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Outline

@ Yukawa Sector of Minimal SO(10) Unification

@ Symmetry breaking and Gravitational Waves

@ Proton decay and Coupling Unification
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Searching for a Minimal Yukawa Sector
@ Most constructions: complex 10y Babu, Mohapatra 1992

— Reducing number of parameters: SO(10) x U(1)pq

N}

st 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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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.70.2845
https://link.springer.com/article/10.1007/JHEP02(2017)136
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Proposal: Minimal Yukawa Sector

Fermion bilinear: 16 x 16 = 10, + 120, + 126,

10 and 120 are real representations of SO(10)

126 is complex representation of SO(10)
The most general Yukawa sector

Ly = 165(Yio10}, + Yiho120}, + Y{55126,:)16F
I=1,2 .mo, j=1,2 ..np and k =1,2,..n

{Mo, Mmao, m2s} = {1,1,1} Babu, Bajc, Saad 2016
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https://link.springer.com/article/10.1007/JHEP02(2017)136

Fermion masses

10y 1264 120y

A~ AN =
My= D + S + A
Mp =D+ nS+ e?A
ME:D—3r15+r2A
M,, =D —3S + r;e'®A
M

VR

CRS
~—~—
diag(M1,M>,Ms3)

My = =M M, *M,,.

Babu, Bajc, Saad 2016
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Fermion Fit

Observables Values at Mz scale Values at Mgy scale
(Am;zj in eV?) Input Best Fit: NO | Best Fit: 10 NO 10
Yu/1076 6.65+2.25 6.65 6.71 2.85 2.87
/1073 3.60+0.11 3.60 3.60 1.54 1.54
Y 0.986:0.0086 0.986 0.986 0.48 0.48
ya/107° 1.645+0.165 1.645 1.675 0.73 0.74
ys/1074 3.1250.165 3.125 3.146 1.38 1.39
/1072 1.639+0.015 1.639 1.639 0.637 0.637
2./10-6 2.7947+0.02794 2.7947 2.7899 2.8873 2.8817
Yu/1074 5.8998+0.05899 5.8998 5.9021 5.924 5.894
/1072 1.002940.01002 1.0029 1.0012 0.985 0.989
EREE = 22.735:£0.072 22.735 22.739 22.73 22.74
O5EM /1072 4.208+0.064 4.208 4.204 4.79 4.79
oGKEM /10— 3.64+0.13 3.64 3.64 4.15 4.15
e 1.208+0.054 1.208 1.204 1.207 1.204
Am3, /1070 7.425+0.205 7.425 7.433 9.714 950.84
Am2; /10-% (NO) 2.5150.028 2.515 - 12.909 -
Am3,/107% (10) -2.49840.028 - -2.497 - -12.515
sin® 6 0.3045+0.0125 0.3045 0.3053 0.308 0.177
sin” 3 (NO)* 0.570540.0205 0.5726 - 0.484 -
sin® a3 (10)* 0.57640.019 - 0.5819 - 0.542
sin? 013 (NO) 0.02223+0.00065 0.02223 - 0.007 -
sin? 613 (10) 0.02239-0.00063 - 0.02238 - 0.0223
X - 3 %108 277t B i
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Features: Mg

Quantity

Best fit prediction

NO

| 10

(ma,ma, m3)

(0.00014, 0.0086, 0.0501) eV

(0.04922,0.04997, 0.00038) €V

(32 mi, ms, mgp)

(0.0589,0.0088,0.0016) eV (0.099,0.041,0.033) eV

(8,1, 02)

(326.4,109.0,94.7)°

(209.5, 164.4, 343.4)°

(M, My, Ms)

W o = —
(2.13 {107)6.46 x(10'7) 2.28 x| 10') Gev

(131 6.42 4%’2.37 | 10M)[Gev

M3 ~ 1014 GeV

(] M2 ~ %M?’ ~ 1011 GeV

(]

Saad

Myz > My ~ 10° GeV

MI© ~ MNO /10

(seesaw scale)
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Importance of RGE running
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Features: Proton decay correlations

‘ p decay modes ‘ BR[%] predictions ‘

p —etK%p—etn) 0.52, 0.03)

(p— pra%p— putK%p— ptn) (0.42,4.3,0.002)

(p—vrt)p - vKT) ((61.5)0.81)

625 agy ‘ ‘ T
60.0} \ Benchmark scenario
el TRy,

325 35.0 375 40.0 425 45.0 475
_ 0 . +1 /o0,
BRIp->r"e’] (%) Saad 2022
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Pulsar timing data
e NANOGrav : 12.5 yrs of pulsar timing data 2020

— strong evidence for a stochastic common-spectrum process

— Interpreted as a GW signal: A~ O(1071%)@ f ~ 1/yr

% Cosmic string model gives an excellent fit Ellis, Lewicki 2020
— Gu=(2x10""—-3x10)@ 95% C.L.

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

# GW energy density Fu et. al. 2022

2 10 AN\ F\>
(Qaw(f)h?) pp, = 2.02-10 <1O—15> % (fw)
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https://arxiv.org/abs/2009.04496
https://arxiv.org/abs/2009.06555
https://arxiv.org/abs/2107.12112
https://arxiv.org/abs/2110.13184
https://arxiv.org/abs/2201.03980
https://arxiv.org/abs/2209.00021

Higgs sector

s# Minimal scenario to provide cosmic string network

S0(10) 5“77& SU(4)¢ x SU(2), x SU(2)g x D
H

L SU(3)c x SU(2), % SU(2)r % U(1)s—t

45y

1“2”—6”> SU(3)c x SU(2), x U(1)y
Mew

104+126

SU(3)C X U(l)em

the breaking by 1264 leaves a remnant Z, symmetry (not broken by
tensor representations)
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GW from stable cosmic string network

Gu=422x10"%v3

1077} NanoGrav 11 TianQin Llc()§10

GAIA
PPTA Taiji &

10710

o
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[©]
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______ -9
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String scale and fermion mass fit

CMB: G < 1.1 X 1077 Charnock et. al. 2016 = My < 2 x 10 GeV

@ LIGO: 2021 G £ 1078 (f ~ O(10) Hz) = M;; <5 x 10 GeV
s Neutrino mass fit: Mz < 10%° GeV

sk Up-quark mass fit: Mz > 2 x 10* GeV

5 Valid: M = [2 x 101 — 105] GeV

Saad 2022
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String scale and fermion mass fit

S = vihs Yioe
126

diagonal

10HZ Mu, MD X D

no extra factor

mp ~ D33 + 11533
m; ~ S33 > D33+ 1533
M3z = vr(Yi26)33
_Jvpin=05x%x Ms, (Yi26)535* =2
R { mex — 2 05 x Ms | (Yio6) 24" = 0.48

Saad 2022
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Consistent SO(10) and GW fits

1
\

f=5.6 nHzZ T Experment
2 |~ PTA 0]
b [ Qowh?e(0.8,10)x10 — PTA 20}

—— EPTA [10]

o excellent fit for:

©

2 —10 o Gu=teaxto | EPTA [20]
— QGWh € (27 6) X 10 \\\ * Gu=6.75x10""" _ zz:: ;a}
@20 CL A

~—— NANOGrav 125 [10]
~-=- NANOGrav 12.5 [20]

S

@ Corresponds to

characteristic strain amp., Ax107"®

N
K

— Gu e (49,6.9) x 101

@ Restricted seesaw scale: 4.0 45 5.0

spectral index, y

— Vg € (3.4,4.1) x 10" GeV
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Consistent SO(10) and GW fits

i Benchmark scenario Benchmark scenario

frequency

5 6 120 125 130 1.35 140 145 150
M;x10° (GeV) M,x10"" (GeV)

Benchmark scenario

0'03.7 38 39 40 41 42 43 44

M;x10™ (GeV)

Saad 2022
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GW from SO(10): consistent with proton decay?
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Compatibility with a small threshold correction

5x10'® -
B Moyt (Mr=2x10" GeV) B Mgyt (M_r=4x10" GeV) 10%F m (Mg=2x10"" GeV)
; 1016// u (Mr=4x10" GeV)
x
= 5x10% 1 10%
K] B Mps (Mp=2x10" GeV) { &
o =)
 1x10% u Mps (Mg=4x10"2 GeV) | &
@ 10%
Hyper-Kamiokande
Super-Kamiokande
10%
» 2.0 25 3.0 3.5 4.0 45 5.0
R R
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Upshot

R>2.5
(consistency)

10 104 10*3 li 10 (Gev)
(3.4-4.1)x10%
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Minimal Yukawa sector: {nig, n20, Mo} = {1,1,1}
Minimal SSB sector (cosmic string): 454 + 54y
Dominant modes: p — ont and p — etn®

Fermion mass fit: Ms; = [2 x 1083 — 10%5] GeV

Summary

Mj ~ =My ~ 10 GeV

Mz > My ~10° GeV , MO ~ MNO/10

GW/PTAs: vg € (3.4,4.1) x 10" GeV

Fully testable in a number of gravitational wave observatories

Saad
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Explaining features

5| 45 x 10710 0. 0.
= 0. 1.3 %1073 0.
v 0. 0. 4.8 x 1071
Dl 30x10°% 28x10°° 1.7x 10~*
Pl 28x10° 24x107* 2.7 x 1073
v 17x 1074 27x10°3 2.6 x 1073
Al 0 23x107° 1.2 x107*
o | 23x10°° 0 25 x 1073
v 1.2x107% 25x 1073 0
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Explaining features

S| 45 x 10710 0. 0. 0 0 O
Ll RPN 0. 1.3 x 1073 0. ~10 y. 0

v 0. 0. 4.8 x 1071 0 0 y
|D| 30 X 1076 _yd7e7u 0 0
= 2.4 x10~* ~ 0 ysu O

v 2.6 x 1073 0 0

My~S, Mpg~D, My~ §M3, My < M
t
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Explaining features

@ At the GUT scale m;/mj ~ 75

Ve ~ 533/V

Yo~ (D33 + nSs3) Jv

(D33 + f1533) /533 ~ 1072

(]

D33, 11533 << S33 ~ m;

@ Mj = vg(Yiz6)33 determines String scale
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Explaining features

M,,
| vD| ~ (D —-3S)/v
31x10°% 28x10°° 1.7 x 1074
= 28x10°° 2.73348 x 1073
1.7 x 107* 2.73348 x 1073
0 0 0
— 1 0 4x103% 0

0 0 1.4
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Explaining features

Mt
My = —M,, Mt M,
M;t
10*7 + 10-15 10*7 + 10~ 14 10 6 +10~ 13
~ 107+10 14 1o7+10 12 106+10 12

106—1—10 13 1o6+10 12 1015+10 10

Works if M; ~ 10° GeV !

(10 works if first column and row have significant entries:
MO ~ MNO/].O)
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