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Motivation for Grand Unified Theories

Image Credit: The Conversation

45 + 12 +1
SM has many 

• 19 free and seemingly arbitrary Standard Model 
parameters  

• GUT unifies SM gauge interactions into a single 
gauge group 

• SM fermionic multiplet  single GUT irrep  
reduces # parameters 

• Many GUTs predict non-zero neutrino masses, 
dark matter candidate etc

⟹ ⟹

https://theconversation.com/the-standard-model-of-particle-physics-the-absolutely-amazing-theory-of-almost-everything-94700
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GUT Predictions - Proton Decay

Weinberg, 1979

  invariant but BNVSU(3)C × SU(2)L × U(1)Y

• 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 
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.43.1566
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GUT Predictions - Proton Decay
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Golden Channel

In non-SUSY GUTs

• 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 

⟹
⟹ Weinberg, 1979

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.43.1566
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World Leading Limit on Proton Decay 
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Neutrino experiments are large vats of proton sitting around for a long time.
SK (1610.03597)⌧⇡0e+ > 1.6⇥ 1034 years
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1.5⇥ 1035 years
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5 × 1034 years

Water Cherenkov sensitive to  LArTPC more sensitive to p → e+π0 p → K+ν

6

Future Limits from Neutrino Experiments 

For review see  
Heeck etal: 1910.07647 

and B. Pal’s talk

https://arxiv.org/pdf/1910.07647.pdf
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During SSB from  topological defects may form. GGUT → ⋯ → GSM

cambridge cosmic 
structures
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Domain wall Cosmic strings

Monopoles

GUT Predictions - Topological Defects

http://www.ctc.cam.ac.uk/outreach/origins/cosmic_structures_two.php
http://www.ctc.cam.ac.uk/outreach/origins/cosmic_structures_two.php
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GUT Predictions - Topological Defects

cambridge cosmic 
structures

Cosmic strings

During SSB from  topological defects may form. GGUT → ⋯ → GSM

http://www.ctc.cam.ac.uk/outreach/origins/cosmic_structures_two.php
http://www.ctc.cam.ac.uk/outreach/origins/cosmic_structures_two.php


Jessica Turner Institute for Particle Physics Phenomenology 9

⇡0(G/H) 6= 0

<latexit sha1_base64="7bdzKx9z8Er6tforKu/kogFQJZc="></latexit>

⇡1(G/H) 6= 0

<latexit sha1_base64="Tg6EUhD1uP9wWlvGYUcbRUU8hWY="></latexit>

⇡2(G/H) 6= 0

<latexit sha1_base64="P6YOjaXboLef0IbyYXhG597eRZg="></latexit>

Domain wall
Monopoles

Inflatio
n to

 dilu
te

Inflatio
n to

 dilu
te

GUT Predictions - Topological Defects

cambridge cosmic 
structures

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

Cosmic strings

During SSB from  topological defects may form. GGUT → ⋯ → GSM

http://www.ctc.cam.ac.uk/outreach/origins/cosmic_structures_two.php
http://www.ctc.cam.ac.uk/outreach/origins/cosmic_structures_two.php


Jessica Turner Institute for Particle Physics Phenomenology 10

Abelian Higgs Model

GUT Predictions - Topological Defects
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Abelian Higgs Model

GUT Predictions - Topological Defects
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GUT Predictions - Topological Defects

SU(1) =

Z
d4x

⇥
@µ�@

µ�⇤ � V
�
|�|2

�⇤

V (�) =
�

4

�
|�|2 � ⌘2

�2

<latexit sha1_base64="5xPD9CouemVmgR2d8N7okIXCjFA="></latexit>

V (�)

<latexit sha1_base64="pI4T1OhA/13slVuCN/N9MJXFFFw="></latexit>

Im(�)

<latexit sha1_base64="wV+foJoLxHfUmjhkpCroiMRQPyM="></latexit>

Re(�)

<latexit sha1_base64="Zg+PIHqT/exiG6eDmRp/5hMU/Xg="></latexit>

Abelian Higgs Model
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GUT Predictions - Topological Defects
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Abelian Higgs Model

13

Strings intercommute  closed loops 
Oscillate and emit GWs 

⟹

Scaling Solution

https://iopscience.iop.org/article/10.1088/0305-4470/9/8/029/pdf
https://reader.elsevier.com/reader/sd/pii/0550321373903507?token=752FF5E2DB898DE5DE489A392056E71A4ED8969140C374C3EE7A2D26BBD8628677E309A8D3874EB77A063B7D034FE0ED&originRegion=eu-west-1&originCreation=20220107141954
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• Inflation occurs before string formation → string network gives “scaling” solution

• Inflation occurs after string formation → string network  diluted and no GW signal

• Inflation occurs during string formation → partly diluted string network → GW spectrum 
broken power law behaviour (Cui, Lewicki, Morrissey) 1912.08832

Diluted by inflation
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GUT Predictions - Cosmic Strings

https://arxiv.org/abs/1912.08832
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Jeannerot et al classified all GUT “breaking chains” 0308134 

Gx = G3221 orG421
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Topological defects in non-supersymmetric SO(10)

• 2005.13549 King, Pascoli, JT, Zhou 
use PD and GWs to examine viable 
non-SUSY SO(10) GUT breaking 
chains.

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

• GW & GUTs also explored by  
Buchmuller et al 1912.03695

https://arxiv.org/abs/hep-ph/0308134
https://arxiv.org/abs/2005.13549
https://arxiv.org/abs/1912.03695
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• Type (a) via SU(5) x U(1):  𝝠pd > 𝝠cs

• Type (b) via flipped SU(5) x U(1): 𝝠pd ~ 𝝠cs

• Type (c) via SU(4) x SU(2)L x SU(2)R : 𝝠pd > 𝝠cs

• Type (d) via SU(5) no GWs
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Further study in 2106.15634 
31 breaking chain all provide 
unification & GW signal

• Type (a) via SU(5) x U(1):  𝝠pd > 𝝠cs

• Type (b) via flipped SU(5) x U(1): 𝝠pd ~ 𝝠cs

• Type (c) via SU(4) x SU(2)L x SU(2)R : 𝝠pd > 𝝠cs

• Type (d) via SU(5) no GWs

https://arxiv.org/pdf/2106.15634.pdf
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Proton decay and GWs as complementary windows
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Table 2: Type (c) breaking chains with one (I), two (II), three (III) and four (IV) in-
termediate gauge symmetries. Representations of Higgs fields that are key to achieve the
breakings are listed under arrows. Topological defects, including monopoles (m), strings
(s) and domain walls (w), induced by the breaking, are listed above arrows.
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Table 2 (Continued).

3, leading to the energy density fraction ⌦w ⌘ ⇢w/⇢c / G�/H. Here, ⇢c = 3H2/(8⇡G)

is the critical energy density associating with the Hubble expansion rate H and G is the
Newton constant. As the Universe expansion decelerates, the domain walls easily dominate
the Universe. An era of inflation, which occurs during or after these defect’s formation, can
rid the Universe of them and solve this cosmological problem. The cosmic strings network
also obeys the scaling solution, leading to ⇢s / µH2. Then, ⌦s ⌘ ⇢s/⇢c / Gµ remains as a
small constant, which does not course this cosmological problem.

The presence of topologically stable strings generated in the early Universe can be
observable due to the gravitational radiation.4 The picture is briefly described as follows:

4On the other hand, cosmic strings from SO(10) GUT symmetry breaking may be unstable or metastable
due to theoretical-field decay in consequence of GUT monopole nucleation [31], which eventually results in
the disappearance of the entire network after a finite lifetime. In this kind of model, the large separation
between the GUT scale and the energy scale that controls the string tension will then result in a long
lifetime of the string network [21]. Monopole nucleation will occur and result in the breaking of long string
segments on super-horizon scales, but this will have little phenomenological consequences because of the
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Table 2: Type (c) breaking chains with one (I), two (II), three (III) and four (IV) in-
termediate gauge symmetries. Representations of Higgs fields that are key to achieve the
breakings are listed under arrows. Topological defects, including monopoles (m), strings
(s) and domain walls (w), induced by the breaking, are listed above arrows.
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Proton decay and GWs as complementary windows
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Table 2: Type (c) breaking chains with one (I), two (II), three (III) and four (IV) in-
termediate gauge symmetries. Representations of Higgs fields that are key to achieve the
breakings are listed under arrows. Topological defects, including monopoles (m), strings
(s) and domain walls (w), induced by the breaking, are listed above arrows.
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Table 2 (Continued).

3, leading to the energy density fraction ⌦w ⌘ ⇢w/⇢c / G�/H. Here, ⇢c = 3H2/(8⇡G)

is the critical energy density associating with the Hubble expansion rate H and G is the
Newton constant. As the Universe expansion decelerates, the domain walls easily dominate
the Universe. An era of inflation, which occurs during or after these defect’s formation, can
rid the Universe of them and solve this cosmological problem. The cosmic strings network
also obeys the scaling solution, leading to ⇢s / µH2. Then, ⌦s ⌘ ⇢s/⇢c / Gµ remains as a
small constant, which does not course this cosmological problem.

The presence of topologically stable strings generated in the early Universe can be
observable due to the gravitational radiation.4 The picture is briefly described as follows:

4On the other hand, cosmic strings from SO(10) GUT symmetry breaking may be unstable or metastable
due to theoretical-field decay in consequence of GUT monopole nucleation [31], which eventually results in
the disappearance of the entire network after a finite lifetime. In this kind of model, the large separation
between the GUT scale and the energy scale that controls the string tension will then result in a long
lifetime of the string network [21]. Monopole nucleation will occur and result in the breaking of long string
segments on super-horizon scales, but this will have little phenomenological consequences because of the

– 7 –

SO(10)
defect
�!
Higgs

G3

defect
�!
Higgs

G2

defect
�!
Higgs

G1

defect
�!
Higgs

GSM

Observable
strings?

III1: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
45

G421

s
�!
126

3

III2: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
45

G3221

s
�!
126

3

III3: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
210

G3211

s
�!
126

3

III4: m,s
�!
54

GC

422

m
�!
210

GC

3221

w
�!
45

G3221

s
�!
126

3

III5: m,s
�!
54

GC

422

m
�!
210

GC

3221

m,w
�!
45

G3211

s
�!
126

3

III6: m,s
�!
54

GC

422

m,w
�!
45

G3221

m
�!
45

G3211

s
�!
126

3

III7: m,s
�!
210

GC

3221

w
�!
45

G3221

m
�!
45

G3211

s
�!
126

3

III8: m
�!
210

G422

m
�!
45

G3221

m
�!
45

G3211

s
�!
126

3

III9: m,s
�!
54

GC

422

m
�!
45

G421

m
�!
45

G3211

s
�!
126

3

III10: m
�!
210

G422

m
�!
45

G421

m
�!
45

G3211

s
�!
126

3

SO(10)
defect
�!
Higgs

G4

defect
�!
Higgs

G3

defect
�!
Higgs

G2

defect
�!
Higgs

G1

defect
�!
Higgs

GSM

Observable
strings?

IV1: m,s
�!
54

GC

422

m
�!
210

GC

3221

w
�!
45

G3221

m
�!
45

G3211

s
�!
126

3

IV2: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
45

G3221

m
�!
45

G3211

s
�!
126

3

IV3: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
45

G421

m
�!
45

G3211

s
�!
126

3

Table 2 (Continued).

3, leading to the energy density fraction ⌦w ⌘ ⇢w/⇢c / G�/H. Here, ⇢c = 3H2/(8⇡G)

is the critical energy density associating with the Hubble expansion rate H and G is the
Newton constant. As the Universe expansion decelerates, the domain walls easily dominate
the Universe. An era of inflation, which occurs during or after these defect’s formation, can
rid the Universe of them and solve this cosmological problem. The cosmic strings network
also obeys the scaling solution, leading to ⇢s / µH2. Then, ⌦s ⌘ ⇢s/⇢c / Gµ remains as a
small constant, which does not course this cosmological problem.

The presence of topologically stable strings generated in the early Universe can be
observable due to the gravitational radiation.4 The picture is briefly described as follows:

4On the other hand, cosmic strings from SO(10) GUT symmetry breaking may be unstable or metastable
due to theoretical-field decay in consequence of GUT monopole nucleation [31], which eventually results in
the disappearance of the entire network after a finite lifetime. In this kind of model, the large separation
between the GUT scale and the energy scale that controls the string tension will then result in a long
lifetime of the string network [21]. Monopole nucleation will occur and result in the breaking of long string
segments on super-horizon scales, but this will have little phenomenological consequences because of the
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Table 2: Type (c) breaking chains with one (I), two (II), three (III) and four (IV) in-
termediate gauge symmetries. Representations of Higgs fields that are key to achieve the
breakings are listed under arrows. Topological defects, including monopoles (m), strings
(s) and domain walls (w), induced by the breaking, are listed above arrows.
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Table 2: Type (c) breaking chains with one (I), two (II), three (III) and four (IV) in-
termediate gauge symmetries. Representations of Higgs fields that are key to achieve the
breakings are listed under arrows. Topological defects, including monopoles (m), strings
(s) and domain walls (w), induced by the breaking, are listed above arrows.
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Table 2 (Continued).

3, leading to the energy density fraction ⌦w ⌘ ⇢w/⇢c / G�/H. Here, ⇢c = 3H2/(8⇡G)

is the critical energy density associating with the Hubble expansion rate H and G is the
Newton constant. As the Universe expansion decelerates, the domain walls easily dominate
the Universe. An era of inflation, which occurs during or after these defect’s formation, can
rid the Universe of them and solve this cosmological problem. The cosmic strings network
also obeys the scaling solution, leading to ⇢s / µH2. Then, ⌦s ⌘ ⇢s/⇢c / Gµ remains as a
small constant, which does not course this cosmological problem.

The presence of topologically stable strings generated in the early Universe can be
observable due to the gravitational radiation.4 The picture is briefly described as follows:

4On the other hand, cosmic strings from SO(10) GUT symmetry breaking may be unstable or metastable
due to theoretical-field decay in consequence of GUT monopole nucleation [31], which eventually results in
the disappearance of the entire network after a finite lifetime. In this kind of model, the large separation
between the GUT scale and the energy scale that controls the string tension will then result in a long
lifetime of the string network [21]. Monopole nucleation will occur and result in the breaking of long string
segments on super-horizon scales, but this will have little phenomenological consequences because of the
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Table 2 (Continued).

3, leading to the energy density fraction ⌦w ⌘ ⇢w/⇢c / G�/H. Here, ⇢c = 3H2/(8⇡G)

is the critical energy density associating with the Hubble expansion rate H and G is the
Newton constant. As the Universe expansion decelerates, the domain walls easily dominate
the Universe. An era of inflation, which occurs during or after these defect’s formation, can
rid the Universe of them and solve this cosmological problem. The cosmic strings network
also obeys the scaling solution, leading to ⇢s / µH2. Then, ⌦s ⌘ ⇢s/⇢c / Gµ remains as a
small constant, which does not course this cosmological problem.

The presence of topologically stable strings generated in the early Universe can be
observable due to the gravitational radiation.4 The picture is briefly described as follows:

4On the other hand, cosmic strings from SO(10) GUT symmetry breaking may be unstable or metastable
due to theoretical-field decay in consequence of GUT monopole nucleation [31], which eventually results in
the disappearance of the entire network after a finite lifetime. In this kind of model, the large separation
between the GUT scale and the energy scale that controls the string tension will then result in a long
lifetime of the string network [21]. Monopole nucleation will occur and result in the breaking of long string
segments on super-horizon scales, but this will have little phenomenological consequences because of the
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s
�!
126

3

II12: m
�!
45

G421

m
�!
45

G3211

s
�!
126

3

SO(10)
defect
�!
Higgs

G3

defect
�!
Higgs

G2

defect
�!
Higgs

G1

defect
�!
Higgs

GSM

Observable
strings?

III1: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
45

G421

s
�!
126

3

Continue on the next page

Table 2: Type (c) breaking chains with one (I), two (II), three (III) and four (IV) in-
termediate gauge symmetries. Representations of Higgs fields that are key to achieve the
breakings are listed under arrows. Topological defects, including monopoles (m), strings
(s) and domain walls (w), induced by the breaking, are listed above arrows.
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Proton decay and GWs as complementary windows
SO(10)

defect
�!
Higgs

G1

defect
�!
Higgs

GSM

Observable
strings?

I1: m
�!
45

G3221

s
�!
126

3

I2: m,s
�!
210

GC

3221

s,w
�!
126

7

I3: m
�!
45

G421

s
�!
126

3

I4: m
�!
210

G422

m
�!

126,45
7

I5: m,s
�!
54

GC

422

m,w
�!

126,45
7

I6: m
�!
210

G3211

s
�!
126

3

SO(10)
defect
�!
Higgs

G2

defect
�!
Higgs

G1

defect
�!
Higgs

GSM

Observable
strings?

II1: m
�!
210

G422

m
�!
45

G3221

s
�!
126

3

II2: m,s
�!
54

GC

422

m
�!
210

GC

3221

s,w
�!
126

7

II3: m,s
�!
54

GC

422

m,w
�!
45

G3221

s
�!
126

3

II4: m,s
�!
210

GC

3221

w
�!
45

G3221

s
�!
126

3

II5: m
�!
210

G422

m
�!
45

G421

s
�!
126

3

II6: m,s
�!
54

GC

422

m
�!
45

G421

s
�!
126

3

II7: m,s
�!
54

GC

422

w
�!
210

G422

m
�!

126,45
7

II8: m
�!
45

G3221

m
�!
45

G3211

s
�!
126

3

II9: m,s
�!
210

GC

3221

m,w
�!
45

G3211

s
�!
126

3

II10: m
�!
210

G422

m
�!
210

G3211

s
�!
126

3

II11: m,s
�!
54

GC

422

m,w
�!
210

G3211

s
�!
126

3

II12: m
�!
45

G421

m
�!
45

G3211

s
�!
126

3

SO(10)
defect
�!
Higgs

G3

defect
�!
Higgs

G2

defect
�!
Higgs

G1

defect
�!
Higgs

GSM

Observable
strings?

III1: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
45

G421

s
�!
126

3

Continue on the next page

Table 2: Type (c) breaking chains with one (I), two (II), three (III) and four (IV) in-
termediate gauge symmetries. Representations of Higgs fields that are key to achieve the
breakings are listed under arrows. Topological defects, including monopoles (m), strings
(s) and domain walls (w), induced by the breaking, are listed above arrows.
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SO(10)
defect
�!
Higgs

G1

defect
�!
Higgs

GSM

Observable
strings?

I1: m
�!
45

G3221

s
�!
126

3

I2: m,s
�!
210

GC

3221

s,w
�!
126

7

I3: m
�!
45

G421

s
�!
126

3

I4: m
�!
210

G422

m
�!

126,45
7

I5: m,s
�!
54

GC

422

m,w
�!

126,45
7

I6: m
�!
210

G3211

s
�!
126

3

SO(10)
defect
�!
Higgs

G2

defect
�!
Higgs

G1

defect
�!
Higgs

GSM

Observable
strings?

II1: m
�!
210

G422

m
�!
45

G3221

s
�!
126

3

II2: m,s
�!
54

GC

422

m
�!
210

GC

3221

s,w
�!
126

7

II3: m,s
�!
54

GC

422

m,w
�!
45

G3221

s
�!
126

3

II4: m,s
�!
210

GC

3221

w
�!
45

G3221

s
�!
126

3

II5: m
�!
210

G422

m
�!
45

G421

s
�!
126

3

II6: m,s
�!
54

GC

422

m
�!
45

G421

s
�!
126

3

II7: m,s
�!
54

GC

422

w
�!
210

G422

m
�!

126,45
7

II8: m
�!
45

G3221

m
�!
45

G3211

s
�!
126

3

II9: m,s
�!
210

GC

3221

m,w
�!
45

G3211

s
�!
126

3

II10: m
�!
210

G422

m
�!
210

G3211

s
�!
126

3

II11: m,s
�!
54

GC

422

m,w
�!
210

G3211

s
�!
126

3

II12: m
�!
45

G421

m
�!
45

G3211

s
�!
126

3

SO(10)
defect
�!
Higgs

G3

defect
�!
Higgs

G2

defect
�!
Higgs

G1

defect
�!
Higgs

GSM

Observable
strings?

III1: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
45

G421

s
�!
126

3

Continue on the next page

Table 2: Type (c) breaking chains with one (I), two (II), three (III) and four (IV) in-
termediate gauge symmetries. Representations of Higgs fields that are key to achieve the
breakings are listed under arrows. Topological defects, including monopoles (m), strings
(s) and domain walls (w), induced by the breaking, are listed above arrows.
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SO(10)
defect
�!
Higgs

G3

defect
�!
Higgs

G2

defect
�!
Higgs

G1

defect
�!
Higgs

GSM

Observable
strings?

III1: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
45

G421

s
�!
126

3

III2: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
45

G3221

s
�!
126

3

III3: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
210

G3211

s
�!
126

3

III4: m,s
�!
54

GC

422

m
�!
210

GC

3221

w
�!
45

G3221

s
�!
126

3

III5: m,s
�!
54

GC

422

m
�!
210

GC

3221

m,w
�!
45

G3211

s
�!
126

3

III6: m,s
�!
54

GC

422

m,w
�!
45

G3221

m
�!
45

G3211

s
�!
126

3

III7: m,s
�!
210

GC

3221

w
�!
45

G3221

m
�!
45

G3211

s
�!
126

3

III8: m
�!
210

G422

m
�!
45

G3221

m
�!
45

G3211

s
�!
126

3

III9: m,s
�!
54

GC

422

m
�!
45

G421

m
�!
45

G3211

s
�!
126

3

III10: m
�!
210

G422

m
�!
45

G421

m
�!
45

G3211

s
�!
126

3

SO(10)
defect
�!
Higgs

G4

defect
�!
Higgs

G3

defect
�!
Higgs

G2

defect
�!
Higgs

G1

defect
�!
Higgs

GSM

Observable
strings?

IV1: m,s
�!
54

GC

422

m
�!
210

GC

3221

w
�!
45

G3221

m
�!
45

G3211

s
�!
126

3

IV2: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
45

G3221

m
�!
45

G3211

s
�!
126

3

IV3: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
45

G421

m
�!
45

G3211

s
�!
126

3

Table 2 (Continued).

3, leading to the energy density fraction ⌦w ⌘ ⇢w/⇢c / G�/H. Here, ⇢c = 3H2/(8⇡G)

is the critical energy density associating with the Hubble expansion rate H and G is the
Newton constant. As the Universe expansion decelerates, the domain walls easily dominate
the Universe. An era of inflation, which occurs during or after these defect’s formation, can
rid the Universe of them and solve this cosmological problem. The cosmic strings network
also obeys the scaling solution, leading to ⇢s / µH2. Then, ⌦s ⌘ ⇢s/⇢c / Gµ remains as a
small constant, which does not course this cosmological problem.

The presence of topologically stable strings generated in the early Universe can be
observable due to the gravitational radiation.4 The picture is briefly described as follows:

4On the other hand, cosmic strings from SO(10) GUT symmetry breaking may be unstable or metastable
due to theoretical-field decay in consequence of GUT monopole nucleation [31], which eventually results in
the disappearance of the entire network after a finite lifetime. In this kind of model, the large separation
between the GUT scale and the energy scale that controls the string tension will then result in a long
lifetime of the string network [21]. Monopole nucleation will occur and result in the breaking of long string
segments on super-horizon scales, but this will have little phenomenological consequences because of the
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SO(10)
defect
�!
Higgs

G3

defect
�!
Higgs

G2

defect
�!
Higgs

G1

defect
�!
Higgs

GSM

Observable
strings?

III1: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
45

G421

s
�!
126

3

III2: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
45

G3221

s
�!
126

3

III3: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
210

G3211

s
�!
126

3

III4: m,s
�!
54

GC

422

m
�!
210

GC

3221

w
�!
45

G3221

s
�!
126

3

III5: m,s
�!
54

GC

422

m
�!
210

GC

3221

m,w
�!
45

G3211

s
�!
126

3

III6: m,s
�!
54

GC

422

m,w
�!
45

G3221

m
�!
45

G3211

s
�!
126

3

III7: m,s
�!
210

GC

3221

w
�!
45

G3221

m
�!
45

G3211

s
�!
126

3

III8: m
�!
210

G422

m
�!
45

G3221

m
�!
45

G3211

s
�!
126

3

III9: m,s
�!
54

GC

422

m
�!
45

G421

m
�!
45

G3211

s
�!
126

3

III10: m
�!
210

G422

m
�!
45

G421

m
�!
45

G3211

s
�!
126

3

SO(10)
defect
�!
Higgs

G4

defect
�!
Higgs

G3

defect
�!
Higgs

G2

defect
�!
Higgs

G1

defect
�!
Higgs

GSM

Observable
strings?

IV1: m,s
�!
54

GC

422

m
�!
210

GC

3221

w
�!
45

G3221

m
�!
45

G3211

s
�!
126

3

IV2: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
45

G3221

m
�!
45

G3211

s
�!
126

3

IV3: m,s
�!
54

GC

422

w
�!
210

G422

m
�!
45

G421

m
�!
45

G3211

s
�!
126

3

Table 2 (Continued).

3, leading to the energy density fraction ⌦w ⌘ ⇢w/⇢c / G�/H. Here, ⇢c = 3H2/(8⇡G)

is the critical energy density associating with the Hubble expansion rate H and G is the
Newton constant. As the Universe expansion decelerates, the domain walls easily dominate
the Universe. An era of inflation, which occurs during or after these defect’s formation, can
rid the Universe of them and solve this cosmological problem. The cosmic strings network
also obeys the scaling solution, leading to ⇢s / µH2. Then, ⌦s ⌘ ⇢s/⇢c / Gµ remains as a
small constant, which does not course this cosmological problem.

The presence of topologically stable strings generated in the early Universe can be
observable due to the gravitational radiation.4 The picture is briefly described as follows:

4On the other hand, cosmic strings from SO(10) GUT symmetry breaking may be unstable or metastable
due to theoretical-field decay in consequence of GUT monopole nucleation [31], which eventually results in
the disappearance of the entire network after a finite lifetime. In this kind of model, the large separation
between the GUT scale and the energy scale that controls the string tension will then result in a long
lifetime of the string network [21]. Monopole nucleation will occur and result in the breaking of long string
segments on super-horizon scales, but this will have little phenomenological consequences because of the
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If unwanted defect created 
in final SSB  no GW 
else GW  

⟹
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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  

intermediate breaking scales (due to unification).

★

★

★

★

★I5

I4

I3

I2

I1

1014 1015 1016 1017
1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

MX [GeV]

τ(
p→

π
0 e
)[
ye
ar
]

II1

II2
II3
II4

II5

II6

II7

II8

II9

II11

II12

Hyper-K sensitivity

Super-K bound

★★

1016
1034

1035
II1

II3

II4
II5 II7

II8

I1

Hyper-K sensitivity

Super-K bound

Breaking chains allowed by Super-K: 
I1, I4, II1, 3, 4, 5, 7, 8

I1 : SO(10)
MX��! G3221

M1��! GSM

II1 : SO(10)
MX��! G422

M2��! G3221
M1��! GSM

<latexit sha1_base64="vKp0/JAe0bBGmlAG1PlPem7070E="></latexit>



Jessica Turner Institute for Particle Physics Phenomenology 23

Proton decay and GWs as complementary windows

Parametrises 
PD/GUT scale

Parametrises 
GW scale

★

★

★

★

★I5

I4

I3

I2

I1

1014 1015 1016 1017
1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

MX [GeV]

τ(
p→

π
0 e
)[
ye
ar
]

II1

II2
II3
II4

II5

II6

II7

II8

II9

II11

II12

Hyper-K sensitivity

Super-K bound

★★

1016
1034

1035
II1

II3

II4
II5 II7

II8

I1

Hyper-K sensitivity

Super-K bound

I1 : SO(10)
MX��! G3221

M1��! GSM

II1 : SO(10)
MX��! G422

M2��! G3221
M1��! GSM

<latexit sha1_base64="vKp0/JAe0bBGmlAG1PlPem7070E="></latexit>

Breaking chains allowed by Super-K: 
I1, I4, II1, 3, 4, 5, 7, 8

• Assume minimal survival hypothesis

• Perform two-loop RGE analysis to determine GUT scale (proton decay rate) in terms  

intermediate breaking scales (due to unification).
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Proton decay and GWs as complementary windows

Breaking chains allowed by Super-K: 
IV2 & IV3

1014 1015 1016 1017
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039

MX [GeV]

τ(
p→

π
0 e
)[
ye
ar
]

IV1

IV2 & IV3
Hyper-K sensitivity

Super-K bound
IV2 : SO (10)

MX��! GC
422

M4��! G422
M3��! G3221

M2��! G3211
M1��! GSM

IV3 : SO(10)
MX��! GC

422
M4��! G422

M3��! G421
M2��! G3211

M1��! GSM

<latexit sha1_base64="CQwP2GlItZ9yn49kRZEmRQyzDHo="></latexit>

Regions due to more free parameters

• Assume minimal survival hypothesis

• Perform two-loop RGE analysis to determine GUT scale (proton decay rate) in terms  

intermediate breaking scales (due to unification).
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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.

• Determine   string tension

⟹
M1 ⟹

µ ⇡ 2⇡v2

<latexit sha1_base64="inZMlDQf4qg63k4j08a2d7j0YMQ="></latexit>

v = |h�i|

<latexit sha1_base64="xa/8FE+naymeQJwhvi+jIcNkX3Y="></latexit>

vev of Higgs that 
breaks U(1) gauge  

symmetry

 of U(1) that  
get broken

α

M2
1 = M2

Z0 = 4⇡↵v2

<latexit sha1_base64="kbwE9ypu4FW4rWrS6J5hz3+vdFs="></latexit>

=) Gµ =
M2

1

2↵M2
PL

<latexit sha1_base64="jlDoX3osjdzohCPgpt2imhk1cQU="></latexit>

RGE + gauge unification correlates  with  
   correlated 

M1 MX
⟹ Gμ τ(p → e+π0)
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Proton decay and GWs as complementary windows

★★

10-20 10-19 10-18 10-17 10-16 10-15 10-14 10-13 10-12 10-11 10-10 10-9 10-8
1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

Gμ

τ(
p→

π
0 e
)[
ye
ar
]

I1

II1

II3

II4

II5

II8

IV1

IV2 & IV3

Hyper-K sensitivity

Super-K bound
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Summary

• non-SUSY  Pati Salam type provide unification: 31 breaking chainsSO(10)
• Two-loop RGE, 17 not excluded by Super-K lower bound PD.

Chain Gµ after Hyper-K (no proton decay)

I1 excluded

II1: Gµ . 1.5⇥ 10
�17

II3: excluded

II4: excluded

II5: Gµ ' 5.1⇥ 10
�18

– 6.3⇥ 10
�17

II8: excluded

III1: Gµ ' 1.3⇥ 10
�18

– 1.6⇥ 10
�15

III2: Gµ . 5.0⇥ 10
�12

III3: Gµ . 6.2⇥ 10
�14

III4: excluded

III6: excluded

III7: excluded

III8: excluded

III10: Gµ . 1.1⇥ 10
�21

IV1: excluded

IV2: Gµ . 9.4⇥ 10
�13

IV3: Gµ . 9.4⇥ 10
�13

<latexit sha1_base64="hkT1MUY5Rb0uRUNdt4AcUk3uWdY="></latexit>

• If HyperK does not observe PD   9 chains 
excluded

⟹

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

⟹

• If we observe PD   determined and so 
is GW signal. Correlations matters!

⟹ M1

Testable by LIGO, 
DECIGO, AEDGE, 

C, ET, MAGIS..
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Summary

• non-SUSY  Pati Salam type provide unification: 31 breaking chainsSO(10)
• Two-loop RGE, 17 not excluded by Super-K lower bound PD.

Chain Gµ after Hyper-K (no proton decay)

I1 excluded

II1: Gµ . 1.5⇥ 10
�17

II3: excluded

II4: excluded

II5: Gµ ' 5.1⇥ 10
�18

– 6.3⇥ 10
�17

II8: excluded

III1: Gµ ' 1.3⇥ 10
�18

– 1.6⇥ 10
�15

III2: Gµ . 5.0⇥ 10
�12

III3: Gµ . 6.2⇥ 10
�14

III4: excluded

III6: excluded

III7: excluded

III8: excluded

III10: Gµ . 1.1⇥ 10
�21

IV1: excluded

IV2: Gµ . 9.4⇥ 10
�13

IV3: Gµ . 9.4⇥ 10
�13

<latexit sha1_base64="hkT1MUY5Rb0uRUNdt4AcUk3uWdY="></latexit>

Study specific breaking chain 2209.00021

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

https://arxiv.org/pdf/2209.00021.pdf
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SO(10) with leptogenesis
• Specific model of chain III4:  Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

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

⟹
• See Dror also et al 1908.03227 which connected GUT with leptogenesis

https://arxiv.org/pdf/2209.00021.pdf
https://arxiv.org/abs/1908.03227
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SO(10) with leptogenesis

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

⟹

SO(10)

54
??y

SU(4)⇥ SU(2)L ⇥ SU(2)R ⇥ Z
C
2

210
??y

SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)X ⇥ Z
C
2

45
??y

SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)X

126
??y

SU(3)c ⇥ SU(2)L ⇥ U(1)Y . (1)

<latexit sha1_base64="l+JXlxh95a6HA0f1IBINCOoUBYk="></latexit>

• Specific model of chain III4:  Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

B � L

<latexit sha1_base64="/c1rSMukzfNM5wXIF1FMG8gwk0s="></latexit>

• See Dror also et al 1908.03227 which connected GUT with leptogenesis

https://arxiv.org/pdf/2209.00021.pdf
https://arxiv.org/abs/1908.03227


Jessica Turner Institute for Particle Physics Phenomenology 31

SO(10) with leptogenesis

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

⟹

SO(10)

54
??y

SU(4)⇥ SU(2)L ⇥ SU(2)R ⇥ Z
C
2

210
??y

SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)X ⇥ Z
C
2

45
??y

SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)X

126
??y

SU(3)c ⇥ SU(2)L ⇥ U(1)Y . (1)

<latexit sha1_base64="l+JXlxh95a6HA0f1IBINCOoUBYk="></latexit>

MX

• Specific model of chain III4:  Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

B � L

<latexit sha1_base64="/c1rSMukzfNM5wXIF1FMG8gwk0s="></latexit>

• See Dror also et al 1908.03227 which connected GUT with leptogenesis

https://arxiv.org/pdf/2209.00021.pdf
https://arxiv.org/abs/1908.03227
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SO(10) with leptogenesis

• Fit SM fermion data to our model, perform RG running  scales of cosmic string 
formation, leptogenesis & proton decay determined
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MX Proton Decay

• Specific model of chain III4:  Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021
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• See Dror also et al 1908.03227 which connected GUT with leptogenesis
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Jessica Turner Institute for Particle Physics Phenomenology 33

SO(10) with leptogenesis

• Fit SM fermion data to our model, perform RG running  scales of cosmic string 
formation, leptogenesis & proton decay determined
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• See Dror also et al 1908.03227 which connected GUT with leptogenesis
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SO(10) with leptogenesis
• Specific model of chain III4:  Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

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

cosmic string & RHN mass generation 
via type-I seesaw
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• See Dror also et al 1908.03227 which connected GUT with leptogenesis
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SO(10) with leptogenesis
• Specific model of chain III4:  Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

• Fit SM fermion data to our model, perform RG running  scales of cosmic string 
formation, leptogenesis & proton decay determined
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MX Proton Decay

M1

Fixed by RG running
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via type-I seesaw
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• See Dror also et al 1908.03227 which connected GUT with leptogenesis
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SO(10) with leptogenesis

• Up, down, neutrino, charged lepton Yukawa couplings and right-handed mass matrices  
parametrised in terms of  model parametersSO(10)

𝒫m ∈ {a1, a2, r1, ce, cν, m0, η}

• Quark & charged lepton sectors are inputs & neutrino sector is predicted:

𝒪n ∈ {θ12, θ13, θ23, δ, Δm2
21, Δm2

31}

• Perform (grid based) scan of model parameters to find Yukawa & mass matrices with low 
 χ2

Altarelli et al 1012.2697

https://arxiv.org/abs/1012.2697
https://arxiv.org/abs/1012.2697
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SO(10) with leptogenesis
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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⟹

M1 = 2⇥ 1013GeV, M2 = 5⇥ 1013GeV M3 = 7.55⇥ 1013GeV

<latexit sha1_base64="tJZIu7V3qV+HQoTJ0WowWKdPaT4="></latexit>

MX = 5.68⇥ 1015GeV, ↵X = 0.0279
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Thermal leptogenesis 

https://arxiv.org/pdf/hep-ph/9605319.pdf
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Washout and scattering processes 
Thermal leptogenesis 
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• GUTs generically predict nucleon decay and the formation of topological defects.  Interplay of these 
observables is a more powerful way of constraining GUTs.

Summary

• 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 ( ).0νββ

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

0νββ
⟹

• For future: study interplay of inflationary scale,  more breaking chains. Grid scans for d > 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.”



Merci!
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Renormalisation Group Equations 
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Beta function coefficients 1 and 2-loop respectively 

Two-loop RGE equation

Hi ! Hj ,
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Matching condition
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Intersection of  and   reduces II2 to I2M2 MX
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At right side blue curve II2 becomes I5 

M2 ⌘ M1
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Gravitational Wave Calculation 

l(t) = li � �Gµ (t� ti)
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Frequencies of GW released from the loops are given by  where 2k/li k = 1,2,⋯
Loops are found to emit energy in the form of gravitational radiation at a constant rate
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Assuming the fraction of the energy transfer in the form of large loops is Fα ∼ 0.1
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GUT Model 
In the Yukawa sector, couplings above the GUT scale are given by
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After breaking to 
GSM

Rotating the Higgs fields to their mass basis, we derive Yukawa couplings to the SM Higgs 
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GUT Model 
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GUT Model 
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GUT Model Particle Content

SO(10) Higgs reps for SSB

Matter field decomposition

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

Benchmark 1 RGE
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Overlap with PTA experiments

2.4 nHz

5.4 nHz

12 nHz

A  amplitude parameter of  correlation between pulsars.≡
  related to GW energy density freq dependenceγ ≡
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Leptogenesis Equations


