+ 10−12 10−6

M1
+ 10−12

10−6

M1
+ 10−13 10−6

M1
+ 10−12 10−5

M1
+ 10−10


Works if M1 ∼ 105 GeV !
(IO works if first column and row have significant entries:
M IO ∼ MNO/10)
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