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MO&VW M Q/Zdlld U/Wﬂ Strong Force

SU(3),.

Electricity

Electromagnetism

Electroweak
U(1)

Magnetism
Grand ‘. Weak Force

Unified \ Zvo0s are wnits
Theories | e

GUTs

SU(2)y, x U(1)y

Gaour D Geym = SU(3)C X SU(Q)L X U(l)y
gx gs g2 g1

1/ay

GUT scale
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Molivation fo' Grand Unification
Flawour Puzzle
b 2

d S

t : -
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https://cerncourier.com/a/who-ordered-all-of-that/

Molivation fo' Grand Unification
Flavour nggée
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Molivation fo' Grand Unification
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CERN courier
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Molivation fo' Grand Unification

Georgi & Glashow 1974

J—

1973 2024
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Keadon [ Frolon DW é{/zom GU7

 GUTs unify leptons and quarks into common multiplets = B & L not conserved

non-SUSY GUT ' SUSY GUT
p—mel | | '

p— KD

U

d eT

4 'i ﬁ‘ 9
T X L Mx | T 1 (MM
a5 \ 1016GeV .
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JUNO, data taking end this year
20 kiloton ~ 7 X 10?3 protons

DUNE
2030(ish) expected data taking

40 kiloton ~ 10°* protons

Hyper-Kamiokande
2027 expected data taking

188 kiloton ~ 7 X 10°* protons

Sanford
Underground Fermilab
Research Facility '

N

NEUTRINO
PRODUCTION

/[ UNDERGROUND PARTICLE
PARTICLE DETECTOR DETECTOR
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Searches for Baryon Number Violation in Neutrino

Jessica Turner

Experiments: A White Paper
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Future sensitivity [90% C.L.] \
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Feadon 2 Gravilalional waved é(/zom GU7

Ground Based Interferometers
1904.03187 June 2023

-

- ')':’:ﬁg A

-

LiGO Haiford .““23 AU e O(1 — 1()3) Hz Parkes Pulsar Timing Array, Chinese Pulsar Timing Array
-- R has evidence of gravitational wave in nanoHertz regime

4R, .;’.LIGO Livingston TVirgo © RS = AP

Y

A
A
% TN .
AL
-
<]

Gravitational Wave Observatories

Space Based Interferometers

LISA
2.5 x 10% km DECIGO
TianQin ¢ 10° km

V3 x 10° km

L3 2109.07442

. DECIGO .~

Jessica Turner Institute for Particle Physics Phenomenology

S B . Cailene o NANOGrav 15 year dataset, European Pulsar Timing Array
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GUI phrediction. lopological defects

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

V(© &
! V_
v v_ <
T \ ? U4
3
V_ Uy

b3

7T1(G/H) ?’é 0
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GUI phrediction. lopological defects

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

( )

b3

7T1(G/H) ?’é 0
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GUT phediction. lopological defects

Abelian Higgs Model

Suin— [ s a0~V (90)
A 5 2
n (91" —n?)

Kibble Mechanism

Vig) =
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https://arxiv.org/abs/hep-ph/9411342

GUT phediction. lopological defects

Abelian Higgs Model

Sva) = /4493 Dt o™ =V (|9*).
A 5 2
n (lo]* —n*)

Kibble Mechanism

Vig) =
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GUT phediction. lopological defects

Abelian Higgs Model

Sva) = /4493 Dt o™ =V (|9*).
A 5 2
n (lo]* —n*)

Kibble Mechanism

Vig) =

Institute for Particle Physics Phenomenology


https://arxiv.org/abs/hep-ph/9411342

GUT phediction. lopological defects

Abelian Higgs Model

SU(l) — /d4ZE _8 ¢6’u¢* —

V(o)

(|62 —1%)°

A
]
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https://arxiv.org/abs/hep-ph/9411342

G phrediction. topological defects

 Assume Nambu-Goto strings, only coupling to massless mode is gravity

o String properties controlled by symmetry breaking scale, 7

e n=10"°Gev = & = 10" cm and u = 10%** gm/cm (string parameter)

e String intercommute, can swap partners and create loops

RK=-X 0-0 K-8

o Gravitational effect of GUT scale string Gu = (Mn ) ~ 107°
Pl

(k)
* Emission of gravitational radiation by loops: dZGW — _F(’f)GMQ
t

Jessica Turner Institute for Particle Physics Phenomenology



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

 Inflation occurs after string formation — string network diluted and

* |nflation occurs during string formation — partly diluted string network =+ GW spectrum
broken power law behaviour (Cui, Lewicki, Morrissey) 1912.08832

Jessica Turner Institute for Particle Physics Phenomenology 24


https://arxiv.org/abs/1912.08832

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

 Inflation occurs after string formation — string network diluted and

* |nflation occurs during string formation — partly diluted string network =+ GW spectrum
broken power law behaviour (Cui, Lewicki, Morrissey) 1912.08832

Pillado, Plum, Shilaer
Cui, Lewicki, Morrissey, Wells

essica Turner Institute for Particle Physics Phenomenology 25
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* 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

Pillado, Plum, Shlaer
» GW power emitted by single loop oscillating at f = 2k/] edll, Lewicid, Mommssey, als
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* 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

Pillado, Plum, Shlaer
» GW power emitted by single loop oscillating at f = 2k/] edll, Lewicid, Mommssey, als

» Number of loops that emit GW at frequency f today
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* Inflation occurs before string formation — string network gives “scaling” solution

 Inflation occurs after string formation — string network diluted and

* |nflation occurs during string formation — partly diluted string network =+ GW spectrum
broken power law behaviour (Cui, Lewicki, Morrissey) 1912.08832

Pillado, Plum, Shlaer
» GW power emitted by single loop oscillating at f = 2k/] edll, Lewicid, Mommssey, als

» Number of loops that emit GW at frequency f today

 GW signal is superposition of GW emission from all oscillation modes, need to sum
All modes for reliable result
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* Inflation occurs before string formation — string network gives “scaling” solution

 Inflation occurs after string formation — string network diluted and

* |nflation occurs during string formation — partly diluted string network =+ GW spectrum
broken power law behaviour (Cui, Lewicki, Morrissey) 1912.08832

Pillado, Plum, Shlaer
» GW power emitted by single loop oscillating at f = 2k/] edll, Lewicid, Mommssey, als

» Number of loops that emit GW at frequency f today

 GW signal is superposition of GW emission from all oscillation modes, need to sum
All modes for reliable result

e All non-trivial physics contained in loop density function within Ck( 1)

Jessica Turner Institute for Particle Physics Phenomenology 29
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* 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

NANOGravl11l
MAGI
TianQin AION

Taiji
NANOGrale 5
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SO10) phenomenological phedictiond

« SO(10) provides unification without SUSY and can explain neutrino masses

Jessica Turner Institute for Particle Physics Phenomenology
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SO10) phenomenological phedictiond

« SO(10) provides unification without SUSY and can explain neutrino masses

» 51 “breaking chains” of SO(10) to SM!  veannerot, 0308134

Jessica Turner Institute for Particle Physics Phenomenology
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https://arxiv.org/abs/hep-ph/0308134

SO10) phenomenological phedictiond

« SO(10) provides unification without SUSY and can explain neutrino masses

» 51 “breaking chains” of SO(10) to SM!  veannerot, 0308134

MX M2 Ml
SO(lO) > G422 > G3221 > GSM
N—— ~—— N——
GX G2 CTYl

G422 — SU(4>C X SU(Q)L X SU(Q)R
G3221 — SU(B)C X SU(2>L X SU(Q)R X U(l)B_L

Institute for Particle Physics Phenomenology
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SO10) phenomenotogical predicliond

3

(a) (b) © (d) 2005.13549 King, Pascoli, JT, Zhou
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2005.13549 King, Pascoli, JT, Zhou
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SO10) ,aée/wme/w&)gwaé redictiond
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S00) ,aée/wme/w&)W redicliond
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Gravitational waves from cosmic strings

G M Gov B Cow m
(a) (b) (c) (d)

Jessica Turner

CMB data: A, S 10'°GeV

Non-observation GW: A, < 5% 1014 GeV

2005.13549 King, Pascoli, JT, Zhou
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CMB data: Ay S 10'°GeV

Q

29Jop |eo!60|odo1
“pajuemun’
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pajuemun

<

Non-observation GW: A, < 5% 1014 GeV

uls
IS0

6

Non-observation proton decay: Ay 2 101> GeV

decay

C;’3211

®:
Gravitational waves from cosmic strings Q.

(a) (b) (C) 2005.13549 King, Pascoli, JT, Zhou
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CMB data: Ay S 10'°GeV

Q
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pajuemun
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Non-observation GW: A, < 5% 1014 GeV

H

uls
IS0

Bul

% Non-observation proton decay: Apd > 10> GeV

Certain scale ordering excluded e.g
Ajne > Nos > Ay

inf

(a) (b) (C) 2005.13549 King, Pascoli, JT, Zhou
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SO10) phenomenotogical predicliond

SO(10)

109j)9p |edibojodo}
R R
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SO10) phenomenotogical predicliond

SO(10)

s « Proton decay operators induced at My and My

S

109j)9p |edibojodo}
AR EREE

Jessica Turner Institute for Particle Physics Phenomenology
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SO10) phenomenotogical predicliond

SO(10)

s « Proton decay operators induced at My and My

S

-

109j)9p |edibojodo}
AR EREE

+ My < My = main proton decay channel: p — e x

at scale Apg = My

Jessica Turner Institute for Particle Physics Phenomenology
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SO10) phenomenotogical predicliond

SO(10)

s « Proton decay operators induced at My and My

5

109j)9p |edibojodo}
AR EREE

o MX2 < MX1 — main proton decay channel: p — etn’

at scale Apg = My

1. Apg > Ajye > Ay PD + undiluted GW observed (ideal case)
2. Apd > Ainf s ACS . PD + diluted GW observed
3. Apyg > Ay > Ajyet PD + no associated GW

essica Turner Institute for Particle Physics Phenomenology 44



Froton decay and GW4 as complementary windows

o« Type (a): Apd > A

« Type (b): Apd ~ N\,
« Type (c): Ay > A,

* Type (d): no GWs

S

S

Proton decays

Observables
p — n’e* observed = non-SUSY contribution indicated
e types (a) and (c) favoured
Observed ypes (a) (¢) favou
e types (b) and (d) excluded
GWs e types (a) and (c) favoured
Marginal |® type (d) excluded
* type (b) allowed if p — KU not observed and Ay ~ A

* Distinguish (a) & (c) requires model dependent study

Jessica Turner

Institute for Particle Physics Phenomenology
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(a)

e (d) cannot be tested with GWs since
Unwanted defects formed in last SSB step

* Gauge unification not possible
in (a) & (b) without SUSY

e Study (c) in more detail in 2106.15634
31 breaking chains

(d)

Institute for Particle Physics Phenomenology
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Froton decay and GW4 as complementary windows
M

X M
SO(10)—SU(4)c x SU(2), x SU(2)r—>SU(3)c x SU(2)1, x SU(2)rg x U(1)

Monopole formation Monopole formation
Proton decay operators induced

essica Turner Institute for Particle Physics Phenomenology
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B_1.—Gswm

String formation
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Froton decay and GW4 as complementary windows
M

X M
SO(10)—SU(4)c x SU(2), x SU(2)r—>SU(3)c x SU(2)1, x SU(2)rg x U(1)

Monopole formation Monopole formation
Proton decay operators induced

Addumpliond

essica Turner Institute for Particle Physics Phenomenology

M,
B_1.—Gswm

String formation
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Froton decay and GW4 as complementary windows
M

X M Vi
SO(10)—SU(4)c x SU(2)1, x SU2)r—>SU(3)c x SU(2)1, x SU(2)R X U(l)B_L%lGSM

Monopole formation Monopole formation
Proton decay operators induced

Addumpliond

 Inflation after monopole formation & before cosmic string formation = observable GW

String formation
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Froton decay and GW4 as complementary windows
M

X M Vi
SO(10)—SU(4)c x SU(2)1, x SU2)r—>SU(3)c x SU(2)1, x SU(2)R X U(l)B_L%lGSM

Monopole formation Monopole formation
Proton decay operators induced

Addumpliond

 Inflation after monopole formation & before cosmic string formation = observable GW

String formation

 Minimal particle content. SM, RH neutrinos and Higgs multiplet required for SSB
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Froton decay and GW4 as complementary windows
M

x M, Iy
SO(10)—SU(4)c x SU(2)1, x SU2)r—>SU(3)c x SU(2)1, x SU(2)R X U(l)B_L%lGSM

Monopole formation Monopole formation
Proton decay operators induced

Addumpliond

 Inflation after monopole formation & before cosmic string formation = observable GW

String formation

 Minimal particle content. SM, RH neutrinos and Higgs multiplet required for SSB

« Assume gauge unification at scale My. For each chain perform 2-loop RGE analysis to determine
couplings & My , M, , M,
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Froton decay and GW4 as complementary windows
M

x M, Iy
SO(10)—SU(4)c x SU(2)1, x SU2)r—>SU(3)c x SU(2)1, x SU(2)R X U(l)B_L%lGSM

Monopole formation Monopole formation
Proton decay operators induced

Addumpliond

 Inflation after monopole formation & before cosmic string formation = observable GW

String formation

 Minimal particle content. SM, RH neutrinos and Higgs multiplet required for SSB

« Assume gauge unification at scale My. For each chain perform 2-loop RGE analysis to determine
couplings & My , M, , M,

* Using these assumptions & RGE solutions we calculate proton lifetime & GW signal (see back up
slides for detalils)
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Conelation of GW and PD signall
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Covnelation of GW and PD signall
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OM%O&GWWPBW

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

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

Chain

G after Hyper-K (no proton decay)

excluded

....1
--w— -
[ ]

Gup<15x10~1"
excluded
excluded

~ 5.1 x1071%-6.3 x 10717
excluded

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

I1110:

Gp~1.3x10""°-1.6 x 10~
Gu <5.0x10™

Gu <6.2x 10714

excluded |Testable by

excluded

excluded
Gp <1.1x10"2

excluded |DECIGO, Al

IV1:
IV2:
IV3:

excluded
Gu <94 x1071
Gu <94 x1071

Jessica Turner

e |f HyperK does not observe PD =— 9 chains
excluded

* 8 survivors! If we observe GW signal larger than
upper bounds — exclude those breaking chains

LIGO,
DGE,

« If we observe PD = M, determined so is GW

signal. Correlations between observables matter and
need to be compared on case by case basis.
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Coveelation of GW and PO digrats
« non-SUSY SO(10) Pati Salam type provide unification: 31 breaking chains
* Two-loop RGE, 17 not excluded by Super-K lower bound PD.

Chain | Gu after Hyper-K (no proton decay)

I1 excluded

I11: Gup<15x10~1"
excluded

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

1
3
4
5
[18: excluded Study specific breaking chain 2209.00021
I111: Gue~13x10"1%-1.6x 1071
3
4
9
7
8

Gu <5.0 x 10712
6,2 x 10714
excluded
axXcluded
excluded

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

ITIR: excluded
I1110: Gp <1.1x10"2
IV1: excluded
IV2: Gu<94x10"1°
IV3: Gu<94x10"1°
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https://arxiv.org/pdf/2209.00021.pdf

SO0) Moake!l congronling dala

 [reatment has been model-independent so far
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SO0) Moake!l congronling dala

* [reatment has been model-independent so far

 Comprehensive study of chain lll4: Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

essica Turner Institute for Particle Physics Phenomenology
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SO0) Moake!l congronling dala

 [reatment has been model-independent so far

 Comprehensive study of chain lll4: Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

SO(10)

l

SU(4) x SU(2)r x SU(2)g x Z§

l

SU3). x SU12)r, x SUR2)r x U(1)x x Z§

l

SU(3)C X SU(Q)L X SU(Q)R X U(l)

|

SU(S)C X SU(Q)L X U(l)y :
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SO0) Moake!l congronling dala

* [reatment has been model-independent so far

 Comprehensive study of chain lll4: Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

SO(10)

[— R

SU(4) x SU(2)r x SU(2)g x Z§

l

SU3). x SU12)r, x SUR2)r x U(1)x x Z§

l

SU(g)C X SU(Q)L X SU(Q)R X U(l)

|

SU(S)C X SU(Q)L X U(l)y :
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SO0) Moake!l congronling dala

 [reatment has been model-independent so far

 Comprehensive study of chain lll4: Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

SO(10)
l Proton
Lifetime

SU(4) x SU(2)r x SU(2)g x Z§

l

SU3). x SU12)r, x SUR2)r x U(1)x x Z§

l

SU(3)C X SU(Q)L X SU(Q)R X U(l)

|

SU(S)C X SU(Q)L X U(l)y :
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SO0) Moake!l congronling dala

 [reatment has been model-independent so far

 Comprehensive study of chain lll4: Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

SO(10)
l Proton
Lifetime

SU(4) x SU(2)r x SU(2)g x Z§

l

SU3). x SU12)r, x SUR2)r x U(1)x x Z§

l

SU(3)C X SU(Q)L X SU(Q)R X U(l)

B —L

—

SU(S)C X SU(Q)L X U(l)y :
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SO0) Moake!l congronling dala

 [reatment has been model-independent so far

 Comprehensive study of chain lll4: Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

SO(10)
l Proton
Lifetime

SU(4) x SU(2)r x SU(2)g x Z§

| U

SU3). x SU2), x SUR)g x U(1)x x Z§ RH-neutrino

l mass generation
SU(3)C X SU(Q)L X SU(Q)R X U(l)

B —L

M, g

SU(3). x SU(2)1 x U(1)y .

Cosmic string

Generation

Jessica Turner Institute for Particle Physics Phenomenology

65


https://arxiv.org/pdf/2209.00021.pdf

SON0) Model confronting data

 [reatment has been model-independent so far

 Comprehensive study of chain lll4: Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

SO(10)
l Proton
Lifetime

SU(4) x SU(2)r x SU(2)g x Z§

| U

SU3). x SU2), x SUR)g x U(1)x x Z§ RH-neutrino

l mass generation
SU(3)C X SU(Q)L X SU(Q)R X U(l)

B —L

M, g

SU(3). x SU(2)1 x U(1)y .

Cosmic string

Generation
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SON0) Model confronting data

 [reatment has been model-independent so far

 Comprehensive study of chain lll4: Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

SO(10)
l Proton
Lifetime

SU(4) x SU(2)r x SU(2)g x Z§

| U

SU3). x SU2), x SUR)g x U(1)x x Z§ RH-neutrino

l mass generation
SU(3)C X SU(Q)L X SU(Q)R X U(l)

B-L Model provides

Y LHN

M, g

SU(3). x SU(2)1 x U(1)y .

Cosmic string

Generation
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SON0) Model confronting data

 [reatment has been model-independent so far

 Comprehensive study of chain lll4: Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

SO(10)
l Proton
Lifetime

SU(4) x SU(2)r x SU(2)g x Z§

l [ Thermal
B-L Leptogenesis
SU3). x SU2), x SUR)g x U(1)x x Z§ RH-neutrino
l mass generation -
aryon
ook Model provides Asymmetry

M, g

SU(3). x SU(2)1 x U(1)y .

Cosmic string
Generation
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SON0) Modlel confronting data

 [reatment has been model-independent so far

 Comprehensive study of chain lll4: Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

SO(10)
l Proton
Lifetime
SU(4) x SU(2)r x SU(2)g x Z§
l [ Thermal
B-L Leptogenesis
SU3). x SU2), x SUR)g x U(1)x x Z§ RH-neutrino
l mass generation -
aryon
SU(3)C X SU(Q)L X SU(Q)R X U(l)B—L Asymmetry

M, g

SU(3). x SU(2)1 x U(1)y .

Cosmic string

See Domcke et al (1912.03695) for connections between U(Dz_; breaking in GUTS & GWs Generation
& Blasi et al (2004.02889) for connections between U(Dz~; , GWs & leptogenesis
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SO0) Moake!l congronling dala

* Model of Altarelli & Blankenburg

e Above GUT scale, Yukawa sector

516-16-10 + Y16 -16 - 126 +
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SO0) Moake!l congronling dala

* Model of Altarelli & Blankenburg

e Above GUT scale, Yukawa sector

016-16-10 + Y1*26 16-16-126 + Y;,,16-16-120 + h.c.,

* After breaking to SM:

Y, Qhsmug + YaQhsmdr + Y, Lhsyvr + Yo Lhgver + h.c.
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SO0) Moake!l congronling dala

* Model of Altarelli & Blankenburg

e Above GUT scale, Yukawa sector

016 -16-10 + Y1*26 16-16-126 + Y;,,16-16-120 + h.c.,

* After breaking to SM:

Y, Qhsmug + YaQhsmdr + Y, Lhsyvr + Yo Lhgver + h.c.

; Yu — Y10V11 | \/§Y126V12 + Y120 (V13 | \/§V14>
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SO0) Moake!l congronling dala

 Model of Altarelli & Blankenburg

e Above GUT scale, Yukawa sector

016 -16-10 + Yl*26 16-16-126 + Y;,,16-16-120 + h.c.,

* After breaking to SM:

Y, Qhsmug + YaQhsmdr + Y, Lhsyvr + Yo Lhgver + h.c.

GUT Yukawa Parameter

X X X 1 X
; Yu — Y10V11 | \/§Y126V12 + Y120 (V13 | \/§V14>
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SO0) Moake!l congronling dala

* Model of Altarelli & Blankenburg

 Above GUT scale, Yukawa sector

016 -16-10 + Y1*26 16-16-126 + Y;,,16-16-120 + h.c.,

* After breaking to SM:

Y, Qhsmug + YaQhsmdr + Y, Lhsyvr + Yo Lhgver + h.c.

GUT Yukawa Parameter

X X X 1 X
; Yu — Y]-OVll | \/§Y126V12 + Y120 (V]_S | \/_V14>

Mixing between Higgs doublets
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SO0) Moake!l congronling dala

* Model of Altarelli & Blankenburg

 Above GUT scale, Yukawa sector

016 -16-10 + Y1*26 16-16-126 + Y;,,16-16-120 + h.c.,

* After breaking to SM:

Y, Qhsmug + YaQhsmdr + Y, Lhsyvr + Yo Lhgver + h.c.

GUT Yukawa Parameter

;E' Yy = Yi0Vi7 A \/§Y126V1*2 + Y120 <V1*3 l \foZ>
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SO0) Moake!l congronling dala

* Input: quark masses, mixing parameters, charged lepton Yukawa matrix

. Theory Model parameters: & € {Clp 425 Cys Mo, r]qu,c,t,d,s,b}

» Output: predictions for O, & {«912, 0r3, 015, 0, 01, X315 Amzzla Amgzl}
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SO0) Moake!l congronling dala

* Input: quark masses, mixing parameters, charged lepton Yukawa matrix

. Theory Model parameters: &, € {611, s Cys Mo, r]qu,c,t,d,s,b}

» Output: predictions for O, & {6’12, 0r3, 015, 0, 01, X315 Amzzp Am321}

%103
; - Point with
> 180 ~ —10
2 / e I — . ’: ",ﬁ~ ? e < "~,- ” .
2l / | | | | | | i B
0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
MNI(GGV> x 1012
1201
i ...;” : ..
10 : 100 8 .
S T e * &
E M' ! :'.‘ .
s ! 39
l 2 ] ]
: Parameter space fits neutrino
' l . . .
Yo 15 20 25 data high stat significance

>imyi(meV)
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SON0) Modet. confronting data

ANOGravl1 Upper bound :
- On Gu allowed
om . 1by proton decay limits,
Taiji
~NARNOGLayl2s
THEIA
LISA
10—13
DECIGO
10—15_
BBO
10—17 | .
10~ 1077 1070 1073 101 101
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SON0) Modet. confronting data

_5
10 ANOGravll
MAGIS
TianQin AION
-y GAIA
Taiji
109 ~NARNOGLayl2s
THEIA
% - LISA AEDGE
@
) Benchmark point
. Prediction
DECIGO x
10-15-
BBO
10—17 : . ' | | I | | I I I I
1079 10~7 107° 107 10~ 0
f (Hz)
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SUYSY SO10) Model, confronting data

« Many GUTs are supersymmetric: gauge unification achieved in MSSM ~ 10'°GeV

* In 2308.05799 we investigated a SUSY SO(10) GUT. See also 2307.04595

 Motivated by PTA observations

SO(10) x SUSY

Monopole
Formation at My L

SU(S)CXSU(Q)LXSU(Q)RXU(l)B_LXSUSY

Cosmic String
Formation at M, 1

SU(3).xSU((2), x U(1)y x SUSY

Proton Decay
from SYSY SUSY U

SU(3). x SU(2)1 x U(1)y
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SUYSY SO10) Model, confronting data

« Many GUTs are supersymmetric: gauge unification achieved in MSSM ~ 10'°GeV

* In 2308.05799 we investigated a SUSY SO(10) GUT. See also 2307.04595

 Motivated by PTA observations

SO(10) x SUSY .

Monopole 10
Formation at M, L 1016
SU(S)CXSU(Q)L XSU(Q)RX U(l)B_L xSUSY

Cosmic String .
Formation at M, 1 1014
SU(3).xSU((2), x U(1)y x SUSY -+ _J

13 NN —— 1 e WA ——— i I AN i NN N ——— i L 111l

SU/SY "940% 10¢ 10° 10° 107 10° 10° 10 10'" 10 10™ 10 10'® 1078
from SUSY L Msusy [GeV]
SUSY
SU3)e x SU(2)L x U(1)y Lower SUSY breaking = higher the
GUT and B-L breaking scale

1

NERLLL L Ty 1 Il]lHIl | IHIHII ey ey v Prrteiy 0 T T ey rreed 1 FTri IR

| lll[lll| | Illlllll | lllllll| L1111l

M;[GeV]
—
o
—
(@)}
IIIIIIII| | IIIIIII| [ IIIIIII| [T TTTT
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Yy 90 //0/ Modtel, confronting data

) x SUSY v
Monopole
1 D
‘/ X Mo

XSU LXSU RXU(l)B_LXSUSY

Cosmlc String
Formation at M, l

SU(S)CXSU(Q)L X U(l)y x SUSY
méono ~ W = monopoles &

SUSY l antimonopoles can nucleate on string &
SU3). x SU(2), xU(1)y annihilate =— metastable string

Vilenkin [1982],
Leblond, Shlaer, Siemens [2009],

Monin & Voloshin [2009],
Buchmuller, Domcke, Schmitz

[2021]
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SUYSV SO0) Model wﬂ,{/wnl‘mg dala

* Metastable strings are one possible explanation of the observed recent signal from Pulsar Timing
Arrays. Signal requires \/E ~719 = My~ 15M,

* Achievable with SUSY but very hard in non-SUSY set up

10—5_

: MAG
Metastable string 1, ., ATO

ow SUSY scale high B-L

Stable string

1077
. THEIA Stable string withisa
< 101 high SUSY scale AUEIDICI
O
C
10—&3
SKA DECIGO
10~15/ — BPL Gu==69x10"1 /k>9
—— BP2: Gu=2x10"", /k>9 BBO
| —— BP3: Gu=45x10"% k=79, tr=10""Ysecc.
—17 | | | | | | | . | |
10 1078 107" 10~ 1072 10" 107

f (Hz)
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SUYSY SO10) Model, confronting data

* Metastable strings are one possible explanation of the observed recent signal from Pulsar Timing
Arrays. Signal requires \/I_< ~719 = My~ 15M,

* Achievable with SUSY but hard in non-SUSY set up

0000000 [W\W " [ Testabie by FvperK
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SUYSY SO10) Model, confronting data

* Metastable strings are one possible explanation of the observed recent signal from Pulsar Timing
Arrays. Signal requires \/I_< ~719 = My~ 15M,

* Achievable with SUSY but hard in non-SUSY set up
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SUYSY SO10) Model, confronting data

* Metastable strings are one possible explanation of the observed recent signal from Pulsar Timing

Arrays. Signal requires \/I_< ~719 = My~ 15M,

* Achievable with SUSY but hard in non-SUSY set up
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Testable by Hyper-
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both p — nlet

&p - K'p
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signal
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Summary

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

 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)).

o Studied non-SUSY & SUSY SO(10) breaking chains which can be tested by Hyper-K, GW
detectors and Ovff.

 Parameter space consistent with fermionic masses and mixing & successful leptogenesis.

o SUSY SO(10) has some parameter space available to explain PTA signal and much of the PS can
be tested by JUNO. PTA signal may be a constraint on non-SUSY GUTs and constraint many of
them.

“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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Frolon D@déé

- From RGE, ay and My, determined
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Frolon D@d%

- From RGE, ay and My, determined

2 _
I (p — 7'('06_'_) _ p (1 mﬁo) A% X ASLAIZ (1 - |Vud\2) |<7TO \(ud)RuL\p>|2

+Asr (AIQ + [Vl AQ_Z) (7 \(Ud)LUL\PHZ:

Hadronic matrix element
from lattice

1705.01338
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Frolon 0664%

- From RGE, ay and My, determined

2 _
I (p — 7'('06_'_) _ p (1 mﬁo) A% X ASLAf2 (1 - |Vud\2) |<7TO \(ud)RuL\p>|2

gy My, Hadronic matrix element
Ay =Ny = from lattice

1705.01338

Institute for Particle Physics Phenomenology
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Frolon D@déé

- From RGE, ay and My, determined

2 _
I (p — 7'('06_'_) _ p (1 mﬁo) AZL X ASLAl_2 (1 - |Vud\2) |<7TO \(ud)RuL\p>|2

Long & short
range effects
from renormalisation

gy My, Hadronic matrix element
Ay =Ny = from lattice

1705.01338

Institute for Particle Physics Phenomenology
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Gravilalionatl Waved

 Cosmic string generated in final U(1) symmetry breaking step at scale M,

 Correlate vev of Higgs breaking U(1) with string tension, u

 Assume ideal Nambu-Goto string = gravitational radiation primary emission

2

,u ~ 27’(’ V Vilenkin & Shellard

Jessica Turner Institute for Particle Physics Phenomenology
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Gravilalionatl Waved

 Cosmic string generated in final U(1) symmetry breaking step at scale M,

 Correlate vev of Higgs breaking U(1) with string tension, u

 Assume ideal Nambu-Goto string = gravitational radiation primary emission

2

,u ~ 27’(’ V Vilenkin & Shellard

1 27 M7 M?

- MP%I 9% ; Qale%l

Jessica Turner Institute for Particle Physics Phenomeno logy
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Gravilalional Waved

 Cosmic string generated in final U(1) symmetry breaking step at scale M,

 Correlate vev of Higgs breaking U(1) with string tension, u

 Assume ideal Nambu-Goto string = gravitational radiation primary emission

,u > 27’(’ Uz Vilenkin & Shellard

T
Mlzrvg%v2 > G = il B

Determined from RGE
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SO0) Moake!l congronling dala

* Model of Altarelli & Blankenburg

e Above GUT scale, Yukawa sector

Y16 -16 - 10 + Y2

= -16-16-126 + Y]5,16-16 - 120 + h.c.,

Yu — YlOVH | Ymvlz + Y120 (V13 | V14>

| \/§ \/§
1 1
Yo = Yi0Vi5 A \/gymvm + Y120 (V17 | \/§V18>

Y, = YigVii — V8¥izsVis + Yiso (Vi — VBV

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


https://arxiv.org/pdf/1012.2697.pdf

SO0) Moake!l congronling dala

Model of Altarelli & Blankenburg

Above GUT scale, Yukawa sector

016-16-10 + Y1*26 16-16-126 + Y;,,16-16-120 + h.c.,

Right handed neutrino masses predicted & generate light neutrino masses via seesaw

Y YTUQ
— C \ L . v+ py ¥YSM
Y126VR¢SVR - M]/R — 126/03 vl MV —
‘ZMVR

RHN masses and Y, predicted = leptogenesis parameter space fixed and 7z predicted

essica Turner Institute for Particle Physics Phenomenology
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Renormalisation Group Equations

7 T 1 Co(Hi) 1 Co(H;)
’ 17 H. (M[) 127 OéHj (M]) 127 |

Institute for Particle Physics Phenomenology

93


https://doi.org/10.1103/PhysRevD.80.015013

 For each chain perform two-loop RGE analysis to determine GUT scale, My and
iIntermediate scales = PD rate and GW signal

Breaking chains with one intermediate scale has fixed prediction from unification

11: SO(10) — G3y,y — G
( )MX 3221 M, SM

Mass of GB from SSB

Npg

Jessica Turner Institute for Particle Physics Phenomenology
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 For each chain perform two-loop RGE analysis to determine GUT scale, My and
iIntermediate scales = PD rate and GW signal

Breaking chains with one intermediate scale has fixed prediction from unification

11: SO(10) — G3y,y — G
( )MX 3221 M, SM

Mass of GB from U(1) SSB

parametrises A,

Jessica Turner Institute for Particle Physics Phenomenology
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 For each chain perform two-loop RGE analysis to determine GUT scale, My and
iIntermediate scales = PD rate and GW signal

Breaking chains with one intermediate scale has fixed prediction from unification

11 SO(IO) — G3221 — GSM
M x |

Chains | Mx|GeV] M, |GeV|
I1 5.660 x 101°  1.617 x 100
12 1.410 x 10 8.630 x 1019
13 2.902 x 10  1.634 x 10!
14 3.500 x 109 4.368 x 10”
15 2.722 x 10 1.143 x 1013
16 excluded

essica Turner Institute for Particle Ph ysics Phenomenolo ay 101



 For each chain perform two-loop RGE analysis to determine GUT scale, My and
iIntermediate scales = PD rate and GW signal

Breaking chains with two intermediate scales can have a range of scales

11 :50(10) — Gy — Gy — G
Mo 422 Mo 3221 M, SM

11

My, My [GeV]

1019

M, [GeV]
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 For each chain perform two-loop RGE analysis to determine GUT scale, My and

iIntermediate scales = PD rate and GW signal

Breaking chains with two intermediate scales can have a range of scales
11:50(10) — Gy — G391 — Gy

M x

Mo

Mo = M recover |1

S50(10) — G3pp1 — Ggy

M x

My

My

My, My [GeV]

1019

Institute for Particle Physics Phenomenology
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 Cosmic string generated in final U(1) symmetry breaking step at scale M,

 Correlate vev of Higgs breaking U(1) with string tension, u

 Assume ideal Nambu-Goto string = gravitational radiation primary emission

[~ 2mV°

Vilenkin & Shellard

1 27 M7 M?

MQZM%/NQQUZ > Gu ~

Jessica Turner Institute for Particle Physics Phenomenology
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 Cosmic string generated in final U(1) symmetry breaking step at scale M,

 Correlate vev of Higgs breaking U(1) with string tension, u

 Assume ideal Nambu-Goto string = gravitational radiation primary emission

2 Vilenkin & Shellard

W~ 27V
1 27 M7 B M?
M2, g2 2aM?

MQZM%/NQQUZ > Gu ~

Example

G3211 > GSM U(l)R X U(l)X — U(l)y
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111 12 \[3 112 : SO(lO) — G422 — G3221 — GSM
§ é Intersection of M, and My, reduces lI2 to 12
§N 1010 | 7 MX C Ml L
1016 14 15 6 _ |
% 10 - At right side blue curve 112 becomes I5
i: 107 I5: SO(10) = G$y — Gam Mo = M,
1070

39
10 Illll | lllllll] | Illlllll 1 e I e Tt | llllllll | Illlllj

1016 7 - 18 19 10%8 "
10" 10°%7

$
[0)
X ]
= 1012 10% L ]
&1 E e oo
= . _ Hyper-K sensitivity J
10" 5 107 I8 E
7 HH ,, 7 Qc: 1034 , Super-K bound
1016 110 | 1 | 112 | : \
. : i i ; £ 1033
Q 14|
o 107 10%2
PPN
= 102" 1031
N i I I 1
=
1010 1 1 ] 1030
Erviul 8‘ S 10‘ — 12‘ S 14‘ 8‘ S 10‘ e 12‘ e 14‘ 8 o 10‘ o 12‘ e 14 29 1114l to ool Lol Lol IR RNt ol L1l
1 |
10 10 10 100 10 10 100 10 10 10 0 108 10° 1070 10T 1072 1073 104
M, [GeV] M, [GeV] M; [GeV] M; [GeV]
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Proton Lifetime

N 1 — i L e €57, Q!
€ jkGaﬁ (F (up ’Y“Qi)(dR”YuLﬁ) A? (ur /VMQI;)(eR/Y“Qﬁ)
1

1 .
3 (") WLy

m m20 ’ I _
p—m +et)=F (1 ; ) A7 % |Asp AT (1 + [Vaal?) [(7° | (ud) rur |p)|

+Asr(AT” + |Vual*AS?) ‘<7TO‘(Ud)LUL|p>

Mz MasMx - o LL(R)

H H ai(MA+1) b Anomalous dimension
Cai(Ma)

Asr(r) =

One-loop
Beta coefficient

107
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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

108
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https://arxiv.org/abs/1808.08968
https://arxiv.org/abs/hep-ph/0003298
https://arxiv.org/abs/1101.5173

U = 27v

U(1) GB mass:

2

€

GW from SSB

2
Mg

€= —>
m,

Mz, = dmov?

Without model information

Mg ~ My

GMz;  GM;

M? = Mz, Gu ~ —

(2a)

1101.5173

(2a)

1808.08968 0003298

Institute for Particle Physics Phenomenology

109


https://arxiv.org/abs/1808.08968
https://arxiv.org/abs/hep-ph/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) :

Jessica Turner Institute for Particle Physics Phenomenology



GUT Model

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

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

Y, = Yo Vl*l — \/§YWV1*2 + Y190 (Vl*?) — \/§V1>Z)

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

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

Yo =1 (h—3f +ic.h’), = [ %2y
h =YgV f = Vie Vi1 - Vir — V3Vis . Vi — V3V Vis
10 Ce 9 v %
"178 V3VisT T Vi + Vis/V'3 Vir + Vig/V3 Vi
Vis Vis Vis Vis+ Viy/V3Vis - Vi
r = . Ty = : ry = L h' = —1Y (V + V- \/§) ,
R T Vi Vi P Vir+ Vis/V3 Vi a0 (Vi 11/ Vis
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Yo =h+rof = diag{nuYu, McYe, MYt }

L o "‘ k . . 1a 1a
Yd — PaVCKM dlag{ndyda TsYs, nbyb} VCKMPCL Pa — dlag{e ' , € 27 1}
3 1 4 Y
y, = 227 1y 2 ReY;4+iXImY,
7“2—1 7“1(7“2-1) 1
4 3
Y. = ' Y. - T2 ReY ; +1c.Im Yy,
To — 1 To — 1
C12C13 | 512C13 | 5136_%
Voexkv = | —S12C23 — 61281382355‘1 C12C23 — 812813823€Z§q C13523 :
S19893 — C12513C23€"%1  —C19823 — 512813C23€"%7  €13Ca3
879 (19 + 1 1672
M, =mg 2 (72 )Yu 2__ReY,
o — 1 1 (TQ — 1)
o — 1

| (r1Y, +ic, ImYy) (1Y, — ReYy) ™" (1Y, — ic, Im Yd)>
1

RHN mass matrix obtained from inverting Seesaw Fomula: i.e. we have light neutrino Yukawa, light neutrino masses
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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

Institute for Particle Physics Phenomenology




46

-
\
-
o’
—

“ § i § SO(10)
40 1/onr i E : SU(4) x SU(2);, x SU(2)r x Z§
S : P |
= T i 210 |
58 ~ 1 :
i § ; ; SU(3)e x SU(2)r, x SU2)p x U(1)x x Z§
36 : |
L s 1 |
- . § SU(3). x SU(2) x SU(2)r x U(1)x
My My & 1 Ms Mx |
3%012 1013 1014 1015 1016 126 \L
p (GeV) SU(3), x SU(2)L, x U(1)y
M; =2x 10" GeV, My =5x10" GeV, (1)

where the remaining scales and gauge coupling o x, are then determined via the
gauge unification,

Ms =17.55 x 10" GeV, Myx =5.68 x10"° GeV, ax =0.0279. (2)
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Overlap with PTA experiments

A = amplitude parameter of correlation between pulsars.

y = related to GW energy density freq dependence
—14.0

~

log (G/i)

-9.25

-9.75
—10.00

—10.25

10810(A)

-— - . :
~~~~~ ~10.50

—10.75

—15.01 —11.00

NAI\'({Gra.vl‘Z.E)
o

—15.4;

3.50 3.75 4.00 4.95 4.50 4.75 5.00 5.25 5.50
Y
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Gravitational Wave Calculation

Use approach of Cui et al (1711.03104, 1808.08968) which is based on simulation of Pillado, Plum &
Shlaer

[(t) =1, —T'Gu(t —t;) l; = at; with a ~ 0.1

Loop formation rate per unit volume per unit time

n(l,t) = C;ffziii) aa?)((%)

Each loop radiates GW at constant rate:

Jessica Turner Institute for Particle Physics Phenomenology
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Gravitational Wave Calculation

Loops shrink as they radiate GWs
[ = Oétz' — FG,[L (f — ti)

a(t) 2k
Redshift GW emitted from loop of length [ with where k is the oscillation mode f — (t ) ]
a (Lo

Energy density of GWs today

d
Qow (f) = [f P~ 3 ol (9
¢ k

&)Y\ s [ ()]
Q(k) (f) _ 1 2k far(k)G/ﬂ /to dgceﬂ: (ti ) a(t) > | @ (ti ) O (t(k) _ )
WA pe fala+TGp) Ji, 4™ la(te)] | a® )
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Gravitational Wave Calculation

More generally

d 1 4 / / /
Qo = PGW dpaw (1) :/dt’a(t) /dldn (1,¢) dP (1,t") df
dIn f perit df a(t)? dl df’ df

There are different models for the number density of loops

VOS model velocity-dependent one-scale model: describe long string network as a function of
characteristic length & average velocity of string. Tractable analytically once scaling is reached

Blanco-Pillado-Olum-Shlaer based on simulation of network, include backreaction of intersections
On loops

Lorenz-Ringeval-Sakellariadou based on simulation of network with a focus on small-scale structure

First two approaches match better with each other than the latter. In the BOS approach large loops
Tend to dominate GW spectrum but in the the LRS approach small loops tend to dominate
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