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• GUTs unify leptons and quarks into common multiplets  B & L not conserved⟹
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JUNO,  data taking end this year

20 kiloton   protons∼ 7 × 1033

Hyper-Kamiokande 
2027 expected data taking

188 kiloton   protons∼ 7 × 1034

DUNE 
2030(ish) expected data taking

40 kiloton   protons∼ 1034

Reason 1: Proton Decay from GUTs
See talk by  

Jason Evans & 
Akira Takenaka 



Jessica Turner Institute for Particle Physics Phenomenology 6Figure 2: Theoretical predictions of proton lifetime for representative GUT models are presented
(for the underlying assumptions, see text). (c here represents the coefficient of a Planck suppressed
dimension-5 operator, for details, see Ref. [107].) Current Super-K data rule out the gray shaded
regions. Future projections/sensitives from JUNO, DUNE, THEIA, and Hyper-K are also specified in
the diagram (see Section 3 for details).

ciated with numerous phenomenological inputs in the calculation of the proton lifetime are analyzed.
For example, in constraint MSSM (cMSSM) case, assuming sparticle masses . O(10) TeV, the proton
lifetime is found to be ⌧p(p ! ⌫K+) . (2 � 6) ⇥ 1034 yrs which can be tested in the near future.

We emphasize that unusual decay modes, such as p ! µ+⇡0 and p ! µ+K0, can also be within
the reach of the future experiments even in the minimal SUSY SU(5), if there exists flavor violation in
sfermion mass matrices [113]. These decay modes can also be enhanced in flipped SU(5) GUTs with
R symmetry, as recently discussed in Refs. [126, 127].

• SO(10) GUTs: GUTs based on SO(10) gauge symmetry [18, 19] are especially attractive since
all SM fermions of each family are unified into a single irreducible 16-dimensional representation.
Additionally, 16 contains a right-handed neutrino which naturally leads to non-zero neutrino mass via
a type-I seesaw mechanism. Furthermore, SO(10) is free of gauge anomalies, whereas, in contrast, in
SU(5), the gauge anomaly due to the 5R cancels the anomaly due to the 10L of fermions (separately
for each generation). The unification of all fermions of each generation into a single multiplet suggests
that SO(10) may serve as a fertile ground for addressing the flavor puzzle. In fact, it turns out that
SO(10) GUTs are very predictive and have only a limited number of parameters to fit charged fermion
as well as neutrino masses and mixings, which have been extensively analyzed in the literature [128–
149]. As shown in Ref. [144], the most economical Yukawa sector with only SO(10) gauge symmetry
consists of a real 10H, a real 120H, and a complex 126H Higgs fields. Another widely studied
class of models [128], with minimal Yukawa sector, utilizes a complex 10H and a complex 126H

– 9 –

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

https://arxiv.org/pdf/2203.08771.pdf
https://arxiv.org/pdf/2203.08771.pdf
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Searches for Baryon Number Violation in Neutrino 
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Will be most sensitive to

p → e+π0

https://arxiv.org/pdf/2203.08771.pdf
https://arxiv.org/pdf/2203.08771.pdf
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Ground Based Interferometers
1904.03187

Pulsar Timing Arrays
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Space Based Interferometers
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Gravitational waves from GUTs

June 2023 
NANOGrav 15 year dataset,  European Pulsar Timing Array

Parkes Pulsar Timing Array, Chinese Pulsar Timing Array

has evidence of gravitational wave in nanoHertz regime

Some experimental 
developments 

based here!

https://arxiv.org/pdf/1904.03187.pdf
https://arxiv.org/pdf/2109.07442.pdf
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During SSB from  topological defects may form. GGUT → ⋯ → GSM

⇡0(G/H) 6= 0
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Domain wall Cosmic strings

Monopoles

GUTs prediction: topological defects

Two-sphereNon-contractible loopDisconnected

cambridge cosmic 
structures

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

GUTs prediction: topological defects

http://www.ctc.cam.ac.uk/outreach/origins/cosmic_structures_two.php
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⇡0(G/H) 6= 0
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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

GUTs prediction: 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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• String properties controlled by symmetry breaking scale, η

•  GeV cm and  gm/cm (string parameter)η = 1016 ⟹ δ = 10−30 μ = 1022

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

GUTs prediction: topological defects

• String intercommute, can swap partners and create loops

• Gravitational effect of GUT scale string 
<latexit sha1_base64="CBSjdaVe7/NWBo06rpjT86Vm50I="></latexit>
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• Emission of gravitational radiation by loops:                                                                 
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Pk =
dE(k)

dt
= ��(k)Gµ2

Vachaspati & 
Vilenkin 

https://doi.org/10.1103/PhysRevD.31.3052
https://doi.org/10.1103/PhysRevD.31.3052
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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

https://arxiv.org/abs/1912.08832
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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
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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

• GW power emitted by single loop oscillating at  f = 2k/l
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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

• GW power emitted by single loop oscillating at  f = 2k/l

• Number of loops that emit GW at frequency  todayf
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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

• GW power emitted by single loop oscillating at  f = 2k/l

• GW signal is superposition of GW emission from all oscillation modes, need to sum

   All modes for reliable result

• Number of loops that emit GW at frequency  todayf
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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

• GW power emitted by single loop oscillating at  f = 2k/l

• 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 

• Number of loops that emit GW at frequency  todayf
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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

https://arxiv.org/abs/1912.08832
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• 51 “breaking chains” of  to SM!SO(10)

G422 = SU(4)C ⇥ SU(2)L ⇥ SU(2)R

G3221 = SU(3)C ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L
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•  provides unification without SUSY and  can explain neutrino massesSO(10)

Jeannerot, 0308134

SO(10) phenomenological predictions
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2005.13549 King, Pascoli, JT, Zhou

G51 = SU(5)⇥ U(1)X

Gflip
51 = SU(5)flip ⇥ U(1)flip

G3221 = SU(3)C ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L

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

G421 = SU(4)C ⇥ SU(2)L ⇥ U(1)Y

G422 = SU(4)C ⇥ SU(2)L ⇥ SU(2)R .
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SO(10) phenomenological predictions
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Non-observation GW: Λcs ≲ 5 × 1014 GeV
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SO(10) phenomenological predictions
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Certain scale ordering excluded e.g
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SO(10) phenomenological predictions
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MX1
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MX2

•  main proton decay channel:  
at scale 
MX2

< MX1
⟹ p → e+π0

Λpd = MX2

1.  : PD + undiluted GW observed (ideal case) 

2.  : PD + diluted GW observed

3.  : PD  + no associated GW

Λpd > Λinf > Λcs
Λpd > Λinf ∼ Λcs
Λpd > Λcs > Λinf
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• Type (a): Λpd > Λcs

• Type (b):   Λpd ∼ Λcs

• Type (c):  Λpd > Λcs

• Type (d): no GWs

Observables
Proton decays

                 observed      non-SUSY contribution indicated

GWs

Observed • types (a) and (c) favoured 

• types (b) and (d) excluded

Marginal
• types (a) and (c) favoured 

• type (d) excluded 

• type (b) allowed if                 not observed and                    

p → π0e+1.6 × 1016

6.7 × 1015
1016

1010

1014

ΛinfΛpdΛcsΛ

5.7 × 1015

Λpd ∼ Λcsp → K+ν̄

⇒

(GeV)

Proton decay and GWs as complementary windows
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Observables
Proton decays
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GWs
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• type (b) allowed if                 not observed and                    

p → π0e+1.6 × 1016

6.7 × 1015
1016

1010

1014

ΛinfΛpdΛcsΛ

5.7 × 1015

Λpd ∼ Λcsp → K+ν̄

⇒

(GeV)

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

Proton decay and GWs as complementary windows
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• (d) cannot be tested with GWs since 

    unwanted defects formed in last SSB step


• Gauge unification not possible 

    in (a) & (b) without SUSY


• Study (c) in more detail in 2106.15634

     King, Pascoli, JT, Zhou

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

– 7 –

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: 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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Proton decay and GWs as complementary windows
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Proton decay and GWs as complementary windows

Monopole formation

Proton decay operators induced
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Proton decay and GWs as complementary windows

Monopole formation
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Proton decay and GWs as complementary windows
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Monopole formation

Proton decay operators induced

Monopole formation
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Proton decay and GWs as complementary windows
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Monopole formation

Proton decay operators induced

Monopole formation

Assumptions
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Proton decay and GWs as complementary windows
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Monopole formation

Proton decay operators induced

Monopole formation

Assumptions
• Inflation after monopole formation & before cosmic string formation  observable GW⟹



Jessica Turner Institute for Particle Physics Phenomenology 43

Proton decay and GWs as complementary windows
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• Inflation after monopole formation & before cosmic string formation  observable GW⟹

• Minimal particle content: SM, RH neutrinos and Higgs multiplet required for SSB
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Proton decay and GWs as complementary windows
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Monopole formation
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Monopole formation

Assumptions
• Inflation after monopole formation & before cosmic string formation  observable GW⟹

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

• For each, chain perform 2-loop RGE analysis to determine couplings & MX , M2 , M1



Jessica Turner Institute for Particle Physics Phenomenology 45

Proton Decay 
• From RGE,  and  determinedαX MX
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Proton Decay 
• From RGE,  and  determinedαX MX

<latexit sha1_base64="sovGd1Be59qDpysSDdTLYhIdG+8="></latexit>

�
�
p ! ⇡0e+

�
=

mp

32⇡

✓
1�

m2
⇡0

m2
p

◆
A2

L ⇥
h
ASL⇤

�2
1

⇣
1 + |Vud|2

⌘ ��⌦⇡0 |(ud)RuL| p
↵��2

+ASR

⇣
⇤�2
1 + |Vud|2 ⇤�2

2

⌘ ��⌦⇡0 |(ud)LuL| p
↵��2

i

Hadronic matrix element 
from lattice

1705.01338

https://arxiv.org/abs/1705.01338
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Proton Decay 
• From RGE,  and  determinedαX MX

Hadronic matrix element 
from lattice

1705.01338

Λ1 ≃ Λ2 =
gXMX

2
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Proton Decay 
• From RGE,  and  determinedαX MX

Hadronic matrix element 
from lattice

1705.01338

Λ1 ≃ Λ2 =
gXMX

2
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Long & short 
range effects  

from renormalisation 

https://arxiv.org/abs/1705.01338
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Gravitational Waves
• Cosmic string generated in final  symmetry breaking step at scale  

• Correlate vev of Higgs breaking  with string tension,  

• Assume ideal Nambu-Goto string  gravitational radiation primary emission

U(1) M1

U(1) μ

⟹

Vilenkin & Shellardµ ⇡ 2⇡v2

<latexit sha1_base64="inZMlDQf4qg63k4j08a2d7j0YMQ="></latexit>
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Gravitational Waves
• Cosmic string generated in final  symmetry breaking step at scale  

• Correlate vev of Higgs breaking  with string tension,  

• Assume ideal Nambu-Goto string  gravitational radiation primary emission

U(1) M1

U(1) μ

⟹

Vilenkin & Shellardµ ⇡ 2⇡v2
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Gravitational Waves
• Cosmic string generated in final  symmetry breaking step at scale  

• Correlate vev of Higgs breaking  with string tension,  

• Assume ideal Nambu-Goto string  gravitational radiation primary emission

U(1) M1

U(1) μ

⟹

Vilenkin & Shellardµ ⇡ 2⇡v2
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Determined from RGE

https://www.amazon.co.uk/Strings-Topological-Cambridge-Monographs-Mathematical/dp/0521654769
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Correlation of GW and PD signals
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Correlation of GW and PD signals
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• Two-loop RGE, 17 not excluded by Super-K 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 larger than 
upper bounds  exclude those breaking chains⟹

• If we observe PD   determined so is GW 
signal. Correlations between observables matter and 
need to be compared  on case by case basis.

⟹ M1

Testable by LIGO, 
DECIGO, AEDGE, 

C, ET, MAGIS..

Correlation of GW and PD signals
• non-SUSY  Pati Salam type provide unification: 31 breaking chainsSO(10)
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• 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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Study specific breaking chain 2209.00021

with Fu, King, Marsili, Pascoli, JT & Zhou

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

Correlation of GW and PD signals

https://arxiv.org/pdf/2209.00021.pdf
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• Treatment has been model-independent

SO(10) Model confronting data
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• Comprehensive study of chain III4:  Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

• Treatment has been model-independent

SO(10) Model confronting data

https://arxiv.org/pdf/2209.00021.pdf
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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)
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• Comprehensive study of chain III4:  Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021
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• Treatment has been model-independent

SO(10) Model confronting data

https://arxiv.org/pdf/2209.00021.pdf
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 Breaking 
cosmic string & seesaw

U(1)B−L
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• Model of Altarelli & Blankenburg

Y ⇤
10 16 · 16 · 10+ Y ⇤

126 16 · 16 · 126+ Y ⇤
120 16 · 16 · 120+ h.c. ,
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• Above GUT scale, Yukawa sector

SO(10) Model confronting data

https://arxiv.org/pdf/1012.2697.pdf
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• Model of Altarelli & Blankenburg
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• Above GUT scale, Yukawa sector

SO(10) Model confronting data

• After breaking to SM:

YuQ̄h̃SMuR + YdQ̄hSMdR + Y⌫L̄h̃SM⌫R + YeL̄hSMeR + h.c.

<latexit sha1_base64="yiEvNB8tKX/JN7uX9aPoGD+iBY8="></latexit>

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


Jessica Turner Institute for Particle Physics Phenomenology 63

• Model of Altarelli & Blankenburg

Y ⇤
10 16 · 16 · 10+ Y ⇤

126 16 · 16 · 126+ Y ⇤
120 16 · 16 · 120+ h.c. ,

<latexit sha1_base64="1xB4JbeAt8deansAovTbXYRpi28="></latexit>
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Generates RHN mass

• Majorana mass term for right-handed neutrino:

M⌫R = Y126 vS
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M⌫ =
Y⌫Y T

⌫ v2SM
M⌫R
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Seesaw Mechanism

• Coupling to leptonic and Higgs doublet  predicted  leptogenesis prediction Yν ⟹

https://arxiv.org/pdf/1012.2697.pdf
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• Above GUT scale, Yukawa sector

SO(10) Model confronting data

• After breaking to SM:
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<latexit sha1_base64="yiEvNB8tKX/JN7uX9aPoGD+iBY8="></latexit>

Yu = Y10V
⇤
11 +

1p
3
Y126V

⇤
12 + Y120

✓
V ⇤
13 +

1p
3
V ⇤
14

◆

<latexit sha1_base64="9irqrAkDQ+vFTB5V6mNEHzc36VM="></latexit>

SM up Yukawa

https://arxiv.org/pdf/1012.2697.pdf
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• Above GUT scale, Yukawa sector

SO(10) Model confronting data

• After breaking to SM:
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SM up Yukawa

GUT Yukawa Parameter

https://arxiv.org/pdf/1012.2697.pdf
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• Above GUT scale, Yukawa sector

SO(10) Model confronting data

• After breaking to SM:
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SM up Yukawa

GUT Yukawa Parameter

Mixing between Higgs doublets

https://arxiv.org/pdf/1012.2697.pdf
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• After breaking to SM:
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SM up Yukawa

GUT Yukawa Parameter

Mixing between Higgs doublets ĥi =
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• Model of Altarelli & Blankenburg

SO(10) Model confronting data

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


Jessica Turner Institute for Particle Physics Phenomenology 68

Yu = Y10V
⇤
11 +

1p
3
Y126V

⇤
12 + Y120

✓
V ⇤
13 +

1p
3
V ⇤
14

◆

Yd = Y10V15 +
1p
3
Y126V16 + Y120

✓
V17 +

1p
3
V18

◆

Y⌫ = Y10V
⇤
11 �

p
3Y126V

⇤
12 + Y120

⇣
V ⇤
13 �

p
3V ⇤

14

⌘

Ye = Y10V15 �
p
3Y126V16 + Y120

⇣
V17 �

p
3V18

⌘
.

<latexit sha1_base64="3Svq4fwAO+PcERRKWjsJtov14L0="></latexit>

SO(10) Model confronting data

• Reduce free parameters by considering hermitian Yukawa matrices

•  and  can be expressed as functions of  and  Ye Yν Yu Yd
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• Input: quark masses & mixing, charged lepton Yukawa matrix

• Theory Model parameters: 𝒫m ∈ {a1, a2, cν, m0, ηqu,c,t,d,s,b}
• Output: predictions for 𝒪m ∈ {θ12, θ23, θ12, δ, α21, α31, Δm2

21, Δm2
31}

SO(10) Model confronting data

• BP1:  consistent with all flavour data,   ( )  


• BP1:  testable by HK.

• BP1: 

ηB ∼ ηBcmb χ2 < 10
MX = 5.6 × 1015 GeV ⟹ τ(p → π0e+)
M1 = 2 × 1013 GeV



Jessica Turner Institute for Particle Physics Phenomenology 70

• Theory Model parameters: 𝒫m ∈ {a1, a2, cν, m0, ηqu,c,t,d,s,b}
• Output: predictions for 𝒪m ∈ {θ12, θ23, θ12, δ, α21, α31, Δm2

21, Δm2
31}

SO(10) Model confronting data

• BP1:  consistent with all flavour data,   ( )  


• BP1:  testable by HK.

• BP1: 

ηB ∼ ηBcmb χ2 < 10
MX = 5.6 × 1015 GeV ⟹ τ(p → π0e+)
M1 = 2 × 1013 GeV
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• Input: quark masses & mixing, charged lepton Yukawa matrix
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SO(10) Model confronting data
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SO(10) Model confronting data
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SO(10) Model confronting data
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This work came 
out before the most 

recent PTA data

Stable strings do not  
fit signal PTA signal, 

Bowen Fu will discuss our more  
recent work on this
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• GUTs generically predict nucleon decay and the formation of topological defects.  Interplay of these 
observables is a 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 non-SUSY & SUSY SO(10) breaking chains which  can be tested by Hyper-K, GW 
detectors and .  


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

0νββ

“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.”



Thank you for listening 
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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 ,
1

↵Hi(MI)
� C2(Hi)
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.
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Matching condition

Bertolini, di Luzio, Malinsky

https://doi.org/10.1103/PhysRevD.80.015013
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Breaking chains with one intermediate scale has fixed prediction from unification 
I1: SO(10) ⟶ G3221 ⟶ GSM

M1

<latexit sha1_base64="195pKhgTKoRWc04t7D8m/5vhTiA="></latexit>

MX
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• For each chain perform two-loop RGE analysis to determine GUT scale,  and 
intermediate scales  PD rate and GW signal


MX
⟹

Mass of GB from SSB  
Λpd
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Breaking chains with one intermediate scale has fixed prediction from unification 
I1: SO(10) ⟶ G3221 ⟶ GSM

M1

<latexit sha1_base64="195pKhgTKoRWc04t7D8m/5vhTiA="></latexit>

MX
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• For each chain perform two-loop RGE analysis to determine GUT scale,  and 
intermediate scales  PD rate and GW signal


MX
⟹

Mass of GB from  SSB  
parametrises 

U(1)
Λcs
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Breaking chains with one intermediate scale has fixed prediction from unification 
I1: SO(10) ⟶ G3221 ⟶ GSM

M1
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MX
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• For each chain perform two-loop RGE analysis to determine GUT scale,  and 
intermediate scales  PD rate and GW signal


MX
⟹

Chains MX [GeV] M1[GeV]
I1 5.660⇥ 1015 1.617⇥ 1010

I2 1.410⇥ 1015 8.630⇥ 1010

I3 2.902⇥ 1014 1.634⇥ 1011

I4 3.500⇥ 1016 4.368⇥ 109

I5 2.722⇥ 1014 1.143⇥ 1013

I6 excluded
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Jessica Turner Institute for Particle Physics Phenomenology 80

Breaking chains with two intermediate scales can have a range of scales 
II1 : SO(10) ⟶ G422 ⟶ G3221 ⟶ GSM
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• For each chain perform two-loop RGE analysis to determine GUT scale,  and 
intermediate scales  PD rate and GW signal
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Breaking chains with two intermediate scales can have a range of scales 
II1 : SO(10) ⟶ G422 ⟶ G3221 ⟶ GSM

• For each chain perform two-loop RGE analysis to determine GUT scale,  and 
intermediate scales  PD rate and GW signal
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• From  (GB mass associated to GUT SSB) we can determine proton 
decay rate
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• Cosmic string generated in final  symmetry breaking step at scale  

• Correlate vev of Higgs breaking  with string tension,  

• Assume ideal Nambu-Goto string  gravitational radiation primary emission
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Proton Lifetime 

Anomalous dimension

One-loop 
Beta coefficient
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Gravitational Wave Calculation 
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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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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 

Yu = h+ r2f + ir3h0, Yd = r1 (h+ f + ih0) , Y⌫ = h� 3r2f + ic⌫h0

Ye = r1 (h� 3f + iceh0) , M⌫R = f
p
3r1
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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

SO(10) Higgs reps for SSB

Matter field decomposition

SO(10) Higgs reps for fermion mass generation
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BP1

M1 = 2⇥ 1013 GeV , M2 = 5⇥ 1013 GeV , (1)

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

M3 = 7.55⇥ 1013 GeV , MX = 5.68⇥ 1015 GeV , ↵X = 0.0279 . (2)
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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
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Thermal leptogenesis 

https://arxiv.org/pdf/hep-ph/9605319.pdf


Jessica Turner Institute for Particle Physics Phenomenology 95

L

H

N

L

H

N

L

H†

N

L

H

t

Qinverse Decays ΔL=2 ΔL=1

Parameters of 
theory

Boltzmann 
Equations

dnNi

dz
=�Di(nNi

� neq
Ni

),

dnB�L

dz
=

3X

i=1

⇣
✏(i)Di(nNi

� neq
Ni

)�WinB�L

⌘
.

<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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SO(10) with leptogenesis

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)
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• Comprehensive study of chain III4:  Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

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

Proton Decay

https://arxiv.org/pdf/2209.00021.pdf
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SO(10) with leptogenesis
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Proton Decay

 Breaking 
cosmic string & seesaw
U(1)B−L

• Comprehensive study of chain III4:  Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

https://arxiv.org/pdf/2209.00021.pdf
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SO(10) with leptogenesis
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Proton Decay

 Breaking 
cosmic string & seesaw
U(1)B−L

• Comprehensive study of chain III4:  Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

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
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SO(10) with leptogenesis
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Proton Decay

 Breaking 
cosmic string & seesaw
U(1)B−L

• Comprehensive study of chain III4:  Fu, King, Marsili, Pascoli, JT, Zhou 2209.00021

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
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Added to generate SM fermion  
masses and mixing

https://arxiv.org/pdf/2209.00021.pdf
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SO(10) with leptogenesis
• Model based on work on work by Altarelli & Blankenburg

Y ⇤
10 16 · 16 · 10+ Y ⇤

126 16 · 16 · 126+ Y ⇤
120 16 · 16 · 120+ h.c. ,
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• Above GUT scale, Yukawa sector

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

• After breaking to SM:

YuQ̄h̃SMuR + YdQ̄hSMdR + Y⌫L̄h̃SM⌫R + YeL̄hSMeR + h.c.
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• Model based on work on work by Altarelli & Blankenburg

Y ⇤
10 16 · 16 · 10+ Y ⇤

126 16 · 16 · 126+ Y ⇤
120 16 · 16 · 120+ h.c. ,

<latexit sha1_base64="1xB4JbeAt8deansAovTbXYRpi28="></latexit>

• Above GUT scale, Yukawa sector

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

• After breaking to SM:

YuQ̄h̃SMuR + YdQ̄hSMdR + Y⌫L̄h̃SM⌫R + YeL̄hSMeR + h.c.
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• Model based on work on work by Altarelli & Blankenburg

Y ⇤
10 16 · 16 · 10+ Y ⇤

126 16 · 16 · 126+ Y ⇤
120 16 · 16 · 120+ h.c. ,
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• Above GUT scale, Yukawa sector

Yu = Y10V
⇤
11 +

1p
3
Y126V

⇤
12 + Y120

✓
V ⇤
13 +

1p
3
V ⇤
14

◆
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SM up Yukawa

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

• After breaking to SM:

YuQ̄h̃SMuR + YdQ̄hSMdR + Y⌫L̄h̃SM⌫R + YeL̄hSMeR + h.c.
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• Model based on work on work by Altarelli & Blankenburg

Y ⇤
10 16 · 16 · 10+ Y ⇤

126 16 · 16 · 126+ Y ⇤
120 16 · 16 · 120+ h.c. ,
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• Above GUT scale, Yukawa sector

Yu = Y10V
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1p
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Y126V
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12 + Y120
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V ⇤
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SM up Yukawa

GUT Yukawa Parameter

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

• After breaking to SM:

YuQ̄h̃SMuR + YdQ̄hSMdR + Y⌫L̄h̃SM⌫R + YeL̄hSMeR + h.c.
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• Model based on work on work by Altarelli & Blankenburg

Y ⇤
10 16 · 16 · 10+ Y ⇤

126 16 · 16 · 126+ Y ⇤
120 16 · 16 · 120+ h.c. ,
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• Above GUT scale, Yukawa sector

Yu = Y10V
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Y126V
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12 + Y120
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V ⇤
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V ⇤
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SM up Yukawa

GUT Yukawa Parameter

Mixing between Higgs doublets ĥi =
X

j

Vijhj hSM ⌘ ĥ1
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https://arxiv.org/pdf/1012.2697.pdf
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SO(10) with leptogenesis

• After breaking to SM:

YuQ̄h̃SMuR + YdQ̄hSMdR + Y⌫L̄h̃SM⌫R + YeL̄hSMeR + h.c.
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• Model based on work on work by Altarelli & Blankenburg

Y ⇤
10 16 · 16 · 10+ Y ⇤

126 16 · 16 · 126+ Y ⇤
120 16 · 16 · 120+ h.c. ,
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• Above GUT scale, Yukawa sector

• Majorana mass term for right-handed neutrino:

M⌫R = Y126 vS

<latexit sha1_base64="ur4xzbrmLAXJVGlHjtqZw9reav8="></latexit>

M⌫ =
Y⌫Y T

⌫ v2SM
M⌫R
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Type-I seesaw

Generates RHN mass

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

• After breaking to SM:

YuQ̄h̃SMuR + YdQ̄hSMdR + Y⌫L̄h̃SM⌫R + YeL̄hSMeR + h.c.
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• Model based on work on work by Altarelli & Blankenburg

Y ⇤
10 16 · 16 · 10+ Y ⇤

126 16 · 16 · 126+ Y ⇤
120 16 · 16 · 120+ h.c. ,
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• Above GUT scale, Yukawa sector

• Majorana mass term for right-handed neutrino:

M⌫R = Y126 vS
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M⌫ =
Y⌫Y T

⌫ v2SM
M⌫R
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Type-I seesaw

Y126 . O(1)
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Generates RHN mass

https://arxiv.org/pdf/1012.2697.pdf
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Yu = h+ r2f + ir3h0, Yd = r1 (h+ f + ih0) , Y⌫ = h� 3r2f + ic⌫h0

Ye = r1 (h� 3f + iceh0) , M⌫R = f
p
3r1
V16

vS
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SO(10) with leptogenesis

• After breaking to SM:

• Model based on work on work by Altarelli & Blankenburg

Y ⇤
10 16 · 16 · 10+ Y ⇤

126 16 · 16 · 126+ Y ⇤
120 16 · 16 · 120+ h.c. ,

<latexit sha1_base64="1xB4JbeAt8deansAovTbXYRpi28="></latexit>

• Above GUT scale, Yukawa sector

YuQ̄h̃SMuR + YdQ̄hSMdR + Y⌫L̄h̃SM⌫R + YeL̄hSMeR + h.c.

<latexit sha1_base64="yiEvNB8tKX/JN7uX9aPoGD+iBY8="></latexit>

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

https://arxiv.org/pdf/1012.2697.pdf
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Ye = r1 (h� 3f + iceh0) , M⌫R = f
p
3r1
V16

vS
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SO(10) with leptogenesis

• After breaking to SM:

• Model based on work on work by Altarelli & Blankenburg

Y ⇤
10 16 · 16 · 10+ Y ⇤

126 16 · 16 · 126+ Y ⇤
120 16 · 16 · 120+ h.c. ,
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• Above GUT scale, Yukawa sector

YuQ̄h̃SMuR + YdQ̄hSMdR + Y⌫L̄h̃SM⌫R + YeL̄hSMeR + h.c.

<latexit sha1_base64="yiEvNB8tKX/JN7uX9aPoGD+iBY8="></latexit>

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

Data

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

• After breaking to SM:

• Model based on work on work by Altarelli & Blankenburg

Y ⇤
10 16 · 16 · 10+ Y ⇤

126 16 · 16 · 126+ Y ⇤
120 16 · 16 · 120+ h.c. ,
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• Above GUT scale, Yukawa sector

YuQ̄h̃SMuR + YdQ̄hSMdR + Y⌫L̄h̃SM⌫R + YeL̄hSMeR + h.c.

<latexit sha1_base64="yiEvNB8tKX/JN7uX9aPoGD+iBY8="></latexit>

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

Data Model

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

• Quark mass, CKM parameter, charged lepton masses treated as input

• Neutrino sector is predicted (hence also RHN spectrum)

𝒪n ∈ {θ12, θ13, θ23, δ, α21, α31, Δm2
21, Δm2

31}

• Assume  hermitian reduces model parametersYu , Yd , Ye, Yν Altarelli et al 1012.2697

• Assume  purely realYu

• Perform  analysis, current grid based analysisχ2

𝒫m ∈ {a1, a2, ce, m1, η}

111
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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)⟹

112
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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)⟹

• BP1 consistent with measured fermionic data,   & testable by HyperKηB ∼ ηBcmb

113
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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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• BP1 consistent with measured fermionic data,   & testable by HyperKηB ∼ ηBcmb
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PD:  GeVM1 < 3.3 × 1013


