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Searches for Baryon Number Violation in Neutrino
Experiments: A White Paper
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Searches for Baryon Number Violation in Neutrino
Experiments: A White Paper
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Ground Based Interferometers

1904.03187 June 2023
i B o Caenen NANOGrav 15 year dataset, European Pulsar Timing Array
',_,ananfo,d' R T T " O(1 — 1()3) Hz Parkes Pulsar Timing Array, Chinese Pulsar Timing Array
R has evidence of gravitational wave in nanoHertz regime
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Gravitational Wave Observatories
Some experimental
developments

| LISA
based here! 05 » 106 km DECIGO

TianQin ¢ 10° km
V3 x 10° km

Space Based Interferometers

... 2109.07442

.. DECIGO
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GUT phediction. lopological defects

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

Monopoles

Domain wall Cosmic strings

(a) (b)

2 (G/ H) # O cambridge cosmic

mo(G/H) # 0

Disconnected Non-contractible loop Two-sphere

structures

Jessica Turner Institute for Particle Physics Phenomenology 10
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GU M phediction. lopological defects
During SSB from G — +++ = Gg,, topological defects may form.
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GUT phediction. lopological defects

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

omain ; Cosmic strings
(a) q) _______
O ¥ 4
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

Jessica Turner Institute for Particle Physics Phenomenology 12
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GUli prediction.: topological, defects

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

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

-X 0-0 Y-
2
* Gravitational effect of GUT scale string Gu = ( d ) ~ 10~°

Mp,

o L - dE(k) 2
 Emission of gravitational radiation by loops: P = Tt — —F(k)G,u

Jessica Turner Institute for Particle Physics Phenomeno logy
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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

Jessica Turner Institute for Particle Physics Phenomenology 14
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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
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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

« GW power emitted by single loop oscillating at f = 2k/I

essica Turner Institute for Particle Physics Phenomenology 16
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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

« GW power emitted by single loop oscillating at f = 2k/I

» Number of loops that emit GW at frequency f today

essica Turner Institute for Particle Physics Phenomenology 17
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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

« GW power emitted by single loop oscillating at f = 2k/I

» 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

essica Turner Institute for Particle Physics Phenomenology 18
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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

» GW power emitted by single loop oscillating at f = 2k/I

» 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

* All non-trivial physics contained in loop density function Cui, Lewicki, Morrissey, Wells

essica Turner Institute for Particle Physics Phenomenology 19


https://arxiv.org/abs/1912.08832

* 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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SO10) phenomenological phedictiond

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

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

M x M M,
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


https://arxiv.org/abs/hep-ph/0308134

SO10) phenomenotogical predicliond

3

(a) (b) © (d) 2005.13549 King, Pascoli, JT, Zhou
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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
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Certain scale ordering excluded e.g
Ajne > Nos > Ay
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SO10) phenomenotogical predicliond

SO(10)
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SO10) phenomenotogical predicliond

SO(10)

s « Proton decay operators induced at My and My

S

109j)9p |edibojodo}
AR EREE
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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
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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 32



Froton decay and GW4 as complementary windows

o« Type (a): Apd > A

e Type (b): A,y ~ A

P
« Type (c): Ay > A,

* Type (d): no GWs

Jessica Turner

CS

S

Proton decays

Observables
p — n’e* observed = non-SUSY contribution indicated
e types (a) and (c) favoured
Observed ypes (a) (©)
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

Institute for Particle Physics Phenomenology
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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

o Study (c) in more detalil in 2106.15634
King, Pascoli, J1, Zhou

(d)

Institute for Particle Physics Phenomenology
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Frolon deca% and GW4 ad windotd,
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Froton decay and GW4 as complementary windows
M

X

Monopole formation
Proton decay operators induced
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Froton decay and GW4 as complementary windows
M

X M
SO(lO)HSU(Zl)C X SU(Q)L X SU(Q)RHSU(?))C X SU(Q)L X SU(Z)R X U(l)B_L

Monopole formation Monopole formation
Proton decay operators induced
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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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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

« For each, chain perform 2-loop RGE analysis to determine couplings & My , M, , M,

essica Turner Institute for Particle Physics Phenomenology
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Frolon D@déé

- From RGE, ay and My, determined

Institute for Particle Physics Phenomeno logy

45



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

Institute for Particle Physics Phenomenology
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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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https://www.amazon.co.uk/Strings-Topological-Cambridge-Monographs-Mathematical/dp/0521654769

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

essica Turner Institute for Particle Physics Phenomeno logy 51
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Conelation of GW and PD signall

1039 -
JH‘ [T TTTIII [ TTTTTH [ T TTTII [ T TTTIIT [ T TTTTII [T TN [ T TTTTIT [T TTTTIT [ T TTTIN [T TTTTIT [T TTTTIT { HHH%
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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

- —18 —17
G 5.1 Xe}lcglu e d6'3 <10 Study specific breaking chain 2209.00021

1
3
4
5

118:

I111: Gue~13x10718-1.6x 1077 with Fu, King, Marsili, Pascoli, JT & Zhou
3
4
9
7
8

Gu <5.0 x 10712
6,2 x 10714

Why? Can be tested by Hyper-K & has

C excluded
T ol an associated GW signal
excluded
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
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SO0) Moake!l congronling dala

 [reatment has been model-independent

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

57
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https://arxiv.org/pdf/2209.00021.pdf

SO0) Moake!l congronling dala

 [reatment has been model-independent

 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 :

58
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SO0) Moake!l congronling dala

 [reatment has been model-independent

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

SO(10)

Z B R — Proton Decay

SU(4) x SU(2)r x SU(2)g x Z§
210 |

SU3). x SU12)r, x SUR2)r x U(1)x x Z§

15 |
SU(g)C X SU(Q)L X SU(Q)R X U(l)

126 |
SU(S)C X SU(Q)L X U(l)y :

59
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SO0) Moake!l congronling dala

 [reatment has been model-independent

 Comprehensive study of chain lll4: Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021
SO(10)

Z B R — Proton Decay

SU(4) x SU(2)r x SU(2)g x Z§

210 l
SU3). x SU12)r, x SUR2)r x U(1)x x Z§
45 |
SU(3)C X SU(Q)L X SU(Q)R X U(l)B ’
l | ) U(1),_; Breaking
126 cosmic string & seesaw

SU(S)C X SU(Q)L X U(l)y :
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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 +

essica Turner Institute for Particle Physics Phenomeno logy

X

120

16 -16 - 120 + 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.

essica Turner Institute for Particle Physics Phenomeno logy
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Jess

SO0) Moake!l congronling dala

* Model of Altarelli & Blankenburg

e Above GUT scale, Yukawa sector

0161610 +d55-16 - 16 - 126 3 Y5, 16 - 16 - 120 + h.c.,

* After breaking to SM: Generates RHN mass

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

 Majorana mass term for right-handed neutrino:

WV - Seesaw Mechanism M. — YVYyTng
vr — 17126 US | v M
VR

 Coupling to leptonic and Higgs doublet Y, predicted = leptogenesis prediction

ica Turner Institute for Particle Physics Phenomenology
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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>

essica Turner Institute for Particle Physics Phenomeno logy
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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

essica Turner Institute for Particle Physics Phenomeno logy
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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

Y, = Y10V11 | \/§Y126V12 + Y120 \/§V14>

1 1
Yo = Yi0Vi5 - \/gYme + Y190 (V 73 )

YV — YlOVl*l — \/§Ymv1*2 Y]_QO (V13 3V14>

Y, = Y1oVis — V3Y55:Vie + Yioo (Vw — 3V18)

 Reduce free parameters by considering hermitian Yukawa matrices

« Y,and Y, can be expressed as functions of ¥, and ¥,



SO0) Moake!l congronling dala

* Input: quark masses & mixing, 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}

+ BP1: consistent with all flavour data, g ~ 71 ()(2 < 10)

« BP1: My, = 5.6 X 10°GeV = 7(p — 7'e™) testable by HK.
- BP1: M, =2 X% 10 GeV

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

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

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

» Output: predictions for O, & {«912, 0r3, 015, 0, 01, X315 Amzp Am31}

+ BP1: consistent with all flavour data, g ~ 71 ()(2 < 10)

« BP1: My, = 5.6 X 10°GeV = 7(p — 7'e™) testable by HK.
- BP1: M, =2 X% 10 GeV .
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x 10! log,, (nB/nCMB)
5 ® o on 103
el
R X Tty
4 ""‘;. "\_‘(
1001 ) 102
= 3 , . T = KamLAND-Zen Upper Lintit
~—— P o ® g 1 *
Zco : : O ) P ~— 10 _____________________E;ﬂ‘_. ___________
= ’ Vb . "% = i‘&
& ¢ o - . S
1. —100 ) 10°]
o
R
, , 000 % ewm 2% °° Qe oo
025 050 075 1.0 i , 1 | |
My (GeV)x 1012 10 15 o o 0’ 1 107
1

Jessica Turner 923 () T (me\/) 70



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
10_7_ GAIA
Taiji
109 ~NARNOGLayl2s
THEIA
% - LISA AEDGE
-
BP1
. Prediction
DECIGO
10~15]
BBO
10—17 . . ' ' | | | | I I I I
1079 10~7 107° 107 10~ 0
f (He)
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SON0) Modet. confronting data

5
10 (ANOGravll
TianQin
107
10~ ) This work came
| out before the most
L af recent PTA data
—11
é% 10
Stable strings do not
y fit signal PTA signal,
10~ Bowen Fu will discuss our more
recent work on this 0
10—15_
BBO
1017 . . . . .
10~ 1077 1070 1073 101 101
f (Hz)
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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.

“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.”

74
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Renormalisation Group Equations

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




 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

M, [GeV]

11

81



- From M, (GB mass associated to GUT SSB) we can determine proton
decay rate

) _
I (p — 7706+) _ Dp (1 mﬁ;) A% X _ASLA1_2 (1 T |Vud‘2> |<7TO ‘(Ud)RuL‘pHQ

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



https://www.amazon.co.uk/Strings-Topological-Cambridge-Monographs-Mathematical/dp/0521654769

Jessica Turner
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M [GeV]

%I % \
2 H |
S I :
2
1070 i
@ 14 | :
o 107 1 <::::: :
X .
= 1012
1010 i i
1016 s + 118 119
2 1o
X
= 1012
1010, | |
10% 10 1111 1112
o 10 i
X
= 4012
100
108 10 10'2 10™10% 10%° 102 10™10® 10" 102 10

M [GeV]

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,
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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

T m20 : i o
po a0ty = M (1 : ) A2 x (AL AT2(1 + [Viea?) 170 | (ud) s [p)
—9 2A —2 0
+Asr(A] " 4+ |Vua|"AS7) ‘<7T (ud)pur|p)

Mz MasMx - o LL(R)

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

Asr(r) =

One-loop
Beta coefficient
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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

db
dt [" ~ 50

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

= —TGu?

()Y 274\ .3 (+(K)
() _ N o) (py = L2k F LG gt Co (ti >a (t)a (t@' ) ()
GW(f) zk: GW(f) De f ()z(cv—FFG,u) /tF dt tg’f)‘l 75 (t()) (9(?5Z —tF)
Ceg = 5.7,0.5

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) :

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
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1/a i L i
441:31: i E i i
BP1 T a
_aof o T~ 5
S l | I
— : L l
38 ~ i
% . 1/au i
Jox 0 e
34 o :
M My, | | M My |

%12 T ' ' l1014 10 | 1016

p (GeV)
M; =2 x 10" GeV, M, =25 x10" GeV, (1)

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

Ms =17.55 x 10" GeV, Mx =5.68x10"° 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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Leptogenesis Equations

(4 e 1 7 —
Ze()D (NN,L-_NJ\Z) —QWi{P()O,NB L} 5
100\ [/100
Im (A _
(@A) 1000l [l ooo |, NB-2
Hz
000 000
_ af
000 000
Im (A
) 1 o10] [lo1o ], nEE |
Hz
000 000
L J4dap
-2 .
N’rp NTe Yz/'ri Yl/'rz'Yl/pji
Nuu N P 1 8 A
pp +Ype y }7 -'-Y,., YI/Tz'YVp,z' Yl/pfi
Nep, Nee ( g V)zz Y, Y* Y }7*
vei-vVTi TVULLVT]
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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

R H A
NZ xo' j\fZ :" ~“ NJ oo/
L L T
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Thermal leptogenesis
Washout and scattering processes

L L L N

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

Parameters of
theory

Y,

Boltzmann
Equations

3 source sink

d
nB = Z( (Z)D TLN —TLN)—W{/LB_L> :

=1
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SO(10) with leptogenesis
 Comprehensive study of chain lll4: Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

SO(10)
54 |
SU(4) x SU(2)r x SU(2)g x Z§
210 |
SU3). x SU2), x SUR)g x U(1)x x Z§
15 |
SU(3). x SU2)r, x SUR)r x U(1)x
= |
SU3)e x SUR2), xU(1)y .

96
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SO(10) with leptogenesis
 Comprehensive study of chain lll4: Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

SO(10)
SU(4) x SU(2)r x SU(2)g x Z§
210 |
SU3). x SU2), x SUR)g x U(1)x x Z§
15 |
SU(3). x SU2)r, x SUR)r x U(1)x
= |
SU3)e x SUR2), xU(1)y .

97
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SO(10) with leptogenesis
 Comprehensive study of chain lll4: Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

SO(10)
SU(4) x SU(2)r x SU(2)g x Z§
210 |
SU3). x SU12)r, x SUR2)r x U(1)x x Z§

15 |

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

U(1),_; Breaking

cosmic string & seesaw

98
Jessica Turner Institute for Particle Physics Phenomenology


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

SO(10) with leptogenesis

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

SO(10)
SU(4) x SU(2)r x SU(2)g x Z§
210 |
SU3). x SU12)r, x SUR2)r x U(1)x x Z§

15 |

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

Multiplet | Role
Fermions 16 Contains SM fermions and RH neutrinos
45 symmetry breaking
210 symmetry breaking
Higgses 54 symmetry breaking
126 fermion masses & symmetry breaking
120 fermion masses
10 fermion masses

U(1),_; Breaking

cosmic string & seesaw

Jessica Turner Institute for Particle Physics Phenomenology
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SO(10) with leptogenesis

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

SO(10)
SU(4) x SU(2)r x SU(2)g x Z§
210 |
SU3). x SU12)r, x SUR2)r x U(1)x x Z§

15 |

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

Multiplet | Role
Fermions 16 Contains SM fermions and RH neutrinos
45 symmetry breaking
210 symmetry breaking
Higgses 54 symmetry breaking
126 fermion masses & symmetry breaking

fermion masses
fermion masses

U(1),_; Breaking

cosmic string & seesaw

Jessica Turner Institute for Particle Physics Phenomenology

Added to generate SM fermion
masses and mixing



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

SO(10) with leptogenesis

* Model based on work on work by Altarelli & Blankenburg

e Above GUT scale, Yukawa sector

016-16-10 + Y1*26 16-16-126 + Y;,,16-16-120 + h.c.,
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SO(10) with leptogenesis

* Model based on work on work by 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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SO(10) with leptogenesis

* Model based on work on work by 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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SO(10) with leptogenesis

 Model based on work on work by 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.

GUT Yukawa Parameter

X X X 1 X
; Yu — Y10V11 | \/§Y126V12 + Y120 (V13 | \/§V14>
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SO(10) with leptogenesis

 Model based on work on work by 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.

GUT Yukawa Parameter

;E' Yy = Yi0Vi7 A \/§Y126V1*2 + Y120 <V1*3 l \foZ>
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SO(10) with leptogenesis

* Model based on work on work by Altarelli & Blankenburg

e Above GUT scale, Yukawa sector

0161610 +d55-16 - 16 - 126 3 Y5, 16 - 16 - 120 + h.c.,

e After breaking to SM: Generates RHN mass

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

 Majorana mass term for right-handed neutrino:
Y,,Y,/Tng
M

VR

_ Type-l seesaw _
M, = Y755 Vs M,
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SO(10) with leptogenesis

* Model based on work on work by Altarelli & Blankenburg

e Above GUT scale, Yukawa sector

0161610 +d55-16 - 16 - 126 3 Y5, 16 - 16 - 120 + h.c.,

e After breaking to SM: Generates RHN mass

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

 Majorana mass term for right-handed neutrino:

Y, Y vé
_ Type-| seesaw _ “vlty YSM
M, = Yisg Vs M, -
VR

Yisg S O(1)
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SO(10) with leptogenesis

* Model based on work on work by Altarelli & Blankenburg

e Above GUT scale, Yukawa sector

016 -16-10 + Y=

* 1616 - 126 + Yy 16 -16 - 120 + h.c.,

* After breaking to SM:

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

o Simplify GUT parameters which are not all independent of each other:

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

Yo =11 (h—3f +ich’), My, = %" vs
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SO(10) with leptogenesis

* Model based on work on work by Altarelli & Blankenburg

e Above GUT scale, Yukawa sector

016 -16-10 + Y=

* 1616 - 126 + Yy 16 -16 - 120 + h.c.,

* After breaking to SM:

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

o Simplify GUT parameters which are not all independent of each other:

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

Ye =11 (h—3f +ich’), My, = %" vs
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SO(10) with leptogenesis

* Model based on work on work by Altarelli & Blankenburg

e Above GUT scale, Yukawa sector

016 -16-10 + Y=

* 1616 - 126 + Yy 16 -16 - 120 + h.c.,

* After breaking to SM:

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

o Simplify GUT parameters which are not all independent of each other:

Yo =h+rof +irsh’, Yd:rl(h+f+ih’), Y, =h—3raf +ic, i
Y, =11 (h—3f +ich!), M, = f¥3iyg

| Vl 6
Jessica Turner Institute for Particle Physics Phenomeno logy
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SO(10) with leptogenesis

e« Assume ¥, Y,, ¥, ¥ hermitian reduces model parameters Attarelii et al 1012.2697

« Assume Y, purely real
P, E {al, a5, C,, My, ;7}
 Quark mass, CKM parameter, charged lepton masses treated as input

* Neutrino sector is predicted (hence also RHN spectrum)

O, € {012,013, 03,6, 31, a3, Am3,, Am3, |

e Perform )(2 analysis, current grid based analysis

Jessica Turner Institute for Particle Physics Phenomenology
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* For each point in scan we have RHN mass scale, Yukawa coupling of RHN to leptonic
and Higgs doublet = thermal leptogenesis prediction (see backup for details)
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* For each point in scan we have RHN mass scale, Yukawa coupling of RHN to leptonic
and Higgs doublet = thermal leptogenesis prediction (see backup for details)

o consistent with measured termionic data, 77z ~ 775 ., & testable by Hyperk
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* For each point in scan we have RHN mass scale, Yukawa coupling of RHN to leptonic
and Higgs doublet = thermal leptogenesis prediction (see backup for details)

o consistent with measured termionic data, 77z ~ 775 ., & testable by Hyperk
13
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