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Some important neutrino experiments in the past
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JUNO

Jiangmen Underground  
Neutrino Observatory 
(JUNO)



 JUNO
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1%

JUNO collaboration 2204.13249

KM3NeT/ORCA

JUNO

2108.06293

Combination

Mass Hierarchy determination,  
state-of-art sensitivity performance



Hyper-K & DUNE
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Hyper-K, 188kton FV, expected to run in 2027

DUNE, run in 2030?



Hyper-K & DUNE
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Hyper-K  
1805.04163

10 years

DUNE 
2002.03005

In 10 years



SM+3 massive neutrinos
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Neutrino 
Dirac or Majorana? 

✓QCD Strong CPgs

24(26)+2 fundamental parameters

Δm2
21 = m2

2 − m2
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31 = m2

3 − m2
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We are entering an era of precision 
measurement of neutrino physics!
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measurement of neutrino physics!

It will give us a deeper understanding  
of neutrino masses and mixing!

Origin of neutrino masses, lepton 
mixing and CP violation
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We are entering an era of precision 
measurement of neutrino physics!

It will give us a deeper understanding  
of neutron masses and mixing!

Origin of neutrino masses, lepton 
mixing and CP violation

No, I do not want to talk about them 



Not primary, but more fascinating phenos
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Neutrino electromagnetic property and 
CP-violating radiative decay

Proton decay and its probe to grand 
unified theories (GUT)
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Neutrino electromagnetic property 
and CP-violating radiative decay

νi νf

γ

: initial state i : final state f



Neutrino electromagnetic dipole moment
Neutral fermions may have electromagnetic dipole moment (EMDM)
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Transition (  ) EMDM                                   if  i ≠ f ⇒ νi → νf + γ mi > mj

EMDM form factor

Γμ
fi(q

2) = − μfi(q2)iσμνqν + dfi(q2)iσμνqνγ5⟨νf | jμ |νi⟩ = ūfΓμ
fi(q

2)uiHEMDM = jµA
µ

<latexit sha1_base64="bODV+k9WpvtpAF/r6jkf+sXflgA=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiIVuxEqKnRTqGAf0MQwmU7bsTNJmJkIJWTtxl9x40IRt36BO//GaZuFth64l8M59zJzjx8xKpVlfRsLi0vLK6u5tfz6xubWtrmz25RhLDBp4JCFou0jSRgNSENRxUg7EgRxn5GWP7wc+60HIiQNg1s1iojLUT+gPYqR0pJnHiQORgxWUy9xBIfXtataCs/hvefwGF7c6e6ZBatoTQDniZ2RAshQ98wvpxvimJNAYYak7NhWpNwECUUxI2neiSWJEB6iPuloGiBOpJtMTknhkVa6sBcKXYGCE/X3RoK4lCPu60mO1EDOemPxP68Tq17ZTWgQxYoEePpQL2ZQhXCcC+xSQbBiI00QFlT/FeIBEggrnV5eh2DPnjxPmidFu1Q8vSkVKuUsjhzYB4fgGNjgDFRAFdRBA2DwCJ7BK3gznowX4934mI4uGNnOHvgD4/MHEuGZNQ==</latexit>

Early studies: Shrock, 1974; Petcov; Goldman & Stephenson, 1977; Schechter & Valle, 
1981; Pal & Wolfenstein, Schechter & Valle; Shrock; Nieves; Kayser, 1982 … 

See review by Giunti & Studenikin, 1403.6344

Diagonal (  ) EMDM is zero for Majorana particlesi = f

electric 
dipole 
moment 
d

magnetic 
dipole 
moment  
μ



General electromagnetic property of light neutrinos
Neutrino EMDM is generated via weak interaction of the SM
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Full one-loop calc in electroweak symm with  gauge: Dvornikov & Studenikin, hep-ph/0305206; 0411085Rξ
!

Z

"i "j

νi νf

Including non-unitarity effect:   (transition) 
and  self diagram is necessary to cancel infinity and electric charge. 

d ∼ μ ≲ 10−22μB
γ − Z

W W

!

"i "j
l#W

!

"i "j

l# l#

νi νiνf νf

Experimental progress

For a full calc, see Xing & YLZ, 1201.2543

               90%CL @ GEMMA (diagonal MDM)μ ⩽ 2.9 × 10−11μB

Theoretical predictions:   (diagonal),  (transition)d, μ ∼
eg2

16π2

mν

M2
W

∼ 10−20μB ∼
eg2

16π2

mν

M2
W

m2
τ

M2
W

∼ 10−24μB

Borexino, Super-K, TEXONO, DARWIN … 

      90% CL @XENON1T, 2006.09721μ ∈ (1.4, 2.9) × 10−11μB

+    diagrams of Goldstone and ghost    +



Electromagnetic property of heavier neutrinos

Heavier neutrinos, d, μ ∼ 10−20μB
mN

mν
× (active-sterile mixing)

16

MeV−1 ≃ 3.3μB

Brdar, de Gouvêa, Ying-Ying Li, 
Machado, 2302.10965Giunti & Studenikin, 1403.6344



CP transformation in the Dirac neutrino case
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νi

νf

γ

S = + 1

S = +
1
2

S = −
1
2

In the rest frame with photon released in +z direction 

Balaji, Ramirez-Quezada, 
YLZ, 1910.08558



CP transformation in the Dirac neutrino case
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νi

νf

ν̄i

ν̄f

charge  
 

conjugation

γ γ

S = + 1

S = +
1
2

S = −
1
2

In the rest frame with photon released in +z direction 

Balaji, Ramirez-Quezada, 
YLZ, 1910.08558



CP transformation in the Dirac neutrino case
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νi

νf ⌫f

ν̄iν̄i

ν̄f

charge  
 

conjugation

parity  
 

conjugation

γ γ

γ

⌫i

⌫f

S = + 1
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1
2
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1
2

ν̄f

Balaji, Ramirez-Quezada, 
YLZ, 1910.08558



CP transformation in the Dirac neutrino case
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conjugation

parity  
 

conjugation

γ γ

γ

space  
 

rotation
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Balaji, Ramirez-Quezada, 
YLZ, 1910.08558



CP transformation in the Dirac neutrino case
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νi

νf ⌫f

ν̄iν̄i

ν̄f

charge  
 

conjugation

parity  
 

conjugation

γ γ

γ

space  
 

rotation
⌫i

⌫f

ν̄i

γ

CP conjugation space rotation 
does not change 

any physics due to 
isotropy of space

ν̄f

ν̄f
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S = +
1
2

S = −
1
2

Balaji, Ramirez-Quezada, 
YLZ, 1910.08558



CP transformation for Dirac neutrinos
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S = − 1

S = −
1
2

S = +
1
2

νi

νf

γ+

ν̄i

γ−

ν̄f

S = + 1

S = +
1
2

S = −
1
2

CP  
 

conjugation

right-circularly 
polarised

left-circularly 
polarised

Balaji, Ramirez-Quezada, 
YLZ, 1910.08558



CP transformation for Dirac neutrinos
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S = − 1

S = −
1
2

S = +
1
2

νi

νf

γ+

ν̄i

γ−

ν̄f

S = + 1

S = +
1
2

S = −
1
2

CP  
 

conjugation

ΔCP,+ =
Γ(νi → νf + γ+) − Γ(ν̄i → ν̄f + γ−)
Γ(νi → νf + γ) + Γ(ν̄i → ν̄f + γ)

Balaji, Ramirez-Quezada, 
YLZ, 1910.08558



CP transformation for Dirac neutrinos
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CP  
 

conjugation

νi

νf

γ−

ν̄i

γ+

ν̄f

S = − 1

S = −
1
2

S = +
1
2

S = + 1

S = +
1
2

S = −
1
2

ΔCP,− =
Γ(νi → νf + γ−) − Γ(ν̄i → ν̄f + γ+)
Γ(νi → νf + γ) + Γ(ν̄i → ν̄f + γ)

Balaji, Ramirez-Quezada, 
YLZ, 1910.08558



CP transformation for Majorana neutrinos
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S = − 1

S = −
1
2

S = +
1
2

νi

νf

γ+

νi

γ−

νf

S = + 1

S = +
1
2

S = −
1
2

CP  
 

conjugation

ΔM
CP =

Γ(νi → νf + γ+) − Γ(νi → νf + γ−)
Γ(νi → νf + γ) + Γ(νi → νf + γ)

Balaji, Ramirez-Quezada, 
YLZ, 1910.08558



CP asymmetry in terms of form factors
Re-express the form factor in the chiral representation
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Γμ
fi(q

2) = + iσμνqν[ fL
fi PL + fR

fi PR ]
fL,R
fi = − μfi ± idfi

PL,R = (1 ± γ5)/2

Γ̄μ
if(q

2) = + iσμνqν[ f̄ L
if PL + f̄ R

if PR ]

Form factor  
 for  ν

Form factor  
 for  ν̄

⟨νf | jμ |νi⟩ = ūfΓμ
fi(q

2)ui

⟨ν̄f | jμ | ν̄i⟩ = v̄iΓμ
if(q

2)vf

Γ̄μ
if(q

2) = − iσμνqν[ fL
if PL + fR

if PR ]

ℳ(ν̄i → ν̄f + γ) = ℳ(νf + γ → νi) ⇒ f̄ L,R
if = − fL,R

ifCPT invariance

CP asymmetry  
for Dirac ν

Balaji, Ramirez-Quezada, 
YLZ, 1910.08558



Loop calc in type-I seesaw
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Summation   

for charged leptons 
 in the loop

∑
α

α = e, μ, τ

Balaji, Ramirez-Quezada, 
YLZ, 2008.12795



Factorisation of CP asymmetry
Neutrino form factor in radiative decay
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Loop function in the kinetic term

coefficients in the coupling kinetic term

Balaji, Ramirez-Quezada, 
YLZ, 2008.12795



Factorisation of CP asymmetry
Neutrino form factor in radiative decay
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coefficients in the coupling kinetic term

Loop function in the kinetic term

In the case of , there always exists an 
interval  where the log factor negative

mi > mα + mW
(x1, x2) ⊂ (0, 1)

g(x) =

Balaji, Ramirez-Quezada, 
YLZ, 2008.12795

x



Explicit result of the imaginary part of loop integration
Using the following formula, we finally obtain
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The result is consistent with 
optical theorem: `↵
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log(g) = log |g | + iπ if g < 0

In the case , log of the  -dependent term generates another imaginary term, 
which partially cancel the one from the  -dependent term. 

mf > mα + mW mf
mi



CP asymmetry
Factorisation of coefficient contributions
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Imaginary
(Jarlskog-like parameters) Real

Dirac & 
Majorana

Majorana

CP asymmetry for Dirac neutrinos

Interference between 
charged leptons with 
different masses 
(always satisfied)

�M
CP
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CP asymmetry for Majorana neutrinos

Balaji, Ramirez-Quezada, 
YLZ, 2008.12795



CP asymmetries in different channels in seesaw
Seesaw mechanism

32

Casas-Ibarra parametrisation

 is a complex mixing angleω

⌫

N

⌫RH neutrino

hHihHi
N

⌫

minimal seesaw: two RH neutrinos  and  N1 N2 ⇒ m1 = 0

We fix the mass ordering  such that  can decay to M2 > M1 N2 N1

M⌫+N =

✓
0 MD

MT
D MR

◆

<latexit sha1_base64="qx55wbDtkl5o8g6ONkMXrfBf5QI="></latexit>

U =

✓
U R
⇥ ⇥

◆
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ζ = ± 1



CP asymmetries in all radiative decay channels
νi → νj + γ

33

                              N2 → N1 + γ

  with    NI → ν + γ MI > MW

This channel may lead to large CP violation. 

       very small CP violation⇒

    no CP violation⇒

Balaji, Ramirez-Quezada, 
YLZ, 2008.12795



Benchmark plot of CP asymmetries
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Oscillation 
parameters all 
fixed at there 
best-fit values, 
and  
assumed

2σ = 180∘

Balaji, Ramirez-Quezada, 
YLZ, 2008.12795



Scan plot of CP symmetries
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Large CP asymmetry                    However, small branching ratios≲ 𝒪(0.1)

Balaji, Ramirez-Quezada, 
YLZ, 2008.12795



A new source of photon circular polarisation
In a flux of photon, a net circular polarisation represents the number density asymmetry 
between left- and  right-circularly-polarised photons. It is  
charicterised by the Stokes parameter  
V = | ⃗ϵ+ ⋅ ⃗E | − | ⃗ϵ− ⋅ ⃗E |

36

Astroparticle sources: P and CP violation must be required

A net circular polarisation can be obtained CPV radiative decay of keV neutrino dark matter

Boehm, Degrande, Mattelaer, Vincent, 1701.02754  

V ∼ ΔD
CP,+ − ΔD

CP,+

V ∼ ΔM
CP

for Dirac DM

for Majorana DM

Faraday conversion, Bi-refringence, Synchrotron emission, … 

Astrophysical sources

Balaji, Ramirez-Quezada, 
YLZ, 1910.08558



Circular polarisation released from decaying DM
A toy model: 

37

   keV neutrino              DM 
+ a pair of opposite millicharged particles  & 

νs ⇒
ϕ ψ

−Q

small millicharge   to avoid QED precision measurementQ < 10−4e

Q

tiny  to forbid fast decay of DM, and  for CPVλs Im(λi(U†U)isλ*s ) ≠ 0

 to generate imaginary part of loop integrationmϕ + mψ < ms

λs λi

⇒ V ∼ ΔM
CP ∼ 10−5 still far away from being detectable

Balaji, Ramirez-Quezada, 
YLZ, 1910.08558



Probe GUTs via proton decay

38
Gravity… not included

Weak force

Strong force

Electromagnetic  
force

New Physics

Grand  
Unified  
Theory
(GUT)



A long road of unifications
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∇ ⋅ E = 4πρ

∇ ⋅ B = 0

∇ × E = −
∂B
∂t

∇ × B = 4πJ +
∂E
∂t

Electromagnetism
Electricity

Magnetism
Weak interaction

Electroweak interaction

SU(2)L × U(1)Y

James C. Maxwell Glashow, Salam, Weinberg

Strong nuclear interaction (QCD)



A long road of unifications
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∇ ⋅ E = 4πρ

∇ ⋅ B = 0

∇ × E = −
∂B
∂t

∇ × B = 4πJ +
∂E
∂t

Electromagnetism
Electricity

Magnetism
Weak interaction

Electroweak interaction

SU(2)L × U(1)Y

James C. Maxwell Glashow, Salam, Weinberg

Strong nuclear interaction (QCD)

Electromagnetism
Electricity

Magnetism
Weak interaction

Electroweak interaction

SU(2)L × U(1)Y

Strong nuclear interaction (QCD)

Grand Unification?



Unification of symmetries

Unification of couplings

Unification of matters

Roads to GUTs

41

Y =
1
6

Y =
2
3

Y = −
1
3

Y = −
1
2

Y = − 1

uL

dL

eL

νL

SU
(2

) L

U(1)Y

SU
(3) C

eR
dR uR

EW
GGUT ⊃ GSM = SU(3)C × SU(2)L × U(1)Y

g3 = g2 = g1

The scale where three gauge couplings are unified, denoted as  in this talkMGUT

L Q

up to a loop 
correction factor

Weak hypercharge: 



SU(5) × U(1)B−L

Flipped SU(5) × U(1)X

 GUTsSO(10)

Pati-Salam (1973), SU(4)c × SU(2)L × SU(2)R = G422

More realistic SU(5)

Roads to GUTs
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u ↔ d, ν ↔ e

5̄ + 10 + 1, νR ∼ 1

16 = 5̄ + 10 + 1 = (4, 2, 1) + (4, 1, 2)
SO(10) SU(5) SU(4)c × SU(2)L × SU(2)R

Rujula, Georgi, Glashow (1980); Barr,(1982); Derendinger, Kim, 
Nanopoulos (1984); Antoniadis, Ellis, Hagelin, Nanopoulos (1989) 

Fritzsch, Minkowski (1975)

,   (4, 2, 1) : ψL = (u1 u2 u3 ν
d1 d2 d3 e)

L
(4, 1, 2) : ψR = (u1 u2 u3 ν

d1 d2 d3 e)
c

R

Georgi-Glashow (1974)      SU(5) 5̄ + 10Quarks & leptons ~

e.g., including new particles to generate neutrino masses



1st entity: groups & representations
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 G51 = SU(5) × U(1)X

G422 = SU(4)C × SU(2)L × SU(2)R

G421 = SU(4)C × SU(2)L × U(1)Y

G′ 3211 = SU(3)C × SU(2)L × U(1)Y × 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

G3221 = SU(3)C × SU(2)L × SU(2)R × U(1)B−L

Gx = G421 or G3221

GSM = SU(3)C × SU(2)L × U(1)Y

:    ZC
2 ψL ↔ ψc

R

SO(10) breaking chain



SO(10) phenos
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Unwanted topological defects: 
monopoles and domain walls

In any breaking chains, inflation has to been 
introduced to inflate unwanted defects

King, Pascoli, Turner, YLZ, 2005.13549

 G51 = SU(5) × U(1)X

G422 = SU(4)C × SU(2)L × SU(2)R

G421 = SU(4)C × SU(2)L × U(1)Y

G′ 3211 = SU(3)C × SU(2)L × U(1)Y × 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

G3221 = SU(3)C × SU(2)L × SU(2)R × U(1)B−L

Gx = G421 or G3221

GSM = SU(3)C × SU(2)L × U(1)Y

:    ZC
2 ψL ↔ ψc

R

Fermion masses and mixing



Upcoming large-scale neutrino experiments
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Hyper-K  
 

expected to  
run in 2027  

 
188 kt FV 

~   
proton

6 × 1034

DUNE, run in 2030? 

JUNO, run next year
20kt FV ~  proton 7 × 1033



Binding between GUTs and neutrino experiments
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https://en.wikipedia.org/wiki/Kamioka_Observatory#KamiokaNDE

KamiokaNDE               Kamiokande-II                Super-Kamiokande                → → → ⋯

Observe 
neutrino flux 
from SN 
1987A

Masatoshi Koshiba

Observe 
neutrino 
oscillation 
in 1998

Takaaki KajitaTotsuka Yoji



Proton decay measurements in upcoming neutrino experiments
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Snowmass, 2203.08771



Proton decay in SO(10) GUTs
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Proton decay in flipped SU(5)
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Precision measurements of lepton mixing in upcoming neutrino experiments
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1%

2204.13249

An era of precision measurement of neutrino oscillations!

0.1%



Thermal leptogenesis in SO(10)
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Fu, King, Marsili, Pascoli, 
Turner, YLZ, arXiv:2209.00021 

Heavy neutrino masses 
and Dirac ν Yukawa 
couplings

Thermal leptogenesis

⇒

Data of quark masses, 
CKM mixing, lepton 
masses, PMNS mixing

CP violation in heavy 
neutrino decay

⇒
⇒

χ2 < 10 &



Undergoing and upcoming GW measurements
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Ground-based

Space-based

Pulsar-Timing Arrays (PTAs)



Most GUTs include a U(1)B-L symmetry.

Strings intersect and intercommute to form loops and cusps

Loops oscillates via gravitational radiation

Spontaneous breaking of this U(1) generates cosmic strings.

Mechanisms of gravitational wave (GW) genesis in GUTs

53

loops

long strings

Vanchurin, Olum, Vilenkin, 0511159

GW via cosmic strings
π1(U(1)) = Z



Predictions for GW spectrum in SO(10) GUTs
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Gauge unification correlates GUT scale with intermediate scales
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Gauge unification correlates GUT scale with intermediate scales
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SO(10)G422 ⇥ ZC
2G3221(GSM(Z2)
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Announcement of PTA measurements this summer
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The NANOGrav 15 yr Data Set: Evidence for a 
Gravitational-wave Background

2306.16213


The second data release from the European Pulsar 
Timing Array III. Search for gravitational wave signals

2306.16214


Search for an isotropic gravitational-wave background with 
the Parkes Pulsar Timing Array 
2306.16215


Searching for the nano-Hertz stochastic gravitational wave 
background with the Chinese Pulsar Timing Array Data 
Release I 

2306.16216

On 28 Jun 2023

If cosmic GW background is observed, then what is the origin?



GW from metastable cosmic strings in GUTs, supported by NANOGrav 15
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GWs in flipped SU(5) 
King, Leontaris, YLZ, 

2311.11857

GWs in SUSY SO(10) GUTs 
Fu, King, Marsili, Pascoli, 
Turner, YLZ, 2308.05799



Complementary test of GUTs

59

 GUTSO(10)
Broken at MGUT

G1 ⊃ GSM × U(1)B−L

Standard Model

Broken at MB−L

Gauge unification

Proton decay

Gravitational waves

Potentially 
intermediate 
New Physics 

……

Potentially 
intermediate 
New Physics 

……

MNi
= yNi

vB−L ≲ MB−L

N1 → HL ≠ N1 → H†L̄
Successful leptogenesis?

M1 ≪ MB−L

consistency with fermion  
masses and mixing
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Thank you for your listening!

@ 铜 鉴 湖 
    Tongjian Lake


