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o Unification of all three SM (3-2-1) forces at high energies

o Charge quantization

o Proton decay: 

𝝅𝟎𝑢
𝑢

𝑑 𝒆𝒄
𝒑

X: New SU5 Gauge Boson
𝑢
𝑢𝑐𝑋

Current Bound Super-K: 𝜏𝑝 ≳ 1.6 × 1034 years

Future   Reach Hyper-K :𝜏𝑝 ≲ 1.3 × 1035 years
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 Predictions of Grand Unified Theories:

 Model:
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Model:

• For xH = −
4

5
, representation of SM particle unify under 𝑆𝑈 5 : 
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 𝑼 𝟏 𝑿 Symmetry: 

• Generalization of 𝐔 𝟏 𝐁−𝐋:
S. Oda, N. Okada and D. S. 
Takahashi,  Phys. Rev. D 
92, no.1, 015026 (2015) 

𝑥𝐻 is a free parameter  

 𝑼 𝟏 𝑷𝑸 Symmetry: 

• Includes Majorana Neutrinos for anomaly cancellation

• Resolution of the Strong CP problem

• Provides Axion as a dark matter candidate  
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N. Okada, S. Okada and D. Raut, 
Phys. Lett. B 780, 422 (2018)

R.D. Peccei and H.R. Quinn (1977)

S. Weinberg (1978), F. Wilczek (1978)
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o Three generations of Standard Model 
Fermions 

o Two heavy vector-like fermion pairs
 SM gauge coupling unification

o Resolution of Strong CP problem

o Baryon Asymmetry & Inflation

o Break SU(5) and PQ symmetry

o Low Scale Inflation 
 Viability of axion DM scenario 

Particle Content:
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(KSVZ type axion) 



Axion:
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 Mass Spectrum:

• 12 massive gauge boson and 37 massive scalars

• 1 Massless Scalar (Axion):

axion decay constant

Axion Domain-wall 
Problem

𝑁𝐷𝑊 = 3
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Axion Search CASPEr:
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To avoid rapid proton decay: 
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https://arxiv.org/pdf/1711.08999.pdf



Axion:

Digesh Raut PHENO, 2021

𝒂

𝜽𝒎

𝑽(𝒂)

 If inflation occurs after PQ symmetry 
breaking, axion fluctuation predict too 
large “isocurvature perturbations”:

 Relic Abundance 
+ 

Isocurvature:
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(Planck 2018)



 Gauged U(1) extended SM

 Inflaton field  breaks the U(1)

 Inflection-point Inflation (IPI):  

• Gauge and Yukawa interactions is crucial to realize an 
approximate inflection-point  at a horizon exit scale M 
which can be freely chosen. 

N. Okada and D. Raut, Phys. 
Rev. D 95, no.3, 035035 (2017) 

 A typical slow roll inflation does not satisfy this constraint: 

𝐻𝑖𝑛𝑓 ≃ 1013 −14GeV N. Okada, V. N. Şenoğuz and Q. Shafi (2016)

Axion Dark Matter and Inflation:  

 Inflationary Predictions are consistent with Planck.
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Independent 
of

particle content
𝐇𝐢𝐧𝐟 < 𝟏. 𝟓 × 𝟏𝟎𝟏𝟎 𝐆𝐞𝐕

𝐌

𝐌𝐏

𝟑
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Gauge Coupling Unification:
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• Current experimental bound: Super-K:   𝜏𝑝 > 1.6 × 1034 years

• Future experimental reach   : Hyper-K:   𝜏𝑝 < 1.3 × 1035 years

MQ = 2200 GeV

ML = 1010 GeV
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Electroweak Vacuum Stability:
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MQ = 2200 GeV

ML = 1010 GeV

 Stability of Electroweak Vacuum:
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Electroweak vacuum 
Not Stable

Super-K Exclusion

Hyper-K Reach
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Thermal Leptogenesis
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 Lightest Neutrino (𝑁1) Interactions:

 These processes should decouple before plasma temperature drops to  𝑇 ≃ 𝑚𝑁1 to 
prevent washing out of lepton asymmetry generated through thermal leptogenesis: 

 Reheating:

(Consistent to our VEV choice)
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S. Davidson and A. Barra (2002)

𝑚𝑁 ≳ 109 GeV

N. Okada, D. Raut, and Q. Shafi, Eur. Phys. J. C 80 22 (2020) P. S. B. Dev, R. N. Mohapatra and Y. Zhang  (2018) 



Questions/Comments ?
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o GUT and PQ symmetry breaking are intimately related to each other

o Predict observable proton decay

o Axion can be searched at CASPEr experiment

o Low scale Inflation implemented to make the axion scenario 
phenomenologically viable

o Leptogenesis can generate baryon asymmetry

Key features of the 𝐒𝐔 𝟓 × 𝐔 𝟏 𝐗 × 𝐔 𝟏 𝐏𝐐 model proposal : 

Summary


