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Upcoming large-scale neutrino experiments
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Hyper-K  
 

expected to  
run in 2027

DUNE 
 

supposed to  
run in 2031? 

JUNO, taking data next month

Neutrino precision 
measurements are 

coming!



Experiments motivate Theories
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Precision measurements in JUNO
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1%

JUNO合作组，2204.13249



Hyper-K & DUNE
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Hyper-K  
1805.04163

10 years

DUNE 
2002.03005

In 10 years



Framework of GUTs
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Gravity… not included

Weak force

Strong force

Electromagnetic  
force

New Physics

Grand  
Unified  
Theory
(GUT)



What we know so far… about particle physics
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Credit: ICTP Souvenir and Gift Shop

Gauge theories in 

Particle content

Yukawa couplings

Higgs mechanism

t

u

c

d

s

b

e

µ

⌧⌫⌧

⌫µ

⌫e

g

γ W±

Z0

H

SU(3)c × SU(2)L × U(1)Y

The Standard Model of Particle Physics

Strong force Weak & EM force

And neutrinos have masses…



Unification of symmetries

Unification of couplings

Unification of matters

How to get a GUT?
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uL
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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 loop correction 
factors, and if  is 
a simple Lie group)

GGUT

Weak hypercharge: 



GUT models
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Pati-Salam (1973, 1974)   SU(4)c × SU(2)L × SU(2)R := G422
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A. SalamJ. Pati



GUT models
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SU
(4) C

Mediator of forces:  Ab
a ∼ 24

G1
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2 G1
3 X̄1 Ȳ1

G2
1 G2
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3 X̄2 Ȳ2

G3
1 G3

2 G3
3 − 2B′ X̄3 Ȳ3

X1 X2 X3 W′ 
3 + 3B′ W+

Y1 Y2 Y3 W− −W′ 
3 + 3B′ 

B′ = B/ 30
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L
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L

u1
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L u3
L 0 (eR)c

d1
L d2

L d3
L −(eR)c 0

Matter:  ，ψa ∼ 5̄ ψab ∼ 10

Higgs particles:  . 5, 45, 24
W′ = W/ 2

H. Georgi S. Glashow



SU(5) × U(1)B−L := G51

Flipped SU(5) × U(1)X := Gflip
51

 GUTsSO(10)

Not minimal but realistic  SU(5)

GUT models
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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)

e.g., with extra ， 15H 24F

Contains SU(5) and Pati-Salam, and more … H. Fritzsch P. Minkowski



GUT 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

G421 = SU(4)C × SU(2)L × U(1)Y

G′ 3211 = SU(3)C × SU(2)L × U(1)Y × U(1)X

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

:    ZC
2 ψL ↔ ψc

R

Fermion masses and mixing



Smoking gun of GUTs —— proton decay
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p

e+

π0
u

u

d

u

ū

τπ0e+ ∼ 1035 years × ( MGUT

1016 GeV )
4

Typical channels       p → π0e+

p u

u

d

K+

ν̄

s̄

u

τ̃

t̃
W̃

p → K+ν̄

τ(p → K+ν̄) ∝ M2
GUT Λ2

SUSY
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Why neutrino experiments?

20 kton water  proton≃ 2 × 1010 g × (2 + 8)/18 mol/g × NA /mol ≃ 7 × 1033

e+

π0

γ

p

超级神冈（Super-K） 切伦科 
夫辐射

γ



Experiments of proton decay vs neutrino oscillation

17

https://en.wikipedia.org/wiki/Kamioka_Observatory#KamiokaNDE

KamiokaNDE               Kamiokande-II                Super-Kamiokande                → → → ⋯

Neutrino astro 
from SN 1987A

Neutrno 
oscillation 
in 1998 Takaaki KajitaYoji Totsuka

神冈 神冈II 超级神冈

Masatoshi Koshiba



Capability of JUNO
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Super-K bound

JUNO, 2212.08502

Efficiency

Statistics (90%CL)

ϵJUNO = 36.9 %



Potential in upcoming neutrino experiments
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Snowmass, 2203.08771



Proton decay in SO(10) GUTs
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ū

τπ0e+ ∝ m−5
p M4

GUT



Discussions

I. Sources at high scales: LNV and BNV operators


II. Mapping at the hadron level


III. Mass correlations between quarks and leptons


IV. Mapping between low and high scales: RG running

21



 Representative channel

Discussion I —— LNV and BNV operators: (B-L)-preserving ones
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As GUTs broken to SM, heavy particles integrated out, higher-dimensional baryon-number-violating 
(BNV) operators appear

p

e+

π0
u

u

d

u

ū

1
Λ2

1
[(uc

RγμQ)(dc
RγμL) + (uc

RγμQ)(ec
RγμQ)] +

1
Λ2

2
[(dc

RγμQ)(uc
RγμL) + (dc

RγμQ)(νc
RγμQ)]

τπ0e+ ≃ 8 × 1034 years × ( Λ1

1016 GeV )
4

≃ 7 × 1035 years × ( Λ2

1016 GeV )
4

or

D6 BNV operators via gauge mediators
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Discussion I —— LNV and BNV operators: (B-L)-preserving ones
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In SUSY, additional sources (e.g., Higgs superfield) may enhance proton decay. 

Representative channel 
p u

u

d

K+

ν̄

s̄

u

τ̃

t̃
W̃

c1

MT
(QcQ)(L̃Q̃) +

c2

MT
(uc

RdR)(ẽRũR) + ⋯  are model-dependent, 


 is the heavy colour-triplet 
Higgs mass close to GUT scale

c1, c2

MT

 
weaker connection to proton decay scale
τK+ν̄ ∝ (MTΛSUSY)2

D5 operators dressed by gluinos, charginos or neutralinos 
generates D6 operators suppressed by MTΛSUSY

p → K+ν̄

D5 operators between 2 fermions and 2 sfermions are induced by Higgs mediation



Discussion I —— LNV and BNV operators: (B-L)-breaking ones

, B-L can only be broken spontaneously. U(1)B−L ⊂ SO(10)

24

Fukuyama, et al, hep-ph/0405300 
注：这⾥B-L的荷与通常的约定相差2倍 y12616F 126H 16F ⇒ MNNNc + MLνcν

ML = y126vΔ ∼ y126
v2

EW

MΔ
MN = y126vB−L

Type I + II Mν = −
M2

D

MN
+ ML

B-L破坏  中微⼦的Majorana质量   衰变⇒ ⇒ 0ν2β



Discussion I —— LNV and BNV operators: (B-L)-breaking ones
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轻⼦数破坏但是B-L守恒的过程（⽐如质⼦衰变）跟中微⼦的Majorana质量⽆直接关系

质⼦衰变                  中微⼦的Majorana质量

中微⼦的Majorana质量的本质是B-L破坏
中⼦-反中⼦振荡    在⼤统⼀框架下可以诱导出中微⼦的Majorana质量

u
d
d

ū
d̄
d̄

n̄nν̄ ν

Schechter-Valle 定理 [PRD25 (1982) 2951]

Majorana mass0ν2β ⇒

⟹

⼤家常说的轻⼦数破坏过程会导致Majorana质量，是在默认重⼦数没有破坏的前提下说的

J.H Yu’s talk



Discussion II —— Mapping at the hadron level
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Y. Aoki et al, hep-lat/9911026;

1705.01338; 2111.01608

相空间 短程

RGE

新物理能标

和味结构

核⼦矩阵元 
(NME)

q2 = 0

q2 = − m2
μ

A2
short,R

1 + V2
ud

Λ2
1

|⟨π | (ud)RuL |p⟩ |2
mp

32π (1 −
m2

π0

m2
p

)
2

Γ(p → π0e+) =
+A2

short,L ( 1
Λ2

1
+

V2
ud

Λ2
2

) |⟨π | (ud)LuL |p⟩ |2

A2
long ×

⇒

: 出射轻⼦的动量q

⟨M |𝒪L,R |N⟩ = PL,R (W0(q2) −
iq/
mN

W1(q2) ) uN(q)
⻓程

RGE

Lx = 24 Lx = 32Lt = 64  due to isospin symmetry⟨π0 |𝒪L,R |N⟩ = 2⟨π+ |𝒪L,R |N⟩

= 1.247



Discussion II —— Mapping at the hadron level
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[Claudson, Wise, Hall, NPB 1982]χEFT in  (味对称性)SU(3)L × SU(3)R

Soft breaking

ℒ|ΔB|=1 = ∑
i

Ci 𝒪(i)
ℒ|ΔB|=1 = α [C1lLTr[Oqq′ ξBLξ] + C2lRTr[Oqq′ ξ†BRξ†]]

+β [C3lLTr[Oqq′ ξBLξ†] + C4lRTr[Oqq′ ξ†BRξ]]
a1 ≈ (MΣ − MΞ)/2ms ≈ − 0.4

a2 ≈ (MΣ − MN)/2ms ≈ 0.85不贡献b1,2

Σ = e2iM/f , ξ = eiM/f Σ → ULΣU†
R, ξ → ULξU†

B = UBξU†
R, B → UBBU†

B

v ≈
3f 2m2

η

4(mu + md + 4ms)
,

⟨M |𝒪L,R |N⟩ = PL,R (W0(q2) −
iq/
mN

W1(q2) ) uN(q)

+𝒪(q2)



Discussion II —— Mapping at the hadron level

我们是否可以在核⼦层⾯定量计算其他衰变道？

28

⽐如，p → η0e+, ρ0μ+, nπ + e+, nπ + ν̄

⽐如，碳原⼦核和氧原⼦核

是否有必要在原⼦核层⾯下进⾏计算？

进⼀步扩展到原⼦/分⼦层⾯？

Fan, Liao, Ma, Wang, 2412.20774



Discussion III —— Mass correlations between quarks and leptons
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h ∝ Y10 f ∝ Y126 h′ ∝ Y120 matrices3 × 3

Correlations of Yukawa matrices of quarks and leptons

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

Yukawa/mass matrices in SO(10)

Dutta, Mimura, Mohapatra, 0412105

Yukawa couplings    ℒY = Ψ16 [ Y10H10 + Y120H120 + Y126H126 ] Ψ16

Field arrangements: fermion ,  ∼ 16 16 × 16 = 10S + 120A + 126S

   can be forbidden by the Peccei-Quinn symm (+ Ψ16 [ Y10H*10 + Yij
120H*120 ] Ψ16) U(1)PQ

   scalars ⇒ ∼ 10, 126, 120



Discussion III —— Mass correlations between quarks and leptons
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 +  + 10R 120R 126C

Most recently see: Babu, Di Bari, Fong, Saad, 2409.03840

Large hierarchy between RH neutrino masses

 + 10C 126C

Babu, Bajc, Saad, 1612.04329

See also in Joshipura, Patel, 1102.5148; Dueck, Rodejohann, 1306.4468; Ohlsson, Pernow, 
1804.04560;1903.08241; Saad, Shafi, 2506.11806 … 

Bertolini, Schwetz, Malinsky, hep-ph/0605006

   Leptogenesis works? ⇒

X.G. He’s talk

SUSY version, Babu, Bajc, Saad, 1805.10631



Discussion III —— Mass correlations between quarks and leptons
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Fu, King, Marsili, Pascoli, 
Turner, YLZ, 2209.00021 

Take-away message:

M1 ∼ (2, 5) × 1011 GeV

M3 ∼ (1, 3) × 1013 GeV

mββ ∼ 10−2 eV

And normal ordering preferred
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RGE of gauge couplings above the GUT scale : depending on fermion and Higgs 
particle contents of the model
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General RGE of Yukawa couplings Ya
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Above the EW scale but below New Physics scale

SM Machacek, Vaughn, NPB236 (1984) 221

SM + neutrino masses
Babu, Leung, Pantaleone, hep-ph/9309223;  
Chankowski, Pluciennik, hep-ph/9306333;  
Antusch, Drees, Kersten, Lindner, Ratz, hep-ph/0108005

Updated values of running quark and lepton masses at three loops
Xing, Zhang, S. Zhou, 0712.1419; 1112.3112 

Above the New Physics scale and until the GUT scale?

Running behaviour of Higgs quartic coupling?

SMEFT Liao, Yu, S. Zhou’s series of works,         Yu and S. Zhou’s talks

Jarkovska, Malinsky, Susic, 2304.14227

G.X. Fang, YLZ, in progress
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