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Framework of GUTs
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Why do we study GUTs today?
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# of citations of Georgi-Glashow model from its born to yesterday

5000+ in total



Reason I: upcoming neutrino experiments
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JUNO, run next year

20kt FV ~  proton 7 × 1033



Reason I: upcoming neutrino experiments
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Hyper-K  
188 kt FV  

expected to  
run in 2027

DUNE, run in 2030? 

JUNO, run next year

20kt FV ~  proton 7 × 1033



Reason I: upcoming neutrino experiments
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Snowmass, 2203.08771



Reason I: upcoming neutrino experiments
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1%

2204.13249

An era of precision measurement of neutrino oscillations!

0.1%



Reason II: Undergoing and upcoming GW measurements
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Ground-based

Space-based

Pulsar-Timing Arrays (PTAs)



Reason II: Undergoing and upcoming GW measurements
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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?



Unification of symmetries

Unification of couplings

Unification of matters

Roads to GUTs
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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 (1972)      SU(5)

Talks by Ilja Doršner, Kevin Hinze, Jonathan Steiner, Shihwen Hor

Talk by George Leontaris

5̄ + 10Quarks & leptons ~

Talk by Vasja Susič, Shaikh Saad

More on Friday by Luca Marsili, Ruiwen Ouyang…



SO(10) breaking chains
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Gravitational waves generated via cosmic strings
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Proton decay
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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
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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
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Correlation between the GUT scale and intermediate scales
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Correlation between the GUT scale and intermediate scales
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Intermediate scales of SO(10) GUTs restricted by proton decay
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Cosmic string is a topological defect  
predicted by U(1) spontaneous breaking.

SO(10) ⊃ U(1)B−L

Gravitational waves predicted in SO(10) GUTs

20

Tension of the string  
(energy per length) 

μ = 2π v2
B−L ∼ M2

B−L

Network of cosmic strings generates string loops 
via intercommunications and intersections.

α

α + 2π,4π, . . .

α + ϵ
α + 2ϵ

y

z

x

1D singularity

Loops oscillate, getting shrunk via gravitational radiation. 
The radiation appears as a cosmic background today. 


Simulation of energy spectrum of GW background,  
BOS model (Blanco-Pillado, Olum & Shlaer), 1101.5173, 1309.6637, 1709.02693 
Simplified code, Cui, Lewicki, Morrissey, Well, 1808.08968 
Other simulations, Lorenz, Ringeval, Sakellariadou, 1006.0931, 1709.03845, … 

loop



Predictions for each breaking chain of SO(10) GUTs
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King, Pascoli, Turner, YLZ, 
2106.15634
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Complementary tests of GUTs

22
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G1 ⊃ GSM × U(1)B−L
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Complementary tests of GUTs
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 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 

……

The B-L breaking gives rise to right-handed 
neutrino masses. Thus, GWs can be used to 
test seesaw and leptogenesis

Dror, Hiramatsu, Kohri, Murayama, White, 1908.03227



Complementary tests of GUTs
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 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
Where does leptogenesis happen?

Where is the seesaw scale?

M1 ≪ MB−L



Fermion masses in SO(10) GUTs
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ℒY = Y*10 16 ⋅ 16 ⋅ 10H + Y*
126

16 ⋅ 16 ⋅ 126H + Y*120 16 ⋅ 16 ⋅ 120H + h . c .

Yu = h + r2 f + i r3h′￼Yd = r1(h + f + i h′￼)

Yν = h − 3r2 f + i cνh′￼Ye = r1(h − 3f + i ceh′￼)
MνR

= mνR
f

h ∝ Y10 f ∝ Y126 h′￼ ∝ Y120 matrices3 × 3

All matter fields { } are arranged in -plet of SO(10)Q = (uL, uR), uR, dR, L = (νL, eL), eR, νR 16

16 × 16 = 10 + 126 + 120

To get a gauge-invariant Yukawa couplings, 3 Higgs can be introduced 10H, 126H, 120H

The SM Higgs is the lightest component of the mixture of these Higgs

Yukawa/mass matrices in SO(10)

Dutta, Mimura, Mohapatra, 0412105



Prediction of lepton mixing in SO(10)

26

Fu, King, Marsili, Pascoli, 
Turner, YLZ, arXiv:2209.00021 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Take-away message:

M1 ∼ (2, 5) × 1011 GeV

M3 ∼ (1, 3) × 1013 GeV

mββ ∼ 10−2 eV
Normal ordering of ν 
masses are preferred
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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
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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

⇒
⇒

Luca Marsili, Friday 
afternoon, B100/3023

For details
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If the PTA hints will be confirmed as 
signals of stochastic GW background …

NANOGrav,  
     2009.04496 
PPTA,  
     2107.12112 
EPTA,  
     2110.13184 
IPTA,  
     2201.03980

Power-law approximation at fixed frequency
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If the PTA hints will be confirmed as 
signals of stochastic GW background …

NANOGrav,  
     2009.04496 
PPTA,  
     2107.12112 
EPTA,  
     2110.13184 
IPTA,  
     2201.03980

Power-law approximation at fixed frequency

Out of Date
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NANOGrav, 2306.16219
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κ =
mmonopole

μstring
∼ α−1/2

GUT
MGUT

MB−L

κ ≃ (8,9) ⇒ MGUT ∼ MB−L

Buchmuller, Domcke, Schmitz, 2307.04691

Antusch, Hinze, Saad, Steiner, 2307.04595

A GUT inflation separates the GUT 
breaking and B-L breaking in the 
time scale is required. 

Way out: metastable strings Talk by Shaikh Saad

Γd =
μ
2π

e−πκ of loops from NG stringsn(l, t)  of metastable loopsn(l, t) e−Γd l t
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Fu, King, Marsili, Pascoli, 
Turner, YLZ, in progress

Preliminary
p u

u

d

K+

ν̄

s̄

u

τ̃

t̃
W̃

SUSY enhances the decay channel 
 p → K+ν̄

Restriction from Super-K and 
sensitivities of JUNO and Hyper-K 

should be considered
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Complementary tests of GUTs via measurements of

proton decay

fermion masses and mixing, in particular, neutrino masses and mixing

GWs via cosmic strings from spontaneous breaking of 


Realistic SO(10) GUT models consistent with all established results in particle 
experiments are viable. They can also explain the baryon-anti baryon asymmetry in 
the Observed Universe via thermal leptogenesis. 


The most recent NANOGrav data does not support GW via stable Nambu-Goto 
strings, but that from metastable strings is allowed. A metastable string requires the 
B-L breaking scale very close to the GUT scale. Such case is supported in SUSY 
GUTs. 

U(1)B−L

Thank you for listening
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Back up



A benchmark point (BP1) study
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ηB = 6.11 × 10−10


