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i. Advantage of GUT 01/48GUT is marvelous !!!

•Unification of forces(interactions)

In gauge theory when gauge interactions are unified, particles (representation of gauge group) are 
unified simultaneously.

𝚲𝑺𝑼𝑺𝒀 𝑮𝑼𝑻sparticle mass

:SM

:MSSM

𝛬𝑆𝑈𝑆𝑌 𝐺𝑈𝑇 ∼ 2 × 1016 GeV

•Unification of particles Realize simultaneously!!

Unification of SM fermions in 𝑆𝑈(5) GUT model

Unification of SM fermions in minimal 𝑆𝑂(10) GUT model



02/48Advantage of particle unification

𝑀𝑢

𝑀𝑑 , 𝑀𝑒

𝑀𝜈

strong

middle

weak

𝑈𝐶𝐾𝑀

𝑈𝑀𝑁𝑆

small mixing

large mixing

mixingmass 
hierarchy

Particle unification explain measured quark and 
lepton masses and mixings !!! explain this later

𝑈𝐶𝐾𝑀 =
0.97 0.23 0.037
0.23 0.97 0.042
0.0087 0.041 1.0

𝑈𝑀𝑁𝑆 =
0.83 0.55 0.15
0.47 0.52 0.71
0.31 0.65 0.69

i. Advantage of GUT

Unification of SM fermions in 𝑆𝑈(5) GUT model



GUT short review +𝜶Problem of particle unification

I explained advantages of GUTs and unification.

but sometimes unification causes problem.

 Yukawa unification

 doublet-triplet splitting

➢ SU(5) unification

➢ SO(10) unification later

show mechanisms which solve these problems and are 
related to the nucleon decay



GUT short review +𝜶Yukawa unification in SU(5)

𝑈𝐶𝐾𝑀 =
0.97 0.23 0.037
0.23 0.97 0.042
0.0087 0.041 1.0

𝑈𝑀𝑁𝑆 =
0.83 0.55 0.15
0.47 0.52 0.71
0.31 0.65 0.69

I said that particle unification explains measured quark and lepton masses and 
mixings, but …

𝑆𝑈(5) Yukawa relation

This relation is troublesome to explain 
measured quark and lepton masses and mixing.



GUT short review +𝜶Yukawa unification in SU(5)

@𝑀𝑧 scale

@GUT scale

Does RG eq. effect from GUT scale to 𝑀𝑧 scale explain this difference?

No, RG eq. effect does not affect this difference.



non-renormalizable 𝑆𝑈(5) GUT

or smaller

SU(5) breaking VEV

non-renormalizable terms affect 
first- and second- generation masses.

GUT short review +𝜶Yukawa unification in SU(5)

solve problem at the GUT scale
Yukawa matrices get new degree of freedom



GUT short review +𝜶Doublet-triplet splitting problem

SM Higgs doublet Triplet (colored)

to suppress nucleon decay via 
dimension 5 and 6 operators

𝑀𝐻𝑇 ≫ Λ𝐸𝑊

𝑀𝐻𝐷 ∼ 125 GeV ∼ Λ𝐸𝑊

How to realize this mass splitting?
Doublet-triplet splitting problem

DW mechanism realize it!



In 𝑆𝑂(10) GUT model

𝟏𝟎 ∶ H, H′ 𝟒𝟓 ∶ A
W = 𝑐𝐻𝐴𝐻′ + 𝑐′Λ𝐻′𝐻′

𝟏𝟎 → 𝟓 + ഥ𝟓 (𝑆𝑂(10) → 𝑆𝑈(5))

GUT short review +𝜶DW mechanism

SM Higgs

𝑆𝑂(10) adjoint Higgs

DW form VEV

Dimopoulos, Wilczek (1982)



doublet Higgs mass matrix 𝑀𝐷

𝑀𝐷 =
0 0
0 𝑐′Λ

triplet Higgs mass matrix 𝑀𝑇

𝑀𝑇 =
0 𝑐𝑥
𝑐𝑥 c′Λ

 one massless mode

=SM doublet Higgs

 one massive mode

 two massive modes

mass term for Higgs 𝟏𝟎

𝟓𝐻 𝟓𝐻′ 𝑀10
ഥ𝟓𝐻
ഥ𝟓𝐻′

𝑀10 : mass matrix for Higgs 𝟏𝟎

𝑀10 =
0 𝑐 𝟒𝟓𝐴

𝑐 𝟒𝟓𝐴 𝑐′Λ

We can realize DT splitting through DW mechanism

…but, 𝐻𝐻 term and 𝐻𝐻′ term spoil this mechanism.

GUT short review +𝜶DW mechanism



mass term for Higgs 𝟏𝟎

𝟓𝐻 𝟓𝐻′ 𝑀10
ഥ𝟓𝐻
ഥ𝟓𝐻′

𝑀10 : mass matrix for Higgs 𝟏𝟎

𝑀10 =
0 𝑐 𝟒𝟓𝐴

𝑐 𝟒𝟓𝐴 𝑐′Λ

GUT short review +𝜶BB mechanism

Babu, Barr (1993)
usually

BB mechanism

direct

indirect

suppress dangerous nucleon decay process

suppress nucleon decay via dimension 5 operators



GUT short review +𝜶Is “minimal” SU(5) GUT model still alive?

Murayama, Pierce (2002)

Not Even Decoupling Can Save Minimal Supersymmetric SU(5)

HK working group (2011)

additional particles in minimal SU(5) model

X-type gauge boson : 𝑋
colored triplet Higgs : 𝐻𝑇
adjoint Higgs : Σ

gauge coupling unification

Decoupling Can Revive Minimal Supersymmetric SU(5)
Hisano, Kobayashi, Kuwahara, Nagata (2013)

SUSY threshold correction in split SUSY model



GUT short review +𝜶What does “minimal” mean.

the “minimal” model

• minimal multiplets to satisfy the SM particle contents

• minimal multiplets to satisfy the SM

• to realize measured fermion 
masses and mixings

• solve a degeneracy of adjoint
Higgs mass

GUT breaking effect

new degree of freedom



ii. Open question for GUT 03/48Open question for GUT

•Which unification group is used?
𝑆𝑈 5 , 𝑆𝑂 10 or 𝐸6?

•How to break unification group?

Where are unification group breaking scales? 

•Which diagonalizing matrix is large mixing matrix?

How to realize measured CKM and MNS matrix?

etc.

Open questions for GUT models which realize SM

In this talk I focus on relation between above three 
questions and nucleon decay.

What kind of mechanism is used in the theory which describes our nature?



04/48Difficulty in answering questions

𝚲𝑺𝑼𝑺𝒀 𝑮𝑼𝑻sparticle mass

𝛬𝑆𝑈𝑆𝑌 𝐺𝑈𝑇 ∼ 2 × 1016 GeV

To answer these questions we have to observe phenomena 
which come from GUT contribution. 

𝛬𝐿𝐻𝐶 ∼ 103−4 GeV

≪

Another candidate?

Nucleon decay

ii. Open question for GUT



Limit from Super-Kamiokande

𝜏𝑝→𝜋0 𝑒+ ≥ 1.4 × 1034 years Λ𝐺 ≥ 1016 GeV

two operators which induce baryon number violation

• dimension 6 operators
: X-type (colored doublet) gauge boson exchange

• dimension 5 operators : triplet Higgsino exchange

SUSY contribution

two uncertainties
• mechanism to realize doublet-triplet splitting
• SUSY particle contribution

not useful to test models and able to suppress strongly
I focus on nucleon decay via dimension 6 operator

iii. Nucleon decay 05/48Importance of nucleon decay

SM Higgs doublet

main decay mode

main decay mode



06/48Limit for nucleon decay

limit for many decay modes

It is possible to observe not 
only proton decay but also 
neutron decay.

Miura @ BLV2013

iii. Nucleon decay



06/48Limit for nucleon decay

limit for many decay modes

It is possible to observe not 
only proton decay but also 
neutron decay.

Miura @ BLV2013

iii. Nucleon decay



07/48Three important ratios

G
U

T G
U

T

G
U

T

: include anti electron : include anti neutrino

test unification group

diagonalizing matrixwell known parameter to test unification group
Wilczek and Zee (1979) 

iii. Nucleon decay

𝑅1 becomes larger as rank of unification group becomes larger.



08/48Result

𝑅1 becomes larger as rank of unification group 
becomes larger. useful to test unification group

iii. Nucleon decay



M. Ikeda @ NNN2015

09/48News from Kamiokandeiii. Nucleon decay



M. Ikeda @ NNN2015

09/48News from Kamiokandeiii. Nucleon decay



𝑃 → 𝜋0𝜇+

decay mode

𝑃 → 𝜋0𝑒+

decay mode

2 events !!!Γ𝑃→𝜋0𝜇+ > Γ𝑃→𝜋0𝑒+?

09/48News from Kamiokandeiii. Nucleon decay

2

Total #BKG (SK I-IV)

Data (SK I-IV) 0

0.61 0.87



10/48In fact …

Review of Nucleon Decay Searches at Super-Kamiokande

Volodymyr Takhistov arXiv:1605.03235

iii. Nucleon decay



11/48If 𝑹𝟑 is large

If we observe 𝑃 → 𝜋0𝜇+ decay mode earlier than 
𝑃 → 𝜋0𝑒+ decay mode 

𝑅3 > 1

large mixing is favored

hint for diagonalizing 
matrices

hint for flavor physics in bSM

𝑃 → 𝜋0𝜇+ decay mode is very important.

iii. Nucleon decay



12/48Nucleon decay calculation

gauge interaction induces nucleon decay via 
dimension 6 operators

weak interaction new gauge interaction

• gauge coupling : 𝑔

•weak boson mass : 𝑀𝑊

•CKM and MNS matrix :

𝑈𝐶𝐾𝑀 and 𝑈𝑀𝑁𝑆

•unified gauge coupling : 𝑔𝐺𝑈𝑇
from gauge coupling unification

•X-type boson mass : 

𝑀𝑆𝑈(5), 𝑀𝑆𝑂(10) and 𝑀𝐸6

•diagonalizing matrix :

𝐿𝜓 and 𝑅𝜓

iii. Nucleon decay



2. Nucleon decay

i.   Key for model test

ii.  Diagonalizing matrix

iii. Symmetry breaking

2. Nucleon decay 12/48Content



i. Key for model test 13/48Quark and lepton unification

𝟐𝟕 → 𝟏𝟔 + 𝟏𝟎 + 𝟏

superheavy

×three generations

six ഥ𝟓s
three SM ഥ𝟓s

explain this 
later

key: SM particles belong to 𝟏𝟎 and ഥ𝟓 of 𝑆𝑈 5 group
two ഥ𝟓 matter (ഥ𝟓 and ഥ𝟓′)

three superheavy ഥ𝟓s



𝟕𝟖 → 𝟒𝟓 + 𝟏𝟔 + 𝟏𝟔 + 𝟏

𝑋𝐸6

GUT

GUT
GUT

𝑋𝑆𝑈(5) 𝑋𝑆𝑂(10) 𝑋𝐸6

14/48Gauge particle unification

X-type gauge bosons belong to 𝟐𝟒 (adjoint
representation) and 𝟏𝟎 of 𝑆𝑈 5 group

i. Key for model test

key:



gauge interactions in E6 models : 𝟐𝟕† ∙ 𝟕𝟖𝑮 ⋅ 𝟐𝟕 →

X-type gauge interactions which induce nucleon decay

𝟏𝟔† ⋅ 𝟒𝟓𝑮 ⋅ 𝟏𝟔

𝟏𝟎† ⋅ 𝟐𝟒𝑮 ⋅ 𝟏𝟎

ഥ𝟓† ⋅ 𝟐𝟒𝑮 ⋅ ഥ𝟓

ഥ𝟓† ⋅ 𝟏𝟎𝑮 ⋅ 𝟏𝟎

𝑆𝑂(10) decomposition 𝑆𝑈(5) decomposition

𝟏𝟎† ⋅ 𝟒𝟓𝑮 ⋅ 𝟏𝟎
ഥ𝟓′† ⋅ 𝟐𝟒𝑮 ⋅ ഥ𝟓′

𝟏𝟎† ⋅ 𝟏𝟔𝑮 ⋅ 𝟏𝟔 ഥ𝟓′† ⋅ 𝟏𝟎𝑮 ⋅ 𝟏𝟎

15/48Gauge interactioni. Key for model test

𝟐𝟒𝑮 couples ഥ𝟓 pair or 𝟏𝟎 pair
𝟏𝟎𝑮 couples ഥ𝟓 with 𝟏𝟎

key: GUT

GUT
GUT

𝑋𝑆𝑈(5) 𝑋𝑆𝑂(10) 𝑋𝐸6

𝟐𝟒𝑮 𝟏𝟎𝑮



Dimension 6 operators which exchange 𝑋𝑆𝑈(5)

𝟏𝟔† ⋅ 𝟒𝟓𝑮 ⋅ 𝟏𝟔
𝟏𝟎† ⋅ 𝟐𝟒𝑮 ⋅ 𝟏𝟎

ഥ𝟓† ⋅ 𝟐𝟒𝑮 ⋅ ഥ𝟓

𝑆𝑂(10) decomposition 𝑆𝑈(5) decomposition

𝟏𝟎† ⋅ 𝟒𝟓𝑮 ⋅ 𝟏𝟎
ഥ𝟓′† ⋅ 𝟐𝟒𝑮 ⋅ ഥ𝟓′

𝟏𝟎† ⋅ 𝟏𝟎 ⋅ 𝟏𝟎† ⋅ 𝟏𝟎

𝟏𝟎† ⋅ 𝟏𝟎 ⋅ ഥ𝟓† ⋅ ഥ𝟓

𝟏𝟎† ⋅ 𝟏𝟎 ⋅ ഥ𝟓′† ⋅ ഥ𝟓′

𝟏𝟔† ⋅ 𝟒𝟓𝑮 ⋅ 𝟏𝟔 ഥ𝟓† ⋅ 𝟏𝟎𝑮 ⋅ 𝟏𝟎

𝑆𝑂(10) decomposition 𝑆𝑈(5) decomposition

𝟏𝟎† ⋅ 𝟏𝟎 ⋅ ഥ𝟓† ⋅ ഥ𝟓

𝑆𝑂(10) decomposition 𝑆𝑈(5) decomposition

𝟏𝟎† ⋅ 𝟏𝟔𝑮 ⋅ 𝟏𝟔 ഥ𝟓′† ⋅ 𝟏𝟎𝑮 ⋅ 𝟏𝟎 𝟏𝟎† ⋅ 𝟏𝟎 ⋅ ഥ𝟓′† ⋅ ഥ𝟓′

always include ഥ𝟓

key:

16/48Dimension 6 operatorsi. Key for model test

Dimension 6 operators which exchange 𝑋𝑆𝑂(10)

Dimension 6 operators which exchange 𝑋𝐸6



17/48Key for model test

only 𝑆𝑈(5) model 

𝑆𝑈 5 model
and

added operator 
in 𝑆𝑂(10) and 𝐸6model

Key for test GUT model is

contribution from 𝟏𝟎† ⋅ 𝟏𝟎 ⋅ ഥ𝟓† ⋅ ഥ𝟓 operator

i. Key for model test



𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 ∼
1 𝜆 𝜆3

𝜆 1 𝜆2

𝜆3 𝜆2 1

𝑈𝑀𝑁𝑆−𝑡𝑦𝑝𝑒 ∼
1 𝜆0.5 𝜆
𝜆0.5 1 𝜆0.5

𝜆 𝜆0.5 1

Yukawa matrix diagonalization

diagonalizing matrix 𝐿𝜓, 𝑅𝜓
condition for 7 diagonalizing matrices 𝜆 = 0.22

It is impossible to fix all diagonalizing matrices.

small mixing matrix

large mixing matrix

ii. Diagonalizing matrix 18/48Diagonalizing matrix

We consider GUT model test with uncertainty of these 
diagonalizing matrices.



In 𝑆𝑈 5 GUT model

To realize CKM matrix diagonalizing matrix for 𝟏𝟎 matter is small mixing

19/48Diagonalizing matrix in GUT modelii. Diagonalizing matrix

In minimal 𝑆𝑂 10 GUT model

To realize MNS matrix diagonalizing matrix for ഥ𝟓 matter is large mixing

To realize CKM matrix, all diagonalizing matrices except neutrino 
diagonalizing matrix are small mixing
Through new degree of freedom from seesaw mechanism, only 
diagonalizing matrix for left-handed neutrino (~light neutrino) is 
large mixing



In 𝑆𝑂 10 GUT + 10 matter model

+

6 × 6 mixing matrix

SM matters

superheavy particles 

Through this mixing diagonalizing matrix for ഥ𝟓0matter can be large mixing

Diagonalizing matrix for 𝟏𝟎 matter is small mixing

Diagonalizing matrix for ഥ𝟓𝟎 matter is large mixing

20/48Diagonalizing matrix in GUT modelii. Diagonalizing matrix

To realize observed quark and 
lepton masses and mixings



21/48

𝐸6 GUT model
𝟐𝟕 → 𝟏𝟔 + 𝟏𝟎 + 𝟏

𝐸6 fundamental representation includes added 𝟏𝟎

6 × 6 mixing matrix

SM matters

superheavy particles 

𝑆𝑂(10) decomposition 𝑆𝑈(5) decomposition

𝟏𝟎† ⋅ 𝟏𝟔𝑮 ⋅ 𝟏𝟔 ഥ𝟓′† ⋅ 𝟏𝟎𝑮 ⋅ 𝟏𝟎 𝟏𝟎† ⋅ 𝟏𝟎 ⋅ ഥ𝟓′† ⋅ ഥ𝟓′

Added operator in 𝐸6 GUT model includes ഥ𝟓′

ii. Diagonalizing matrix Diagonalizing matrix in GUT model

Dimension 6 operators which exchange 𝑋𝐸6



22/48Model classification from diagonalizing matrix

𝑆𝑂(10) model+𝟏𝟎 matter

𝑆𝑈(5) model

𝐸6 model

small mixing

for 𝟏𝟎matter
large mixing

minimal 𝑆𝑂(10) model
all diagonalizing matrix

small mixing

𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 ∼
1 𝜆 𝜆3

𝜆 1 𝜆2

𝜆3 𝜆2 1

=
1 0.22 0.011

0.22 1 0.048
0.011 0.048 1

𝑈𝑀𝑁𝑆−𝑡𝑦𝑝𝑒 ∼
1 𝜆0.5 𝜆
𝜆0.5 1 𝜆0.5

𝜆 𝜆0.5 1

=
1 0.47 0.22

0.47 1 0.47
0.22 0.47 1

𝜆 = 0.22small mixing matrix

large mixing matrix

𝑈𝐶𝐾𝑀 =
0.97 0.23 0.037
0.23 0.97 0.042
0.0087 0.041 1.0

𝑈𝑀𝑁𝑆 =
0.83 0.55 0.15
0.47 0.52 0.71
0.31 0.65 0.69

we consider 𝑂(1) uncertainty (0.5-2.0)

ii. Diagonalizing matrix

for ഥ𝟓matter



iii. Symmetry breaking 23/48Symmetry breaking and X-type gauge boson mass

• Φ , 𝐶 ≫ 𝐴 𝑀𝑋𝐸6
, 𝑀𝑋𝑆𝑂(10) ≫ 𝑀𝑋𝑆𝑈(5)∼

all models become 𝑆𝑈(5) like model

• Φ ∼ 𝐶 ∼ 𝐴 𝑀𝑋𝐸6
,𝑀𝑋𝑆𝑂(10) ≥ 𝑀𝑋𝑆𝑈(5)∼

small difference
• Φ ∼ 𝐶 < 𝐴 𝑀𝑋𝐸6

, 𝑀𝑋𝑆𝑂(10) ≤ 𝑀𝑋𝑆𝑈(5)∼

large difference
but because there are intermediation scales before unification, 
there is a possibility that gauge coupling unification is spoiled

easy to test

𝐸6 → 𝑆𝑂 10 → 𝑆𝑈 5 → 𝐺𝑆𝑀
Φ AC unification scale



3. GUT model test 

i.  Model point

ii.  Advantage of ratio

iii. Result

iv.  Summary 1

3. GUT model test 23/48Content



i. Model point 24/48GUT model

𝑆𝑂(10) model+𝟏𝟎 matter

𝑆𝑈(5) model

𝐸6 model

minimal 𝑆𝑂(10) model

We calculate nucleon decay in above four models 
under 𝑀𝑋𝑆𝑈(5) = 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6

.

small mixing

for 𝟏𝟎matter
large mixing

all diagonalizing matrix
small mixing

for ഥ𝟓matter



i. Model point 25/48Diagonalizing matrix generation

Seven diagonalizing matrices

𝐿𝑢, 𝐿𝑑 , 𝐿𝜈 , 𝐿𝑒 , 𝑅𝑢, 𝑅𝑑 , 𝑅𝑒

•Generate diagonalizing matrices within 𝑂(1)
uncertainty except 𝐿𝑢 and 𝐿𝜈.

• To realize measured CKM and MNS matrix,

𝐿𝑢 = 𝐿𝑑𝑈𝐶𝐾𝑀
† , 𝐿𝜈 = 𝐿𝑒𝑈𝑀𝑁𝑆

† .

Test 𝐿𝑢 and 𝐿𝜈 whether these matrices are matrices 
within 𝑂(1) uncertainty or not.

Generate 105 model points with diagonalizing matrices 
which pass above tests.



ii. Advantage of ratio 26/48Advantage of ratio

• cancel part of X-type gauge boson mass dependence

proton lifetime∝ 𝑀𝑋𝑆𝑈 5

4 /𝑔𝐺𝑈𝑇
4 , 𝑀𝑋𝑆𝑂 10

4 /𝑔𝐺𝑈𝑇
4 ,𝑀𝑋𝐸6

4 /𝑔𝐺𝑈𝑇
4

𝑅1, 𝑅2, 𝑅3 ∝ 𝑀𝑋𝑆𝑂 10

4 /𝑀𝑋𝑆𝑈 5

4 , 𝑀𝑋𝐸6
4 /𝑀𝑋𝑆𝑂 10

4

• cancel form factor dependence in 𝑅1 and 𝑅3

𝑆𝑈(2) isospin limit One of the reasons that  we use 𝑁 → 𝜋0 ҧ𝜈 in 𝑅1

calculated by lattice - Aoki, Shintani, Soni (2013)



× 2

decay mode into charged lepton

Ratio of neutrino final state and charged lepton final state 𝑅1
is useful to test GUT model, especially unification group.
𝑅1 becomes larger as rank of unification group becomes larger.

27/48𝑹𝟏ii. Advantage of ratio

decay mode into charged lepton

decay mode into neutrino



27/48𝑹𝟏ii. Advantage of ratio

𝑅1 (strictly speaking                   ) is very useful to test unification group.

in 𝑆𝑈(5) GUT model

always positive contribution

This is because in neutrino final state neutrino flavors (from electron to tau) are 
summed up. 

When 𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 ∼ 𝟏3×3, 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒

𝑅1 becomes larger as rank of unification group becomes larger.



28/48𝑹𝟐

If no mixing
added operator in 𝑆𝑂(10) model added operator in 𝐸6 model

smaller than R2 in 𝑆𝑈(5) model

2nd generation particles

ii. Advantage of ratio

lager than R2 in 𝑆𝑂(10) model



29/48𝑹𝟑

𝑃 → 𝜋0𝜇+

only 1st generation 2nd generation

comes from mixing

large mixing comes from ഥ𝟓 matter

𝑅3 becomes larger as rank of unification group becomes larger.

ii. Advantage of ratio



iii. Result 30/48𝑹𝟏 vs 𝑹𝟐

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6

𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 , 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒



30/48𝑹𝟏 vs 𝑹𝟐

𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 , 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6

iii. Result



30/48𝑹𝟏 vs 𝑹𝟐

𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 , 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6

iii. Result



31/48𝑹𝟏 vs 𝑹𝟐

all diagonalizing matrices are 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 except neutrino one

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6

iii. Result



31/48𝑹𝟏 vs 𝑹𝟐

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6

iii. Result

all diagonalizing matrices are 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 except neutrino one



32/48𝑹𝟏 vs 𝑹𝟑

𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 , 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6

iii. Result



32/48𝑹𝟏 vs 𝑹𝟑

𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 , 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6

iii. Result



32/48𝑹𝟏 vs 𝑹𝟑

𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 , 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6

𝑅3 > 1
point number 539 (0.5%)

664 (0.7%)

3897 (4%)

iii. Result



32/48𝑹𝟏 vs 𝑹𝟑

𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 , 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6

iii. Result



33/48𝑹𝟏 vs 𝑹𝟑

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6

all diagonalizing matrices are 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 except neutrino one

iii. Result



33/48𝑹𝟏 vs 𝑹𝟑

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6

all diagonalizing matrices are 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 except neutrino one

iii. Result



34/48proton lifetime

𝑀𝑋𝑆𝑈(5)

𝑔𝐺𝑈𝑇
=

𝑀𝑋𝑆𝑂 10

𝑔𝐺𝑈𝑇
=

𝑀𝑋𝐸6

𝑔𝐺𝑈𝑇
= 1016 GeV

𝑀𝑋𝑆𝑈(5)

𝑔𝐺𝑈𝑇
∼ 3 × 1016 GeV

minimal SUSY SU(5) GUT model

We can observe nucleon decay in HK !!!

current SK limit
SK working group 
(2016)

future HK limit
HK working group 
(2011)

iii. Result



iv. Summary 1 35/48Summary

•Nucleon decay is useful to test GUT.                       
To reduce uncertainty ratio of partial decay width is useful.
•Especially is very useful.

𝑅1 becomes larger as rank of unification group becomes larger.
•The decay modes which comes form mixing are also useful.
𝑆𝑈 5 model points can be separated from other model points in 
𝑅1 vs                     plane.
When 𝑅3 > 1, large mixing is favored.

•When 𝑀𝑋/𝑔𝐺𝑈𝑇 = 1016 GeV, we can expect observation of 
nucleon decay in Hyper-Kamiokande.



Conditions to realize testable nucleon decay

4. Anomalous 𝑈 1 𝐴 𝐸6
SUSY GUT model 36/48Nucleon decay and SUSY GUT model

•𝐸6 unification group

•Nucleon decay via dimension 6 operators is 
dominant.

• realize large mixing through ഥ𝟓 mixing

𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 ∼
1 𝜆 𝜆3

𝜆 1 𝜆2

𝜆3 𝜆2 1

𝑈𝑀𝑁𝑆−𝑡𝑦𝑝𝑒 ∼
1 𝜆0.5 𝜆
𝜆0.5 1 𝜆0.5

𝜆 𝜆0.5 1

•X-type gauge boson mass condition 𝑀𝑋𝑆𝑈(5) ≥ 𝑀𝑋𝑆𝑂 10
,𝑀𝑋𝐸6

•𝑀𝑋/𝑔𝐺𝑈𝑇 = 1016 GeV

Are there any GUT models which realize above conditions?

Anomalous 𝑼 𝟏 𝑨 𝑬𝟔 SUSY GUT model



4. Anomalous 𝑈 1 𝐴 𝐸6
SUSY GUT model 37/48Anomalous 𝑼 𝟏 𝑨 SUSY GUT

realize doublet-triplet splitting under “natural assumptions”

•consider all operators which are allowed by symmetry

•magnitude of operator’s coefficients are 𝑂(1)

•consider all higher dimensional operators

right then

hierarchical coefficient(e.g. difference between first generation 
particle mass and third generation particle mass)

mechanism to forbid unfavorable operators
come from?

anomalous 𝑈 1 𝐴 symmetry



4. Anomalous 𝑈 1 𝐴 𝐸6
SUSY GUT model 38/48anomalous 𝑼 𝟏 𝑨 symmetry

hierarchical coefficient(e.g. difference between first generation particle mass 
and second generation particle mass)

mechanism to forbid unfavorable operators

anomalous 𝑈 1 𝐴 symmetry
determine VEV of GUT singlet Higgs field 𝐻±(U 1 A charge ℎ±)

Froggatt-Nielsen field Θ (GUT singlet, 𝑈 1 𝐴 charge −1)

forbid 𝑈 1 𝐴 charge negative and GUT singlet operators

𝑈 1 𝐴 charge positive and GUT singlet operators can satisfy 
𝑈 1 𝐴 symmetry by compensating with FN field

SUSY zero mechanism

connect various phenomena

𝜆 = 0.22 < 1



4. Anomalous 𝑈 1 𝐴 𝐸6
SUSY GUT model 39/48Nucleon decay

nucleon decay via dimension 6 operators is dominant

GUT scale of anomalous 𝑈 1 𝐴 SUSY GUT model: Λ𝑎
Λ𝑎 ≡ 𝑥 < Λ𝑆𝑈𝑆𝑌 𝐺𝑈𝑇

nucleon decay via dimension 6 operators is enhanced

Nucleon decay via dimension 6 operators

usually

anomalous 𝑈 1 𝐴 SUSY GUT model

direct

indirect

nucleon decay via dimension 5 operators is suppressed

𝜆 = 0.22 < 1

Nucleon decay via dimension 5 operators
When 𝑥 = 1016 GeV, 𝑀𝑋/𝑔𝐺𝑈𝑇 = 1016 GeV



4. Anomalous 𝑈 1 𝐴 𝐸6
SUSY GUT model 40/48Yukawa matrix in 𝑺𝑼(𝟓)

How to realize observed quark and lepton masses and mixings in 𝑆𝑈(5) GUT model

𝑀𝑢

𝑀𝑑 ,𝑀𝑒

𝑀𝜈

strong

middle

weak

𝑈𝐶𝐾𝑀

𝑈𝑀𝑁𝑆

small mixing

large mixing
mixingmass 

hierarchy

The 𝟏𝟎 quark and lepton induces stronger hierarchies for 
Yukawa coupling than the ഥ𝟓 quark and lepton.

𝟏𝟎𝟏
𝟏𝟎𝟐
𝟏𝟎𝟑

𝜆3

𝜆2

1

ഥ𝟓𝟏
ഥ𝟓𝟐
ഥ𝟓𝟑

𝜆3

𝜆2.5

𝜆2

assumption

𝑈𝐶𝐾𝑀 =
0.97 0.23 0.037
0.23 0.97 0.042
0.0087 0.041 1.0

𝑈𝑀𝑁𝑆 =
0.83 0.55 0.15
0.47 0.52 0.71
0.31 0.65 0.69



𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 ∼
1 𝜆 𝜆3

𝜆 1 𝜆2

𝜆3 𝜆2 1

𝑈𝑀𝑁𝑆−𝑡𝑦𝑝𝑒 ∼
1 𝜆0.5 𝜆
𝜆0.5 1 𝜆0.5

𝜆 𝜆0.5 1

𝐿𝜈 ∼ 𝑈𝑀𝑁𝑆−𝑡𝑦𝑝𝑒

weak hierarchy

𝑀𝑢 𝑀𝑑 , 𝑀𝑒 𝑀𝜈

𝐿𝑑 ∼ 𝑅𝑒 ∼ 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒, 𝑅𝑑 ∼ 𝐿𝑒 ∼ 𝑈𝑀𝑁𝑆−𝑡𝑦𝑝𝑒

middle hierarchy
𝐿𝑢 ∼ 𝑅𝑢 ∼ 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒

strong hierarchy

’

4. Anomalous 𝑈 1 𝐴 𝐸6
SUSY GUT model 41/48Yukawa matrix in 𝑺𝑼(𝟓)



4. Anomalous 𝑈 1 𝐴 𝐸6
SUSY GUT model 42/48Yukawa matrix in 𝑬𝟔

𝑊 = 𝜆𝜓𝑖+𝜓𝑗+𝑐Ψ𝑖Ψ𝑗𝐶 + 𝜆𝜓𝑖+𝜓𝑗+𝜙Ψ𝑖Ψ𝑗Φ

𝐸6 → 𝑆𝑂 10 → 𝑆𝑈 5 → 𝐺𝑆𝑀
Φ A𝐶

the capital letter denotes the superfield and small 
letter denotes the corresponding 𝑈 1 𝐴 charge

superpotential for Yukawa interaction and ഥ𝟓 mixing

𝜆𝑟 ≡
𝜆𝑐 𝐶

𝜆𝜙 Φ
When 𝑟 = 0.5, following assumption are realized

𝟐𝟕 → 𝟏𝟔 + 𝟏𝟎 + 𝟏
ഥ𝟓 and ഥ𝟓′

The 𝟏𝟎 quark and lepton induces stronger hierarchies for 
Yukawa coupling than the ഥ𝟓 quark and lepton.

We get relation between 𝐶 and  Φ .

control ഥ𝟓 mixing



𝑀𝑋𝑆𝑈(5)
2 = 𝑔𝐺𝑈𝑇

2 𝑥2,

𝑀𝑋𝑆𝑂(10)
2 = 𝑔𝐺𝑈𝑇

2 𝑥2 + 𝑣𝑐
2 , 𝑀𝑋𝐸6

2 = 𝑔𝐺𝑈𝑇
2 (1

4
𝑥2 + 𝑣𝜙

2 )

Here,

𝑥 = 1 × 1016GeV, 𝑣𝑐 = 5 × 1014GeV, 𝑣𝜙 = 5 × 1015GeV.
*𝑥 > 𝑣𝑐 is to realize VEV form 𝐴 .

𝑀𝑋𝑆𝑂(10)
2 ∼ 𝑀𝑋𝑆𝑈 5

2 ∼ 2𝑀𝐸6
2

𝑋𝑆𝑂(10) and 𝑋𝐸6 contribution are large

4. Anomalous 𝑈 1 𝐴 𝐸6
SUSY GUT model 43/48X-type gauge boson mass

𝐸6 → 𝑆𝑂 10 → 𝑆𝑈 5 → 𝐺𝑆𝑀
Φ A𝐶

𝜎𝑖 : Pauli matrixThis adjoint VEV 𝐴 is 𝑆𝑂(10)
group notation and useful to 
realize DT splitting.

𝐶 ≡ 𝑣𝑐 , Φ ≡ 𝑣𝜙



intermediation scales 𝑥 > 𝑣𝑐

Sometimes intermediation scales spoil gauge coupling unification.
In anomalous 𝑈 1 𝐴 SUSY GUT model, gauge coupling unification can be 
realized even if there are intermediation scales.

Maekawa
(2002)

4. Anomalous 𝑈 1 𝐴 𝐸6
SUSY GUT model 44/48gauge coupling unification



4. Anomalous 𝑈 1 𝐴 𝐸6
SUSY GUT model 45/48𝑹𝟏 vs 𝑹𝟐

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 2𝑀𝑋𝐸6

𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 , 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒



𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 2𝑀𝑋𝐸6

𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 , 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒

4. Anomalous 𝑈 1 𝐴 𝐸6
SUSY GUT model 45/48𝑹𝟏 vs 𝑹𝟐

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6

𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒, 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒



4. Anomalous 𝑈 1 𝐴 𝐸6
SUSY GUT model 46/48𝑹𝟏 vs 𝑹𝟑

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 2𝑀𝑋𝐸6

𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 , 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒



4. Anomalous 𝑈 1 𝐴 𝐸6
SUSY GUT model 46/48𝑹𝟏 vs 𝑹𝟑

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 2𝑀𝑋𝐸6

𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 , 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6

𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒, 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒



4. Anomalous 𝑈 1 𝐴 𝐸6
SUSY GUT model 46/48𝑹𝟏 vs 𝑹𝟑

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 2𝑀𝑋𝐸6

𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 , 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒

539 (0.5%)

664 (0.7%)

17617 (20%)

𝑅3 > 1
point number



4. Anomalous 𝑈 1 𝐴 𝐸6
SUSY GUT model 47/48Summary

•Anomalous 𝑈 1 𝐴 𝐸6 SUSY GUT model has testable 
nucleon decay prediction.
•𝑈 1 𝐴 charge determines model predictions therefore 
mechanisms to solve problems of GUT model induce 
this testable nucleon decay prediction.

•We can expect observation of nucleon decay in Hyper-
Kamiokande because 𝑀𝑋/𝑔𝐺𝑈𝑇 = 1016 GeV.



4. Anomalous 𝑈 1 𝐴 𝐸6
SUSY GUT model 48/48Summary

anomalous 𝑈 1 𝐴

𝐸6 SUSY GUT

𝑀𝑋𝑆𝑈(5)

𝑔𝐺𝑈𝑇
=
𝑀𝑋𝑆𝑂 10

𝑔𝐺𝑈𝑇
=

2𝑀𝑋𝐸6

𝑔𝐺𝑈𝑇
= 1016 GeV

𝑀𝑋𝑆𝑈(5)

𝑔𝐺𝑈𝑇
=
𝑀𝑋𝑆𝑂 10

𝑔𝐺𝑈𝑇
=

2𝑀𝑋𝐸6

𝑔𝐺𝑈𝑇
= 0.5 × 1016 - 2 × 1016 GeV

anomalous 𝑈 1 𝐴

𝐸6 SUSY GUT

from 𝑂(1) uncertainty

HK working group (2011)



Guan Yu(関羽)

60 m



Back up



Theory



unfair assumption…

𝑹𝟏 =

𝑹
𝟐
=

𝟏𝟎𝟒 model points

𝟏𝟎3 model points

𝟏𝟎𝟔 model points

PTEP (2014) no.11PRD 88 (2014) no.9 𝑹𝟏 =

𝑹
𝟐
=

𝟏𝟎𝟓 model points

now

We used unfair assumption.

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 2𝑀𝑋𝐸6

𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒,

𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒

Especially difference 
between 𝑆𝑈(5) GUT model 
region is large



Without loss of generality we can 
fix two diagonalizing matrix.

In 𝑺𝑼(𝟓) GUT model

Theoretically In our past calculation

fix

new unitary matrix

For ഥ𝟓 matter we fix 𝑅𝑑.

new unitary matrix

We generator two unitary matrices
and 
Apply 𝑂(1) test 

lose generality
and
unfair assumption

In our new calculation we generate all diagonalizing matrices.



uncertainty of diagonalizing matrix is overestimated?

In minimal 𝑆𝑈 5 GUT model we can fix all diagonalizing matrix.

minimal particle contents which include SM particles
but it is hard to realize realistic quark and lepton masses and mixing… (𝑆𝑈(5) Yukawa relation)

To realize realistic quark and lepton masses and mixing we introduce new degree of freedoms. 

Especially adjoint contributions are important.

e.g.

minimal renormalizable 𝑆𝑈(5) GUT

𝑆𝑈(5) Yukawa relation

non-renormalizable 𝑆𝑈(5) GUT

or smaller

unification group 
breaking VEV

especially non-renormalizable terms 
contribute to first-second generation mixing



Hadron matrix element (form factor)

𝑊0
𝑅𝐿 ,𝑊0

𝐿𝑅 (statistical error)(systematic error)

Statistical and  
systematic error is 
20 and 30 percent 
of central value, 
respectively.

calculated by lattice - Aoki, Shintani, Soni (2013)



Reason why 𝑹𝟏 is useful

𝑅1 (strictly speaking                   ) is very useful to test unification group.

in 𝑆𝑈(5) GUT model

always positive contribution

This is because in neutrino final state neutrino flavors (from electron to tau) are 
summed up. 

When 𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 ∼ 𝟏3×3, 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒



Reason why 𝑹𝟏 vs 𝑹𝟑 plot is more useful than 𝑹𝟏 vs 𝑹𝟐

Comparison of “𝑆𝑈(5) model” and “𝑆𝑂(10) model + 10 matter”

In 𝑆𝑂 10 GUT model

𝑅1𝑅1 𝑅3𝑅2

but these results are related to each other.
When 𝑅1 becomes larger, then is 𝑅2 become smaller and is 𝑅3
becomes larger?



Reason why 𝑹𝟏 vs 𝑹𝟑 plot is more useful than 𝑹𝟏 vs 𝑹𝟐

In 𝑆𝑂 10 GUT model

𝑅1𝑅1 𝑅3𝑅2

When becomes smaller

𝑅1𝑅1 𝑅3𝑅2

In 𝑅1 vs 𝑅2 plot it is not easy both 𝑅1 and 𝑅2 take testable value.



𝑷 → 𝝅𝟎𝝁+ from dimension 5 operators

dimension 5 operators are induced by Yukawa interaction

second generation final state is favored

It is easy to realize 𝑅3 > 1

But problem is 𝑃 → 𝐾0 ҧ𝜈 mode.

no observation of 𝑃 → 𝐾0 ҧ𝜈 mode

𝑅3 > 1

Is it possible to realize these at one time?



In 𝑆𝑂 10 (low-energy) SUSY GUT        Lucas, Raby (1996)

First signal can not be 𝑃 → 𝜋0𝜇+. 
It should be 𝑃 → 𝐾+ ҧ𝜈.

very small



In 𝑆𝑈 5 split SUSY GUT        Nagata, Shirai (2014)

possible ?
The squark and 
slepton
observation is 
not possible.
Because this 
result comes 
from large flavor 
violation.



Dimopoulos-Wilczek (DW) mechanism
to realize DT splitting

adjoint Higgs A has DW form VEV
In 𝑆𝑂(10) GUT model VEV 𝟒𝟓𝐴 for 45 rep. Higgs A

𝜎𝑖 : Pauli matrix

To realize DW form VEV we need some operators and have to forbid 
some other operators by SUSY zero mechanism. Therefore, 𝑈 1 𝐴

charges have following relation.

−𝑎 < −
1

2
𝑐 + ҧ𝑐 (𝑎 < 0)

And 𝑥 ∼ 𝜆−𝑎Λ. Therefore 𝑥 ∼ 𝜆−𝑎Λ > 𝜆−
1

2
𝑐+ ҧ𝑐 Λ ∼ 𝑣𝑐.



DT splitting
In 𝑆𝑂(10) GUT model

𝟏𝟎 ∶ H ℎ < 0,+ , H′ ℎ′ > 0,−
𝟒𝟓 ∶ A(𝑎 < 0,−)

W = λℎ+ℎ
′+𝑎HAH′ + 𝜆2ℎ′𝐻′𝐻′ (ℎ + ℎ′ + 𝑎 > 0)

𝟏𝟎 → 𝟓 + ഥ𝟓 (𝑆𝑂(10) → 𝑆𝑈(5))

𝑍2 parity

negative 𝑈 1 𝐴 charge to forbid 𝐻𝐻 term



doublet Higgs mass matrix 𝑀𝐷

𝑀𝐷 =
0 0
0 𝜆2ℎ′Λ

triplet Higgs mass matrix 𝑀𝑇

𝑀𝑇 =
0 𝜆ℎ+ℎ

′+𝑎𝑥

𝜆ℎ+ℎ
′+𝑎𝑥 𝜆2ℎ′Λ

 one massless mode

=SM doublet Higgs

 one massive mode

 two massive modes

mass term for Higgs 𝟏𝟎

𝟓𝐻 𝟓𝐻′ 𝑀10
ഥ𝟓𝐻
ഥ𝟓𝐻′

𝑀10 : mass matrix for Higgs 𝟏𝟎

𝑀10 =
0 𝜆ℎ+ℎ

′+𝑎 𝐴

𝜆ℎ+ℎ
′+𝑎 𝐴 𝜆2ℎ′Λ

We can realize DT splitting by DW mechanism.



Nucleon decay via dimension-5 
operators suppression

𝑀𝑇 =
0 𝜆ℎ+ℎ

′+𝑎 𝐴

𝜆ℎ+ℎ
′+𝑎 𝐴 𝜆2ℎ′Λ𝑆𝑈𝑆𝑌 𝐺𝑈𝑇

𝑀𝐷 =
0 0
0 𝜆2ℎ′Λ𝑆𝑈𝑆𝑌 𝐺𝑈𝑇

𝟑𝐻 is not coupled with ഥ𝟑𝐻 these are GUT partner for MSSM 
doublet doublet directly.

Effective triplet Higgs mass (𝑚𝑇 𝑒𝑓𝑓) is

𝑚𝑇 𝑒𝑓𝑓 ∼
𝜆ℎ+ℎ

′
Λ𝑆𝑈𝑆𝑌 𝐺𝑈𝑇 ∙ 𝜆

ℎ+ℎ′Λ𝑆𝑈𝑆𝑌 𝐺𝑈𝑇

𝜆2ℎ
′
Λ𝑆𝑈𝑆𝑌 𝐺𝑈𝑇

= 𝜆2ℎΛ𝑆𝑈𝑆𝑌 𝐺𝑈𝑇

> Λ𝑆𝑈𝑆𝑌 𝐺𝑈𝑇 (ℎ < 0, 𝜆 < 1)

“Effective” triplet Higgs mass suppresses nucleon decay via dimension-5 operators.



Gauge coupling unification (GCU) 
in anomalous 𝑼 𝟏 𝑨 SUSY GUT model

Assumption

i. the unification group is simple

ii.Higgs VEVs are

iii.MSSM and GCU is realized without GUT particle at ΛSUSY GUT

cut-off scale

To realize GCU in anomalous U 1 𝐴 SUSY GUT model (with GUT 
particle contribution)

This meanscut-off scale is around minimal 
𝑆𝑈(5) SUSY GUT scale 2 × 1016 GeV



fermion masses and mixings through ഥ𝟓 mixings
add 𝟏𝟎 rep. as SM quarks and leptons

hierarchy  of 𝟏𝟎
of 𝑆𝑈 5

𝟏𝟎 rep.

ഥ𝟓 rep.

ഥ𝟓𝜓1

ഥ𝟓’𝑇
ഥ𝟓𝜓2

ഥ𝟓𝜓3

∼

ഥ𝟓1
ഥ𝟓2
ഥ𝟓3
ഥ𝟓𝑀

massless ഥ𝟓 of 
𝑆𝑈(5) (SM quarks 

and leptons)

𝟏𝟔𝝍𝟏
𝟏𝟔𝝍𝟐
𝟏𝟔𝝍𝟑

𝜆3

𝜆2

1

hierarchy of 𝟏𝟔

𝟏𝟎𝝍𝟏
𝟏𝟎𝝍𝟐
𝟏𝟎𝝍𝟑

𝜆3

𝜆2

1

realistic

hierarchy  of ഥ𝟓
of 𝑆𝑈 5

ഥ𝟓𝝍𝟏
ഥ𝟓𝝍𝟐

ഥ𝟓𝝍𝟑

𝜆3

𝜆2

1

unrealistic

ഥ𝟓′𝑻 𝜆2.5

add ഥ𝟓′ from 𝟏𝟎 of 𝑆𝑂(10)

ഥ𝟓𝜓1

ഥ𝟓’𝑇
ഥ𝟓𝜓2

ഥ𝟓𝜓3

large Yukawa = superheavy

𝜆3

𝜆2.5

𝜆2

1

𝜆3

𝜆2.5

𝜆2

1

realistic

In 𝑺𝑶 𝟏𝟎 GUT model



In 𝑆𝑂(10) GUT model, addition of 𝟏𝟎 induces realistic quark 
and lepton masses and mixings.
𝟐𝟕 → 𝟏𝟔 + 𝟏𝟎 + 𝟏

include one ഥ𝟓 rep., 
individually

six ഥ𝟓 rep.’s

ഥ𝟓1
ഥ𝟓2
ഥ𝟓3
ഥ𝟓𝑀

∼

ഥ𝟓𝜓1

ഥ𝟓′𝑇
ഥ𝟓𝜓2

ഥ𝟓𝜓3

in 𝑆𝑂 10 GUT in 𝐸6 GUT
ഥ𝟓1
ഥ𝟓2
ഥ𝟓3
ഥ𝟓𝑀1

ഥ𝟓𝑀2

ഥ𝟓𝑀3

∼

ഥ𝟓𝜓1

ഥ𝟓′𝜓1

ഥ𝟓𝜓2

ഥ𝟓′𝜓2

ഥ𝟓𝜓3

ഥ𝟓′𝜓3

massless ഥ𝟓 rep. in 
𝑆𝑈(5) group

(SM quarks and 
leptons)

massless ഥ𝟓 rep. in 
𝑆𝑈(5) group

(SM quarks and 
leptons)

difference
• There are three massive ഥ𝟓 rep.’s.
• ഥ𝟓𝟐 comes from ഥ𝟓 which belongs to 𝟏𝟎 of 𝑆𝑂(10) and 𝟐𝟕𝟏 of 𝐸6. 

fermion masses and mixings through ഥ𝟓 mixings
In 𝑬𝟔 GUT model



𝑶(𝟏) is 𝟎. 𝟓 − 𝟏. 𝟓 for 𝑼𝑪𝑲𝑴−𝒕𝒚𝒑𝒆

𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 ∼
1 𝜆 𝜆3

𝜆 1 𝜆2

𝜆3 𝜆2 1

=
1 0.22 0.011

0.22 1 0.048
0.011 0.048 1

2 × 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 12
= 0.44 ∼ 𝑈𝑀𝑁𝑆 12 ∼ 𝑈𝑀𝑁𝑆 21

𝑈𝑀𝑁𝑆−𝑡𝑦𝑝𝑒 ∼
1 𝜆0.5 𝜆
𝜆0.5 1 𝜆0.5

𝜆 𝜆0.5 1

=
1 0.47 0.22

0.47 1 0.47
0.22 0.47 1

large mixing matrix

𝑈𝐶𝐾𝑀 =
0.97 0.23 0.037
0.23 0.97 0.042
0.0087 0.041 1.0

𝑈𝑀𝑁𝑆 =
0.83 0.55 0.15
0.47 0.52 0.71
0.31 0.65 0.69

small mixing matrix

Is it small ?
Therefore we assume 𝑂 1 uncertainties for small mixing 
matrices is 0.5-1.5.



𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 , 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6



𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 , 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6



𝑶(𝟏) is 𝟎. 𝟓 − 𝟏. 𝟓 for all matrices

𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 ∼
1 𝜆 𝜆3

𝜆 1 𝜆2

𝜆3 𝜆2 1

=
1 0.22 0.011

0.22 1 0.048
0.011 0.048 1

2 × 𝑈𝑀𝑁𝑆−𝑡𝑦𝑝𝑒 12
= 0.94 > 0.7

𝑈𝑀𝑁𝑆−𝑡𝑦𝑝𝑒 ∼
1 𝜆0.5 𝜆
𝜆0.5 1 𝜆0.5

𝜆 𝜆0.5 1

=
1 0.47 0.22

0.47 1 0.47
0.22 0.47 1

large mixing matrix

𝑈𝐶𝐾𝑀 =
0.97 0.23 0.037
0.23 0.97 0.042
0.0087 0.041 1.0

𝑈𝑀𝑁𝑆 =
0.83 0.55 0.15
0.47 0.52 0.71
0.31 0.65 0.69

small mixing matrix

larger than maximal mixing
Therefore we assume 𝑂 1 uncertainties for all matrices 
is 0.5-1.5.

1.5 × 𝑈𝑀𝑁𝑆−𝑡𝑦𝑝𝑒 12
∼ 0.7



𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 , 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6



𝑉10 = 𝑈𝐶𝐾𝑀−𝑡𝑦𝑝𝑒 , 𝑉ഥ5 = 𝑉𝑀𝑁𝑆−𝑡𝑦𝑝𝑒

𝑀𝑋𝑆𝑈 5
= 𝑀𝑋𝑆𝑂(10) = 𝑀𝑋𝐸6



Experiment



Total momentum 
(MeV/c)

nucleon decay signal region

M. Ikeda @ NNN2015

• free protons from hydrogen
•bound protons from oxygen
nuclear binding energy and fermi motion of proton



nucleon decay selection criteria

1. The number of Cherenkov rings is two or three.
2. One of the rings is e-like (𝜇-like) for 𝑝 → 𝜋0𝑒+ (𝑝 → 𝜋0𝜇+) 

and all the other rings are e-like.
3. Check the meson invariant mass (if it is possible to 

reconstructed).
4. The number of electron from muon decay is 0 (1) for𝑝 →

𝜋0𝜇+.
Because of this selection criteria the efficiency 
for 𝑝 → 𝜋0𝜇+ is lower than that for 𝑝 → 𝜋0𝑒+.

5. Check the total invariant mass and the total momentum (if 
it is possible to reconstructed).



background to the nucleon decay search

atmospheric neutrino interactions
charged current interactions : 𝜈𝑁 → 𝑙𝑁′𝜋0

neutral current interactions : 𝜈𝑁 → 𝜈𝑁′𝜋(𝜋′𝑠)

The selection criteria 4 is useful 
to reduce background muon.

background for 𝑝 → 𝜋0𝑒+ background for 𝑝 → 𝜋0𝜇+
M. Ikeda @ NNN2015

cosmic ray

pions

𝜋−

𝜈𝜇 𝜈𝜇

𝜇−
𝑒−

ഥ𝜈𝑒

nucleus



M. Ikeda @ NNN2015


