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What is the nature of particles 
and forces at the GUT scale?

Proton Decay Gravitational Waves



Part II
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What created the matter 
antimatter asymmetry?

Gravitational Waves



Part I begins
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The role of GUTs

• GUT unifies SM gauge interactions into a single gauge group 
• SM fermionic multiplets into 1or 2 representations of the GUT representation 

 reduces number of SM parameters 
• Many GUTs predict non-zero neutrino masses, dark matter candidate etc

⟹
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GUT prediction I

• GUTs unify leptons and quarks into common multiplets.

• GUTs spontaneously broken to SM gauge group, heavy gauge boson 

integrated out  proton decay⟹
Weinberg, 1979
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  invariant but BNVSU(3)C × SU(2)L × U(1)Y

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.43.1566
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Neutrino experiments are large vats of proton sitting around for a long time.
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Nucleon decay limits 

1.6⇥ 1034 years

<latexit sha1_base64="WzMdClRM44Y5Lo6CilFRYWKnA7Q=">AAACGnicbVA5SwNBGJ2NV4xX1NJmMAgWEnY1HmXQxjKCOSAbw+zkSzJk9mDmWzEs+zts/Cs2ForYiY3/xslRaOKDgcd73zXPi6TQaNvfVmZhcWl5JbuaW1vf2NzKb+/UdBgrDlUeylA1PKZBigCqKFBCI1LAfE9C3Rtcjfz6PSgtwuAWhxG0fNYLRFdwhkZq5x0X4QHHcxJPxpAmTvGMuih80NSx75KTUuoeJa7y6RCY0mnazhfsoj0GnSfOlBTIFJV2/tPthDz2IUAumdZNx46wlTCFgktIc26sIWJ8wHrQNDRgZnUrGZ+U0gOjdGg3VOYFSMfq746E+VoPfc9U+gz7etYbif95zRi7F61EBFGMEPDJom4sKYZ0lBPtCAUc5dAQxpUwt1LeZ4pxNGnmTAjO7JfnSe246JSKpzelQvlyGkeW7JF9ckgcck7K5JpUSJVw8kieySt5s56sF+vd+piUZqxpzy75A+vrBxdfoOU=</latexit>

5 × 1034 years

Water Cherenkov sensitive to  LArTPC more sensitive to p → e+π0 p → K+ν
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GUT prediction II
During SSB from  topological defects may form. GGUT → ⋯ → GSM cambridge 

cosmic structures

⇡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 Cosmic strings
Monopoles

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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https://iopscience.iop.org/article/10.1088/0305-4470/9/8/029/pdf
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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

⇤cs ⌘
p
µ

<latexit sha1_base64="O9SgGaQfQstrCCgXSgIl1oqI/Gs=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQkqgrGChYGhSPQhNVHkOE5r1U5S26lURZlZ+BUWBhBi5QvY+BvcNgO0HMnS0Tnn6voeP2FUKsv6Nkorq2vrG+XNytb2zu6euX/QlnEqMGnhmMWi6yNJGI1IS1HFSDcRBHGfkY4/vJn6nTERksbRg5okxOWoH9GQYqS05JnHzp0OB8jLHMEhlrlDRikdQ0eOhMocnuaeWbVq1gxwmdgFqYICTc/8coIYp5xECjMkZc+2EuVmSCiKGckrTipJgvAQ9UlP0whxIt1sdkoOT7USwDAW+kUKztTfExniUk64r5McqYFc9Kbif14vVeGVm9EoSRWJ8HxRmDKoYjjtBQZUEKzYRBOEBdV/hXiABMJKt1fRJdiLJy+T9nnNrtcu7uvVxnVRRxkcgRNwBmxwCRrgFjRBC2DwCJ7BK3gznowX4934mEdLRjFzCP7A+PwBCZ2bJA==</latexit>

GUT prediction II
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https://arxiv.org/abs/1912.08832


Jessica Turner Institute for Particle Physics Phenomenology 16

2005.13549 in collaboration with  
Stephen King, Silvia Pascoli, and Ye-
Ling Zhou use PD and GWs to 
examine viable non-SUYS SO(10) GUT 
breaking chains.

Proton decay in non-supersymmetric SO(10)

Also work by Dror et al (1908.03227) 
Buchmuller et al (1912.03695)

G51 = SU(5)⇥ U(1)X ,

Gflip
51 = SU(5)flip ⇥ U(1)flip ,

G3211 = SU(3)C ⇥ SU(2)L ⇥ U(1)R ⇥ U(1)B�L ,

G0
3211 = SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)X ,

G422 = SU(4)C ⇥ SU(2)L ⇥ SU(2)R .

Gx = G3221 or G421

<latexit sha1_base64="TQajViIKV61HFI5uai12DZ4SvSc="></latexit>

https://arxiv.org/abs/2005.13549
https://arxiv.org/pdf/1908.03227.pdf
https://arxiv.org/pdf/1912.03695.pdf
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Jeannerot et al classified all GUT “breaking chains” 0308134 

monopoles and domains walls 
are unwanted topological defects

Gx = G3221 orG421
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Assumed inflation at highest scale 
to remove unwanted defects 
and preserve cosmic strings 
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If do not distinguish monopole and domain wall, we can simplify the plot to the 
following. Deleting any intermediate symmetry may change topological defects, but 

unwanted topological defects are always involved. 
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• Type (a) via SU(5) x U(1) predicts 𝝠pd > 𝝠cs
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Proton decay and GWs as complementary windows

Further study in 2106.15634

https://arxiv.org/pdf/2106.15634.pdf
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Proton decay and GWs as complementary windows

Further study in 2106.15634

Non-SUSY  with unification 
and GW signal only provided with 
Pati-Salam intermediate group

SO(10)

31 possible breaking chains

https://arxiv.org/pdf/2106.15634.pdf
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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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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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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 –



Jessica Turner Institute for Particle Physics Phenomenology 22

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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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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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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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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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

G2

defect
�!
Higgs

G1

defect
�!
Higgs

GSM

Observable
strings?

II1: m
�!
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G422

m
�!
45

G3221

s
�!
126

3

II2: m,s
�!
54
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422

m
�!
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s,w
�!
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7

II3: m,s
�!
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�!
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s
�!
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3
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�!
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�!
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�!
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3
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�!
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m
�!
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G421
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�!
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3
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�!
54
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m
�!
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G421

s
�!
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3

II7: m,s
�!
54
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w
�!
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m
�!

126,45
7
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�!
45
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m
�!
45
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s
�!
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3
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�!
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3221

m,w
�!
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s
�!
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�!
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�!
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G3211
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�!
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�!
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m,w
�!
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�!
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3
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�!
45

G421

m
�!
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s
�!
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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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3
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422

m
�!
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w
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G3221

s
�!
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3

III5: m,s
�!
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m
�!
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m,w
�!
45

G3211

s
�!
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3
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�!
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422

m,w
�!
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m
�!
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G3211

s
�!
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3
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�!
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m
�!
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s
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3
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�!
45
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m
�!
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s
�!
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3
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�!
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�!
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�!
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�!
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3
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�!
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�!
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3
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�!
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3
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m
�!
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m
�!
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s
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3
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�!
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w
�!
210
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m
�!
45
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m
�!
45
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s
�!
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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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m
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s
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G422

m
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s
�!
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3
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�!
54

GC
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�!
210

GC

3221

w
�!
45

G3221

s
�!
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3

III5: m,s
�!
54

GC

422

m
�!
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GC

3221

m,w
�!
45

G3211

s
�!
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3

III6: m,s
�!
54
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m,w
�!
45

G3221

m
�!
45

G3211

s
�!
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3

III7: m,s
�!
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3221

w
�!
45

G3221

m
�!
45

G3211

s
�!
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3

III8: m
�!
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m
�!
45

G3221

m
�!
45

G3211

s
�!
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3

III9: m,s
�!
54
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�!
45

G421

m
�!
45

G3211

s
�!
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3
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�!
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G422
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�!
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G421

m
�!
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G3211

s
�!
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3

SO(10)
defect
�!
Higgs

G4

defect
�!
Higgs

G3

defect
�!
Higgs

G2

defect
�!
Higgs

G1

defect
�!
Higgs

GSM

Observable
strings?

IV1: m,s
�!
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422

m
�!
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GC
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w
�!
45

G3221

m
�!
45

G3211

s
�!
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3

IV2: m,s
�!
54
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w
�!
210
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m
�!
45

G3221

m
�!
45

G3211

s
�!
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3

IV3: m,s
�!
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w
�!
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m
�!
45

G421

m
�!
45

G3211

s
�!
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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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in final SSB  no 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 (i.e. proton decay rate) in terms  

intermediate breaking scales (due to unification).
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Proton decay and GWs as complementary windows
• Assume minimal survival hypothesis

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

intermediate breaking scales (see backup details)

Parametrises 
PD/GUT scale

Parametrises 
GW scale
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Breaking chains allowed by Super-K: 
I1, I4, II1, 3, 4, 5, 7, 8
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Proton decay and GWs as complementary windows
• Assume minimal survival hypothesis

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

intermediate breaking scales (see backup details)

Breaking chains allowed by Super-K: 
IV2 & IV3
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Regions due to more free parameters
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Proton decay and GWs as complementary windows

• RGE provide information on GUT but also intermediate scale 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  we can determine when cosmic string formed  string tension

⟹
M1 ⟹

µ ⇡ 2⇡v2
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v = |h�i|
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vev of Higgs that 
breaks U(1) gauge  

symmetry

 of U(1) that  
get broken

α

M2
1 = M2

Z0 = 4⇡↵v2
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=) Gµ =
M2

1

2↵M2
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RGE correlates  with  
and therefore  

can be correlated with 

M1 MX
Gμ
τ(p → e+π0)
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Proton decay and GWs as complementary windows
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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
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If HyperK does not observe PD, 
9 chains excluded

8 survivors! If we observe GW 
signal from cosmic string larger 
upper bounds (see table) we  
can 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 

• Proton decay is a smoking gun of GUTs and the next generation of neutrino oscillation experiments 
will probe the ultrahigh GUT scale determination of the proton lifetime.

• Topological defects are prodigiously produced during GUT symmetry breaking. The undesirable 
kind are monopoles and domain walls which, if existent, must have been inflated away. As defects 
cosmic strings are “well behaved” and can generate GW. 

• The presence/absence  and nature is determined by the inflationary scale.

• Non-observation is useful and can exclude many GUT breaking chains. Naturally observation would 
be more exciting in which case correlation between terrestrial and cosmological observables is  
key.
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Matter-antimatter asymmetry

⌘ =
nB

n�
⇠ 6⇥ 10�10
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Standard Model is an effective theory which contains non-renormalisable operators

L L

H H

Possible connection to neutrino masses
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Possible connection to neutrino masses
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After SSB a Majorana mass is produced for the active neutrinos

N ∆ Σ
Minkowski, Yanagida, Glashow, Gell-
Mann, Ramond, Slansky, 
Mohapatra, Senjanovic

Ma, Roy, Senjanovic, 
Hambye

Magg, Wetterich, Lazarides, Shafi. 
Mohapatra, Senjanovic, 
Schecter, Valle 

Weinberg, 1979
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⌃

<latexit sha1_base64="7Fx/AYisNUDZtKG3/LYfeNB/LOg="></latexit>

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.43.1566
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Possible connection to neutrino masses
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i
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◆
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<latexit sha1_base64="t6lMiZCfx0xLBiUPOALUe9LP+NQ="></latexit>

After SSB a Majorana mass is produced for the active neutrinos

N ∆ Σ
Minkowski, Yanagida, Glashow, Gell-
Mann, Ramond, Slansky, 
Mohapatra, Senjanovic

Ma, Roy, Senjanovic, 
Hambye

Magg, Wetterich, Lazarides, Shafi. 
Mohapatra, Senjanovic, 
Schecter, Valle 

Weinberg, 1979
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.43.1566
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Possible connection to neutrino masses

Image courtesy of Symmetry Magazine

L � �L↵Y↵iNiH̃ � 1

2
N

C
i MNiNi + h.c.

<latexit sha1_base64="7tMXUp5SaNr3mankiOYzQrXkGmY="></latexit>

After diagonalising the mass matrix m⌫ ⇡ mDmT
D

MN
=

Y 2v2

MN

<latexit sha1_base64="PzWaPB96ctWEh7bj+thCUlSF1nA="></latexit>

Departure from  thermal 
equilibrium 

C & CP-violation

Baryon number violation

Sakharov’s Conditions 

https://www.symmetrymagazine.org/article/neutrinos-on-a-seesaw
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N

Fukugita, Yanagida

N

Thermal leptogenesis 

https://lib-extopc.kek.jp/preprints/PDF/1986/8602/8602061.pdf
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N

T ~ M

N ! LH

<latexit sha1_base64="0flBAOMWwi+jxXO6+H7grydsH7k=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquKHoseulBpIL9gHYp2TTbhmaTJZlVaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JEcAOe9+3kVlbX1jfym4Wt7Z3doru33zAq1ZTVqRJKt0JimOCS1YGDYK1EMxKHgjXD4fXUbz4wbbiS9zBKWBCTvuQRpwSs1HWLtx3N+wMgWqtHfFPtuiWv7M2Al4mfkRLKUOu6X52eomnMJFBBjGn7XgLBmGjgVLBJoZMalhA6JH3WtlSSmJlgPDt8go+t0sOR0rYk4Jn6e2JMYmNGcWg7YwIDs+hNxf+8dgrRZTDmMkmBSTpfFKUCg8LTFHCPa0ZBjCwhVHN7K6YDogkFm1XBhuAvvrxMGqdl/6x8fndWqlxlceTRITpCJ8hHF6iCqqiG6oiiFD2jV/TmPDkvzrvzMW/NOdnMAfoD5/MHauiS8A==</latexit>

N ! LH

<latexit sha1_base64="OkiLdiZEz1nhWypOsO3CkXMALe0=">AAACA3icbVBLSwMxGMzWV62vVW96CRbBU9mVih6LXnoQqWAf0F1KNs22odlkSbJKWQpe/CtePCji1T/hzX9jtt2Dtg4Ehpn5knwTxIwq7TjfVmFpeWV1rbhe2tjc2t6xd/daSiQSkyYWTMhOgBRhlJOmppqRTiwJigJG2sHoKvPb90QqKvidHsfEj9CA05BipI3Usw9uPEkHQ42kFA/QEyabXZVeT+o9u+xUnCngInFzUgY5Gj37y+sLnESEa8yQUl3XibWfIqkpZmRS8hJFYoRHaEC6hnIUEeWn0x0m8NgofRgKaQ7XcKr+nkhRpNQ4CkwyQnqo5r1M/M/rJjq88FPK40QTjmcPhQmDWsCsENinkmDNxoYgLKn5K8RDJBHWpraSKcGdX3mRtE4rbrVydlst1y7zOorgEByBE+CCc1ADddAATYDBI3gGr+DNerJerHfrYxYtWPnMPvgD6/MHgw+YFg==</latexit>

lepton  
asymmetryN lepton  
asymmetry

39

Thermal leptogenesis 
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N

T ~ M

N ! LH

<latexit sha1_base64="0flBAOMWwi+jxXO6+H7grydsH7k=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquKHoseulBpIL9gHYp2TTbhmaTJZlVaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JEcAOe9+3kVlbX1jfym4Wt7Z3doru33zAq1ZTVqRJKt0JimOCS1YGDYK1EMxKHgjXD4fXUbz4wbbiS9zBKWBCTvuQRpwSs1HWLtx3N+wMgWqtHfFPtuiWv7M2Al4mfkRLKUOu6X52eomnMJFBBjGn7XgLBmGjgVLBJoZMalhA6JH3WtlSSmJlgPDt8go+t0sOR0rYk4Jn6e2JMYmNGcWg7YwIDs+hNxf+8dgrRZTDmMkmBSTpfFKUCg8LTFHCPa0ZBjCwhVHN7K6YDogkFm1XBhuAvvrxMGqdl/6x8fndWqlxlceTRITpCJ8hHF6iCqqiG6oiiFD2jV/TmPDkvzrvzMW/NOdnMAfoD5/MHauiS8A==</latexit>
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<latexit sha1_base64="OkiLdiZEz1nhWypOsO3CkXMALe0=">AAACA3icbVBLSwMxGMzWV62vVW96CRbBU9mVih6LXnoQqWAf0F1KNs22odlkSbJKWQpe/CtePCji1T/hzX9jtt2Dtg4Ehpn5knwTxIwq7TjfVmFpeWV1rbhe2tjc2t6xd/daSiQSkyYWTMhOgBRhlJOmppqRTiwJigJG2sHoKvPb90QqKvidHsfEj9CA05BipI3Usw9uPEkHQ42kFA/QEyabXZVeT+o9u+xUnCngInFzUgY5Gj37y+sLnESEa8yQUl3XibWfIqkpZmRS8hJFYoRHaEC6hnIUEeWn0x0m8NgofRgKaQ7XcKr+nkhRpNQ4CkwyQnqo5r1M/M/rJjq88FPK40QTjmcPhQmDWsCsENinkmDNxoYgLKn5K8RDJBHWpraSKcGdX3mRtE4rbrVydlst1y7zOorgEByBE+CCc1ADddAATYDBI3gGr+DNerJerHfrYxYtWPnMPvgD6/MHgw+YFg==</latexit>

lepton  
asymmetry

B-L conserving  
sphaleron  
processes baryon  

asymmetry

Thermal leptogenesis 
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<latexit sha1_base64="0flBAOMWwi+jxXO6+H7grydsH7k=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquKHoseulBpIL9gHYp2TTbhmaTJZlVaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JEcAOe9+3kVlbX1jfym4Wt7Z3doru33zAq1ZTVqRJKt0JimOCS1YGDYK1EMxKHgjXD4fXUbz4wbbiS9zBKWBCTvuQRpwSs1HWLtx3N+wMgWqtHfFPtuiWv7M2Al4mfkRLKUOu6X52eomnMJFBBjGn7XgLBmGjgVLBJoZMalhA6JH3WtlSSmJlgPDt8go+t0sOR0rYk4Jn6e2JMYmNGcWg7YwIDs+hNxf+8dgrRZTDmMkmBSTpfFKUCg8LTFHCPa0ZBjCwhVHN7K6YDogkFm1XBhuAvvrxMGqdl/6x8fndWqlxlceTRITpCJ8hHF6iCqqiG6oiiFD2jV/TmPDkvzrvzMW/NOdnMAfoD5/MHauiS8A==</latexit>
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<latexit sha1_base64="OkiLdiZEz1nhWypOsO3CkXMALe0=">AAACA3icbVBLSwMxGMzWV62vVW96CRbBU9mVih6LXnoQqWAf0F1KNs22odlkSbJKWQpe/CtePCji1T/hzX9jtt2Dtg4Ehpn5knwTxIwq7TjfVmFpeWV1rbhe2tjc2t6xd/daSiQSkyYWTMhOgBRhlJOmppqRTiwJigJG2sHoKvPb90QqKvidHsfEj9CA05BipI3Usw9uPEkHQ42kFA/QEyabXZVeT+o9u+xUnCngInFzUgY5Gj37y+sLnESEa8yQUl3XibWfIqkpZmRS8hJFYoRHaEC6hnIUEeWn0x0m8NgofRgKaQ7XcKr+nkhRpNQ4CkwyQnqo5r1M/M/rJjq88FPK40QTjmcPhQmDWsCsENinkmDNxoYgLKn5K8RDJBHWpraSKcGdX3mRtE4rbrVydlst1y7zOorgEByBE+CCc1ADddAATYDBI3gGr+DNerJerHfrYxYtWPnMPvgD6/MHgw+YFg==</latexit>

lepton  
asymmetry

B-L conserving  
sphaleron  
processes baryon  

asymmetry

Decay asymmetry from interference between tree  
and  loop level diagrams  
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H

L

Ni

H

L

H

L

Ni

L

H

L

H
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Covi, Roulet, Vissani

✏i =
�i � �i

�i + �i
<latexit sha1_base64="yJFk9BUEuFKo4+dHUb9kdcv1iYk=">AAACOnicbVDNS8MwHE39nPOr6tFLcAiCONop6EUYetDjBu4D1jLSLN3CkrYkqTBK/y4v/hXePHjxoIhX/wDTrfix7UHg8d7vJfk9L2JUKst6NhYWl5ZXVgtrxfWNza1tc2e3KcNYYNLAIQtF20OSMBqQhqKKkXYkCOIeIy1veJ35rXsiJA2DOzWKiMtRP6A+xUhpqWvWHRJJyjRNaHrp+ALhxLlBnKMuhSdOqLPZ1T9aCtNf/3iOn3bNklW2xoCzxM5JCeSodc0npxfimJNAYYak7NhWpNwECUUxI2nRiSWJEB6iPuloGiBOpJuMV0/hoVZ60A+FPoGCY/VvIkFcyhH39CRHaiCnvUyc53Vi5V+4CQ2iWJEATx7yYwZVCLMeYY8KghUbaYKwoPqvEA+Qrk/ptou6BHt65VnSrJTt03KlflaqXuV1FMA+OABHwAbnoApuQQ00AAYP4AW8gXfj0Xg1PozPyeiCkWf2wD8YX9/+qK9Y</latexit>

Thermal leptogenesis 

https://arxiv.org/pdf/hep-ph/9605319.pdf
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Q
inverse Decays ΔL=2 ΔL=1

Parameters of 
theory

Boltzmann 
Equations

Y⌫
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<latexit sha1_base64="9URGgYgDjncd2qzcUB66lrdHjk0="></latexit>

source sink

⌘B
<latexit sha1_base64="DW5/tEzLdEphA6uQL4K5ZM/xw2A=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMdSLx4r2FpoQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY38z8hyeujYjVPU4S7kd0qEQoGEUrtXscab/RL1fcqjsHWSVeTiqQo9kvf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7tlJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmr5OB0JyhnFhCmRb2VsJGVFOGNqCSDcFbfnmVtGtV76Jau7us1Bt5HEU4gVM4Bw+uoA630IQWMHiEZ3iFNyd2Xpx352PRWnDymWP4A+fzB0ukjvE=</latexit>

Washout and scattering processes 

Thermal leptogenesis 
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Astrophysical BHs require M > 3M�

<latexit sha1_base64="mZF3obv2+gAJUPCOBOAFa/psMIw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexqRU9S9OKlUMF+wHYp2Wy2Dc0mSzIrlNKf4cWDIl79Nd78N6btHrT6YODx3gwz88JUcAOu++UUVlbX1jeKm6Wt7Z3dvfL+QduoTFPWokoo3Q2JYYJL1gIOgnVTzUgSCtYJR7czv/PItOFKPsA4ZUFCBpLHnBKwkt+4xueNfk9FCvrlilt158B/iZeTCsrR7Jc/e5GiWcIkUEGM8T03hWBCNHAq2LTUywxLCR2RAfMtlSRhJpjMT57iE6tEOFbalgQ8V39OTEhizDgJbWdCYGiWvZn4n+dnEF8FEy7TDJiki0VxJjAoPPsfR1wzCmJsCaGa21sxHRJNKNiUSjYEb/nlv6R9VvVq1Yv7WqV+k8dRREfoGJ0iD12iOrpDTdRCFCn0hF7QqwPOs/PmvC9aC04+c4h+wfn4Biw+kIw=</latexit>

For smaller BH mass require large perturbations in the early 
Universe : bubble collision, collapse of density 
perturbations…

Carr et al (0912.5297)

Hawking, 1975PBHs evaporate by emitting thermal spectrum of particles

PBHs are totally indiscriminate in their particle production: just need TBH to be close 
to particle mass

Work in collaboration with Yuber Perez Gonzalez:  2010.03565

Primordial Black holes induced leptogenesis 

TBH =
1

8⇡GM
⇡ 1.06

✓
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M

◆
GeV .

<latexit sha1_base64="IEmWZvMwHbSpXAMGpyqRCMww77o="></latexit>

43

dM

dt
= �

X

a

ga
2⇡2

Z 1

0

�sa
abs

(GMp) p3 dp

exp[Ea(p)/TBH]� (�1)2sa

<latexit sha1_base64="g+SL1GQYcDhpeeDcgI5gHTPwiqs="></latexit>

https://www.brainmaster.com/software/pubs/physics/Hawking%20Particle%20Creation.pdf
https://arxiv.org/pdf/2010.03565.pdf


Institute of Particle Physics Phenomenology

PBH are formed PBH evaporate

RH neutrinos matter anti-matter 
asymmetry

assume PBH domination
zBH =

MN

TBH

<latexit sha1_base64="ID3YPd1Auw/BHJz7hYZmCCHmrig=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVRKp6EYoddONUqEvaEqYTCft0JkkzEyEGrJ246+4caGIW7/AnX/jtA2irQcuHM65l3vv8SJGpbKsLyO3tLyyupZfL2xsbm3vmLt7LRnGApMmDlkoOh6ShNGANBVVjHQiQRD3GGl7o6uJ374jQtIwaKhxRHocDQLqU4yUllzz8N5NHMFhtZZeOr5AOLl2b9Kk8aOmrlm0StYUcJHYGSmCDHXX/HT6IY45CRRmSMqubUWqlyChKGYkLTixJBHCIzQgXU0DxInsJdNXUnislT70Q6ErUHCq/p5IEJdyzD3dyZEaynlvIv7ndWPlX/QSGkSxIgGeLfJjBlUIJ7nAPhUEKzbWBGFB9a0QD5EOROn0CjoEe/7lRdI6Ldnl0tltuVipZnHkwQE4AifABuegAmqgDpoAgwfwBF7Aq/FoPBtvxvusNWdkM/vgD4yPb94jmmI=</latexit>

Primordial Black holes induced leptogenesis 

Morrison et al, 1812.10606
Fujita et al, 1401.1909
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aH
dn

B�L

↵�

da
= ✏

(1)

↵�

h�
nN1 � n

eq

N1

�
�T
N1

+ nBH
e�BH

N1

i
�W↵�
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D. PBH evaporation occurs way after thermal leptogenesis era
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Chose Yukawa matrix for maximal baryon asymmetry
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GW spectrum produced directly  
from PBHs very high frequency.

1011 1012 1013 1014 1015 1016 1017

f (Hz)

10°13

10°12

10°11

10°10

10°9

10°8

≠
G

W
h

2

MPBH = 1 g

MPBH = 4 g

MPBH = 10 g

MPBH = 102 g

MPBH = 103 g

MPBH = 104 g

Smaller PBH evaporate earlier

and experience more redshift

We could potentially observe 
GWs from curvature perturbations: PBH’s 

 GW detectable by LIGO & 
DECIGO (Papanikolaou et al, 2010.11573, 
Domenech et al 2012.08151)

≈ 10 − 1000 kg
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Interesting proposal to detect GHz 
GWs via microwave cavity 
Berlin et al (2112.11465)

https://arxiv.org/abs/2010.11573
https://arxiv.org/pdf/2012.08151.pdf
https://arxiv.org/pdf/2112.11465.pdf
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• Leptogenesis is one of the leading explanations of the matter anti-matter asymmetry. 
Added bonus is that light neutrino masses are also explained.

• It is entirely feasible the Universe underwent some non-standard cosmology such as 
PBH domination

• Due to the democratic nature of PBH, all particle degrees of freedoms are produced if 
the PBH is sufficiently hot.

• Non-trivial interplay between leptogenesis era and PBH evaporation. PBHs heavier than 
 dilute baryon asymmetry of intermediate-scale leptogenesis.𝒪(1) kg

• While thermal leptogenesis is a very scale mechanism and therefore difficult to test, 
future probes of GWs could falsify the certain regimes of leptogenesis.
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Intersection of M2 and Mx  reduces II2 to I2
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G3211 ! GSM

U(1)R ⇥ U(1)X ! U(1)Y
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MN = 1011 GeV
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Dilution effect present as long as there is PBH domination
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Code  can be  
found at ULYSSES  
and plugin is etabPBH_vf.py
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