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Motivation for Grand Unified Theories

19 free and seemingly arbitrary Standard Model
parameters

 GUT unifies SM gauge interactions into a single
gauge group ;

04

e SM fermionic multiplet = single GUT irrep =—
reduces # parameters

» Many GUTs predict non-zero neutrino masses,
dark matter candidate etc Log,,(Q/1 GeV)
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https://theconversation.com/the-standard-model-of-particle-physics-the-absolutely-amazing-theory-of-almost-everything-94700

GUT Predictions - Proton Decay

 GUTs unify leptons and quarks into common multiplets.

« GUTs spontaneously broken to SM gauge group = heavy gauge boson

integrated out => baryon number violating process e.g. proton decay = “¢ee-122

SUB) X SUR2); X U(1)y invariant but BNV
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.43.1566

GUT Predictions - Proton Decay

 GUTs unify leptons and quarks into common multiplets.

« GUTs spontaneously broken to SM gauge group = heavy gauge boson

integrated out => baryon number violating process e.g. proton decay = “¢ee-122

DU Golden Channel
| In non-SUSY GUTs
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.43.1566

World Leading Limit on Proton Decay

Neutrino experiments are large vats of proton sitting around for a long time.
034

T 0+ > 16 X 1 years SK (1610.03597)
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https://arxiv.org/abs/1610.03597
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For review see
Heeck etal: 1910.07647
and B. Pal’s talk

Water Cherenkov sensitive to p — et 7V LAFTPC more sensitive to p—> K


https://arxiv.org/pdf/1910.07647.pdf

GUT Predictions - Topological Defects

During SSB from G = -+ = Gg,, topological defects may form.

Monopoles
Domain wall Cosmic strings
() Vi) (b) +{ o ‘
(a) (b)
7TO<G/H) # O 7-‘-1((;'/1_1) # O 7-‘-2((;'/1_1) # O cambridge cosmic

structures
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GUT Predictions - Topological Defects

During SSB from G = -+ — Gy, topological defects may form.

omain Cosmic strings
(a) q) _______
0 ¥ 4
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O(G/H) 7T2<G/H) # O cambridge cosmic

structures
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GUT Predictions - Topological Defects

During SSB from G = -+ — Gy, topological defects may form.

omain ; Cosmic strings
(a) o
° y
Wi . :
* Ot 2 =
O(G/H) 7T2<G/H) # O cambridge cosmic

structures

Cosmic strings induced via U(1) breaking are ubiquitously as GUT breaks to SM
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GUT Predictions - Topological Defects

Abelian Higgs Model

Sua) = /4423‘ Dupdt ™ =V (1o]°)

V(o)

Im(¢)
j —~~ Re(9)

V(o) ="

(|62 —1%)°

-y
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GUT Predictions - Topological Defects

Abelian Higgs Model

Sua) = /4437 Dupdt ™ =V (1¢]°)

V(o) =2 (16 — )’

W
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GUT Predictions - Topological Defects

Abelian Higgs Model

Sua) = /4437 Dupdt ™ =V (1o]°)
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GUT Predictions

Abelian Higgs Model

SU(l) — /d4$ 8,u¢6’u¢*

N

V(o) =7 (I -

—_—

-V (I¢l%).

- Topological Defects

)2

Kibble, & Nielsen, Ole

Scaling Solution Pstring N Glu N ( < ¢> >2
|

Strings intercommute — closed loops

Jessica Turner

Oscillate and emit GWs
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M,

1 = string parameter

Ptot
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https://iopscience.iop.org/article/10.1088/0305-4470/9/8/029/pdf
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GUT Predictions - Cosmic Strings

 Inflation occurs before string formation — string network gives “scaling” solution

 |[nflation occurs after string formation — string network diluted and no GW signal

* |nflation occurs during string formation — partly diluted string network = GW spectrum
broken power law behaviour (Cui, Lewicki, Morrissey) 1912.08832
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https://arxiv.org/abs/1912.08832

Topological defects in non-supersymmetric SO(10)

e 2005.13549 King, Pascoli, JT, Zhou

'-I- '-'-: ﬂ E " "
%§:§ : 58i3 3|i o use PD and GWSs to examine viable
G 8i3 @f.aﬁ@ 582 £[i3§  non-SUSY SO(10) GUT breaking

xl 5 2% 2132 chains.

: : 7| Y
vV <|:cg
(D) =
i <Q
= »

G:c — G3221 Or G421

proton t { proton
y decays i i decays |

------------------------------------

 Assume inflation at highest scale
to remove unwanted defects
and preserve cosmic strings

GW & GUTs also explored by
Buchmuller et al 1912.03695

() (b) (¢)
Jeannerot et al classified all GUT “breaking chains” 0308134
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https://arxiv.org/abs/hep-ph/0308134
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https://arxiv.org/abs/1912.03695

Proton decay and GWs as complementary windows

o Type (a) via SU(D) x U(1): Apd> Acs

e Type (b) via flipped SU(S) x U(1): Apd ~ Acs

o Type (c) via SU4) x SU2)L X SU2)R : Apd > Acs
(

 Type (d) via SU(5) no GWs

8 Tﬁié : 282 3| s
a ‘82 anlatlorD a «3_?% ; 35
Proton decays 2 : R
Observables H 5 . 9lies
p — n’e* observed = non-SUSY contribution indicated 25
;’Nb-r-i)-;c-c-)--r-lm“: " proton 7
Observed ® types (a) and(c) favoured 5‘.-9?_‘?:?¥§_.5 . decays ;
e types (b) and (d) excluded
GWs e types (a) and (c¢) favoured
Marginal |® type (d) excluded
* type (b) allowed if p — K7 not observed and Ay ~ A
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Proton decay and GWs as complementary windows

o Type (a) via SU(S) x U(1): Apd > Acs

o Type (c) via SU(4) x SU2)L X SU(2)r: Apd > Acs

(

e Type (b) via flipped SU(S) x U(1): Apd ~ Acs
(
(

e Type (d) via SU(5) no GWSs

Proton decays
Observables
p — n’e™ observed = non-SUSY contribution indicated
° d (c) f: d
Observed ypes (a) and (¢) favoure
e types (b) and (d) excluded
GWs e types (a) and (c¢) favoured
Marginal |® type (d) excluded
* type (b) allowed if p — K7 not observed and Ay ~ A
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Further study in 2106.15634
31 breaking chain all provide
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https://arxiv.org/pdf/2106.15634.pdf

Proton decay and GWs as complementary windows

50(10) defect . defect . Observable
— 1 — S :
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Jessica Turner

defect defect defe Observable
SO(10) — Gy — G1 —— Ggm .
Higgs Higgs Higgs strings’?
I11: — Gy — G921 — v
210 45 1
I12: 2 GGy = Gy — X
- 422 1o 3221 =
I13: = G5 =5 Gaaol — /
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210 45 126
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54’ 422 210 T **? 19845
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I110: g G422 & G3211 _S—> v
210 210 126
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Proton decay and GWs as complementary windows
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Proton decay and GWs as complementary windows
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Proton decay and GWs as complementary windows

Jessica Turner

Institute for Particle Physics Phenomenology
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Proton decay and GWs as complementary windows

 Assume minimal survival hypothesis
* Perform two-loop RGE analysis to determine GUT scale (proton decay rate) in terms
iIntermediate breaking scales (due to unification).

111 : SO(10) 255 Glao

1039: T T - ‘
107 |4 =
: *
107 / B
1036 E
- Ho
T 10%° — 114 -
S - Hyper-K sensitivity /
- E |18
@ 10% - y, -
= Super-K bound / :
E W
\g/' 1033 27 7 B Hyper—K Sensitivity / _
7 10%° 11 &< 115 -
10% 1112 - 114 .
1031 / i / E
- /ﬂQ - 1gll3
10% X/kIB > Z ; Super-K bound | —
% ; 10347 / /7 | | | | | - =
: 1111 10 -
1029 ‘ 14 | ‘ — | 15 N " L \17
10 10 10 0
MX [GeV]
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Breaking chains allowed by Super-K:
11, 14,111, 3,4,5, 7, 8

M

11 : SO(lO) MX) G3221 1> GSM

M M

= G921 — Gsum
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Proton decay and GWs as complementary windows

 Assume minimal survival hypothesis

* Perform two-loop RGE analysis to determine GUT scale (proton decay rate) in terms
iIntermediate breaking scales (due to unification).

1039 = T T \ \ \ T T T \ \ \ T T T ‘

10°° 14
5 * -
10%7 /
10% ,
- 15 §
= 103 " A 7/ ~
S - Hyper-K sensitivity ;/ -
> — _
T 10 y i
= Super-K bound /4 =
Ol: - “J‘-IB \ \ \ \ \ / | N
\3/ 1033 B | - Hyper-K sensitivity 1
~ = I2’ =
: X 0% 15 5
10% = 1112 B ||47\' =
1031 / : / :
- P i - g3 1 =
1030 |3 15 103 // Super-K bound
- !||11 N 106 -

1029 [ ‘ \ \ \ [ N ‘ \ \ \ I I N ‘ \ \ \ I I N ‘

1014 1015 1016 1017
My [GeV]

Breaking chains allowed by Super-K:
11, 14,111, 3,4,5, 7, 8

I1 : SO(lO) { 3221@

: 111 : SO(lO G422 G322

5 i Parametrises
rametri
arametrises GW scale

PD/GUT scale
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Proton decay and GWs as complementary windows

 Assume minimal survival hypothesis
* Perform two-loop RGE analysis to determine GUT scale (proton decay rate) in terms
iIntermediate breaking scales (due to unification).

1 039 = | 1T T 11 | 1T 1T T | 71 [
1 038
1 037

V2 & IV3

V

Super-K bound /

Breaking chains allowed by Super-K:

Hyper-K sensitivity V2 & IV3

IV2 : SO (10) &) GEQQ % G422 % G3221 % G3211 ﬂ) GSM
V1

r(p—>rr°e) [year]

IV3 SO(lO) & GACEQZ %4% G422 %3% G421 %2% G3211 %1% GSM

Regions due to more free parameters

A, NG, N, e, e, S U, . N
o O O O O O o O
N W w W W W W W
© S = N & IN O o

1014 1015 1016 1017
My, [GeV]
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Proton decay and GWs as complementary windows

« RGE constrain GUT and intermediate scale symmetry breaking.
* For type (c) chains an observable GW signal is produced in the final SSB.

 We assume Nambu-Goto string = gravitational radiation primary emission.
e Determine M; = string tension

vev of Higgs that
breaks U(1) gauge RGE + gauge unification correlates M, with M,

symmetry — Gu correlated 7(p — e*7")

Jessica Turner Institute for Particle Physics Phenomenology
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Proton decay and GWs as complementary windows

1039 -
JH‘ [T TTTIT] [ T TTTTH [T TTTITI [T TTTIT] [T TTTIT] [T TINTI [T TTTTT] [T TTTITI [T TTTITI [T TTTTT] [T TTTITI { HHH%

1038: —

1037 = 115 —
- V2 & V3 -
1036: =

10%° -
- 118 11

34
107 = per-K bound -

(p-1’e) [year]

1033 =

1032: —=

1031 _ —=

1030: —

1029* IIHHH‘ IIHHH‘ IIHHH‘ IIHHH‘ IIHHH‘ IIHHH‘ IIHHH‘ IIHHH‘ IIHHH‘ IIHHH‘ IIHHH‘ IHHA
10 10" 107" 10"" 107" 10"™ 107" 10" 107" 107" 107 10 107°
Gu
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Summary

* non-SUSY SO(10) Pati Salam type provide unification: 31 breaking chains

* Two-loop RGE, 17 not excluded by Super-K lower bound PD.

G after Hyper-K (no proton decay)

Chain
I1

excluded

e |If HyperK does not observe PD =— 9 chalins

Gup<15x10~1"
excluded
excluded

~ 5.1 x1071%-6.3 x 10717
excluded

excluded

8 survivors! If we observe GW signal larger

1
3
4
5
8:
I111:
I112:
4
0
7
8

I1110:

Gp ~ 1.3 X 10718-1.6 x 10~ &
Gu <5.0x10™

Gu <6.2x 10

excluded |Testable by|LIGO,
DECIGO, AEDGE,
C, ET, MAGIS..

excluded
excluded

excluded
Gp <1.1x10"2

than upper bounds — exclude those
breaking chains

« If we observe PD = M, determined and so
Is GW signal. Correlations matters!

IV1:
IV2:
IV3:

excluded
Gu <94 x1071
Gu <94 x1071

Jessica Turner
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Summary

* non-SUSY SO(10) Pati Salam type provide unification: 31 breaking chains

* Two-loop RGE, 17 not excluded by Super-K lower bound PD.

G after Hyper-K (no proton decay)

Chain
I1

excluded

Gup<15x10~1"
excluded
excluded
Gu~51x10"1%-6.3 x 10~17
excluded

Study specific breaking chain 2209.00021

Gu~13x10"%-1.6 x 10~
Gu <5.0 x 10712

6,2 x 10714

excluded

excluded

excluded

excluded
Gp <1.1x10"2

Why? Can be excluded by Hyper-K & has
an associated GW signal

excluded
Gu <94 x1071
Gu <94 x1071

Jessica Turner

Institute for Particle Physics Phenomenology
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https://arxiv.org/pdf/2209.00021.pdf

SO(10) with leptogenesis

o Specific model of chain lll4: Fu, King, Marsili, Pascoli, J1, Zhou 2209.00021
* See Dror also et al 1908.03227 which connected GUT with leptogenesis

e Fit SM fermion data to our model, perform RG running = scales of cosmic string
formation, leptogenesis & proton decay determined
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SO(10) with leptogenesis

o Specific model of chain lll4: Fu, King, Marsili, Pascoli, J1, Zhou 2209.00021
* See Dror also et al 1908.03227 which connected GUT with leptogenesis

e Fit SM fermion data to our model, perform RG running = scales of cosmic string
formation, leptogenesis & proton decay determined

SO(10)
54 |
SU(4) x SU(2);, x SU2)r x Z§
210 |
SU3). x SU2), x SUR)gr x U(1)x x Z§

15 |

SU3)e x SUR2), x SUR)r xU(1)_;
126l
SU(S)C X SU(Q)L X U(l)y
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SO(10) with leptogenesis

o Specific model of chain lll4: Fu, King, Marsili, Pascoli, J1, Zhou 2209.00021
* See Dror also et al 1908.03227 which connected GUT with leptogenesis

e Fit SM fermion data to our model, perform RG running = scales of cosmic string
formation, leptogenesis & proton decay determined

SO(10)
CGoye——IR
SU(4) x SU(2);, x SU2)r x Z§
210 |
SU3). x SU2), x SUR)gr x U(1)x x Z§

15 |

SU3)e x SUR2), x SUR)r xU(1)_;
126l
SU(S)C X SU(Q)L X U(l)y
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SO(10) with leptogenesis

o Specific model of chain lll4: Fu, King, Marsili, Pascoli, J1, Zhou 2209.00021
* See Dror also et al 1908.03227 which connected GUT with leptogenesis

e Fit SM fermion data to our model, perform RG running = scales of cosmic string
formation, leptogenesis & proton decay determined

SO(10)
G
SU(4) x SU(2);, x SU2)r x Z§
210 |
SU3). x SU2), x SUR)gr x U(1)x x Z§

15 |

SU3)e x SUR2), x SUR)r xU(1)_;
126l
SU(B)C X SU(Q)L X U(l)y
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SO(10) with leptogenesis

o Specific model of chain lll4: Fu, King, Marsili, Pascoli, J1, Zhou 2209.00021
* See Dror also et al 1908.03227 which connected GUT with leptogenesis

e Fit SM fermion data to our model, perform RG running = scales of cosmic string
formation, leptogenesis & proton decay determined

SO(10)
G
SU(4) x SU(2);, x SU2)r x Z§
210 |
SU3). x SU2), x SUR)gr x U(1)x x Z§

15 |

SU(3)e x SUR2), x SUR)r xU(1)p_;

(126 ] M,

SU(S)C X SU(Q)L X U(l)y .
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SO(10) with leptogenesis

o Specific model of chain lll4: Fu, King, Marsili, Pascoli, J1, Zhou 2209.00021
* See Dror also et al 1908.03227 which connected GUT with leptogenesis

e Fit SM fermion data to our model, perform RG running = scales of cosmic string
formation, leptogenesis & proton decay determined

SO(10)
G
SU(4) x SU(2);, x SU2)r x Z§
210 |
SU3). x SU2), x SUR)gr x U(1)x x Z§

15 |

SU3)e x SUR2), x SUR)r xU(1)_;

)
@ cosmic string & RHN mass generation
SU@B)e x SU(2) x U(1)y . via type-l seesaw

U(1)g_; breaking

M, ’
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SO(10) with leptogenesis

o Specific model of chain lll4: Fu, King, Marsili, Pascoli, J1, Zhou 2209.00021
* See Dror also et al 1908.03227 which connected GUT with leptogenesis

e Fit SM fermion data to our model, perform RG running = scales of cosmic string
formation, leptogenesis & proton decay determined

SO(10)
4—@—» Proton Decay
SU(4) x SU(2);, x SU2)r x Z§
210 |
SU3). x SU2), x SUR)gr x U(1)x x Z§

15 |

SU3)e x SUR2), x SUR)r xU(1)_;

)
@ cosmic string & RHN mass generation
SU@B)e x SU(2) x U(1)y . via type-l seesaw

Fixed by RG running

U(1)g_; breaking

M, ’
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SO(10) with leptogenesis

 Up, down, neutrino, charged lepton Yukawa couplings and right-handed mass matrices
parametrised in terms of SO(10) model parameters Aitareli et a1 1012.2697

P, E {al, (s, Iy, C,y Cyyy My, 77}

* Quark & charged lepton sectors are inputs & neutrino sector Is predicted:
2 2
0, € {‘9129 013, 0h3, 0, Amy), A’””31}

 Perform (grid based) scan of model parameters to find Yukawa & mass matrices with low

)(2
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SO(10) with leptogenesis

* For each point in scan we have RHN mass scale, Yukawa coupling of RHN to leptonic
and Higgs doublet = thermal leptogenesis prediction

Inputs a1 as Cy my (Thus N> Me3 N> N M)
63.57°  84.17° -1.945 82.82meV (4,4, —;+,—,+)
Outputs 013 019 053 ) mi
8.53° 32.7° 41.9° —125° 3.36 meV
(x*=1033) | mgg Mn, Mn, M,
5.83 meV 4.23-1011 GeV 5.32-101 GeV  1.66 - 1013 GeV

M; =2 x1013GeV, M, =5x103GeV M3 = 7.55 x 101°GeV
Myx = 5.68 x 10**GeV, ax = 0.0279

- S 1
£ = iNigN; — Y, La®N; — o M;N{ N,

. 0.0047 + 0.9061¢ 0.2923 — 0.26262 0.1159 — 0.1146¢
Y, =10"%. 1 —0.0024 +0.04351¢ —1.8277 +0.1813¢ —0.4079 + 1.29774
—0.7770 — 0.22212  0.5467 + 2.3425¢  —6.8722 — 0.06762
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Thermal leptogenesis

B-L conserving
sphaleron
processes

lepton
asymmetry

Decay asymmetry from interference between tree
and loop level diagrams

Covi, Roulet, Vissani

Jessica Turner
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Thermal leptogenesis
Washout and scattering processes

L L L N
\\\\\_AL_. Q\\\\V_QL__(//// LH

L 4 L 4 L 2
H * inverse Decays H AL=2 HT L AL=1

Parameters of
theory

Y,

Boltzmann
Equations

d
N Dy, )
Z ’ ?
dnB . 3 source sink
Z( (Z)D TLN —TLN)—W{/LB_L>.

1—=1
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Summary

 GUTs generically predict nucleon decay and the formation of topological defects. Interplay of these
observables is a more powerful way of constraining GUTs.

 Coming decade is an exciting time for GUTs as neutrino and GW experiments will constrain
nucleon decay, the presence of GWs and neutrinoless double beta decay (Ovf)).

 Studied a SO(10) breaking chain can be tested by Hyper-K, GW detectors and Ovff;. Parameter
space consistent with fermionic masses and mixing = successful leptogenesis

* For future: study interplay of inflationary scale, more breaking chains. Grid scans ford > 3
are hopeless and a more sophisticated machinery is required.

“we have entered an exciting era where new observations of GWs from the heavens and proton
decay experiments from under the Earth can provide complementary
windows to reveal the details of the unification of matter and forces at the highest energies.”
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Renormalisation Group Equations
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M, [GeV]

M [GeV]
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My

M Mo

Intersection of M, and M, reduces lI2 to 12

M x
12 : SO(10) = GS0y — G Mx = M

At right side blue curve 112 becomes 15

I5: SO(10) = G5,y — Ganm Mo = M,

1039 Illll | lllllll] | Illlllll 1 | R | | R | llllllll | Illlllj
1038 14

1037 _;
103 |
E Hyper-K sensitivity§

'%‘ 1035=_ =
© 1034 :
% Super-K bound
T \
% 1033

10%

1031

1030

111
1029 lllll | 1 lllIllI | | lllllll 1 | lllllll 1 1 Illllll | 1 llllIlI | | lIlllIl,
108 10° 1010 10" 102 10"3 104

M, [GeV]

Institute for Particle Physics Phenomenology



Proton Lifetime

y 1 . 1 —¢ —C 2
€ Jkeaﬁ (A—(UR ’Y“Qk)(dR”YuLﬁ) I A2 (u% /VMQIZz)(eR/Y“Qﬁ)
1 1

A2 (d%% ’WQk)(u%”YuLﬁ) A2 (dﬂ@cv“%)(@%%) + h.c.)
2

A=Ay~ (gxMx) /2

m m20 ’ I _
o= m+eh) = 5 (1 m) A3 x (A AT2(1+ Vi) | (7 | (ud) e )
p i

y

+Asr(AT? + [Vua*AS ) ‘<7TO‘(Ud)LUL|p>

Mz Ma<Mx - L LR

Oéi(MA+1) i
Asr(r) = H H
; L a(Ma)
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Gravitational Wave Calculation
[(t) =1; —T'Gpu (t —t;) l; = at; with o ~ 0.1

Frequencies of GW released from the loops are given by 2k/[; where k = 1,2,---

Loops are found to emit energy in the form of gravitational radiation at a constant rate

dFE
— = —F 2 ~
T Gu [' ~ 50

Assuming the fraction of the energy transfer in the form of large loops is F, ~ 0.1

~ pe [ala+TGp)

to Cly tgk) a*(t)a’ tgk) Ceff — 57,05
:/tF o Zgﬂ ) a5 (tg) )Q(t’gk)_tF)

1 2k F, TG u2
Qaw(f) = Q% (f) = -
k

1101.5173 1808.08968 0003298
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GUT Model

In the Yukawa sector, couplings above the GUT scale are given by

016 - 16 - 1O—|—Y1*2616-16-126—|— 12016 -16-120 + h.c.,

After breaking to GSM

- Vigg |
\/— 20

1 — / — — /
\/§(QUR — 3Lvr)hisq + (Qdr — SLeR)hilzo} + h.c.

Rotating the Higgs fields to their mass basis, we derive Yukawa couplings to the SM Higgs

Y.Qhsmur + YaQhsmdr + Y, Lhsmvr + YeLhgver + h.c.

Yio {(@UR + ZVlfz)h?fo + (édR T zeR)hcllo} | (QUR _ SLVR)hibTe T (QdR _ SZeR)hcll%}

—|—Y12() {(QUR -+ ZVR)hquJZO -+ (@dR -+ Z@R>h61120 |

Yu — Y10V11 | \/gymvlg + Y120 <V13 | \/§V14>

1 1
Yo =Yi0Vi5 A \/gYme + Y120 (V17 | \/§V18>
Y, = YioVii — V3¥igVih + Yazo (Vs — V3V1Y )

Y, = Y1oVis — V3Y5:Vig + Yioo (V17 — \/§V18) :
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GUT Model

1 >k >k 1 >k
\/gymvm + Y120 (V13 | \/§V14)

1 1
Yo = Yi0Vi5 - \/gYme + Y120 (VN | \/§V18>

Y, = YioVit = V3¥igsVi + Yizo (V1 — V3V

Y, = YioVis — V3Y5:Vie + Yino (V17 — \/§V18> -

Y, =h+rof +irsh’, Yd:rl(h+f+ih’), Y, =h—3rsf +ic, i

Ye:Tl (h—?)f—l—iceh’), f\</_1’g1
h=YoVi1, | = Y16 V1) _ Vir = v3Vis - Vi — V3V Vis
26 \/_ V15 Ce V17 —|— V18/\/§ ’ 1% V17 —|— V18/\/§ Vl*l y
Vl 5 Vl 2 Vl 5 V1*3 -+ Vltl / \/§ Vl 5 p . V1>|<1
Ty 2T 737 = (V +V \/5) ,
v 2T Vs Vi 3 Vir + Vis/v/3 Vi, 120 ( V17 + Vis/ Vi

Jessica Turner Institute for Particle Physics Phenomenology




GUT Model

Y, = Y. - ReY;+71—ImYy,
T2—1 7“1(7“2—1) 1
47“1 T2—|—3 :
Yo = w ReY,; + ic. Im Y,
7“2—1 T2—1
M. —m 19 (TQ—I—l)Y 167“% ReV
g 0 7“2-1 “ 7“1(7"2—1) a
7“2—1

| (r1Y, +1c, ImYy) (r1Y, — Re Yd)_1 (r1Y, — ic, Im Yd))
1
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GUT Model Particle Content

Multiplet | Role in the model
Fermions 16 Contains all SM fermions and RH neutrinos
10 Generates fermion masses
45 Triggers intermediate symmetry breaking
Higgses 54 Triggers GUT symmetry breaking
120 Generates fermion masses
126 Generates fermion masses & intermediate symmetry breaking
210 Triggers intermediate symmetry breaking
SO(10) 16
G3 (4,2,1);, + (4,1,2) ge
G (3)2a1) 1/6)QL + (5,1,2,—1/6)Q%
+(1,2,1,-1/2);, + (1,1,2,1/2);¢
& (3,2,1,1/6)q, + (3,1,2,-1/6)qe,
+(1,2,1,-1/2);, + (1,1,2,1/2)e
GSM (37 2, 1/6)QL + (gy 1) _2/3)11,‘;2 + (g, 1) 1/3)(1§2
+(1,2,—1/2)1, +(1,1,0),c + (1,1,1)c,

Jessica Turner

Matter field decomposition

SO(10) | 54 210 45 126
G3 (17171) (157171)1 (157171)2 (107173) + (E,3, 1)
Gy — |@,1,1,0: | (1,1,1,0)2 | (1,1,3,—-1) + (1,3,1,1)
G - - (1,1,1,0)s (1,1,3,—1)
GSM - - - (17 13 O)S
SO(10) Higgs reps for SSB
SO(10) 10 126 120
G (1a272)1 (15,232)1 (17272)2 + (1532)2)2
’ +(10,1,3) + (10,3,1)
(1,2,2,0)1 (1)292a0)2 (1a27230)3,4
Go
+(1,1,3,-1) + (1,3,1,1)
(1127270)1 (1)2a2)0)2 (17272)0)3,4
G1
+(1,1,3,-1)
(13 2, _1/2)}111‘0 (17 2, _1/2)/‘&11‘76 (]-a 2, _1/2)]1'1120,}7}11'20
GsM | +(1,2,+1/2)4 +(1,2,+1/2)pa__ +(1,2,41/2)a o
+(19 1)0)5

SO(10) Higgs reps for fermion mass generation
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GUT Model Particle Content

Benchmark 1 RGE

1014 1015 1016
p (GeV)

1013

SAE
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Overlap with PTA experiments

A = amplitude parameter of correlation between pulsars.

y = related to GW energy density freq dependence
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Leptogenesis Equations
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