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V = �SM|H|4 �m2
H |H|2



Today’s topic

Assume that the SM is valid up to high energy scale

V = �SM|H|4 �m2
H |H|2
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Small boundary condition
☺
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Some new physics to 
explain λ = 0?



� ⇠ 0

GUT

Z2 and its SSB

Strong CP problem



H $ H 0
Introduce Z2 symmetry

Let us assume m >> vEW

SU(2) $ SU(2)0

V (H,H 0) = �(|H|2 + |H 0|2)2 + �0|H|2|H 0|2 �m2(|H|2 + |H 0|2)



V (H,H 0) ' �(|H|2 + |H 0|2)2 �m2(|H|2 + |H 0|2)

Accidentally SU(4) symmetric

�SM = 0

SM Higgs is a Nambu-Goldstone boson

V (H,H 0) = �(|H|2 + |H 0|2)2 + �0|H|2|H 0|2 �m2(|H|2 + |H 0|2)

m2
H ' 0 ! �0 ' 0

SU(4) -> SU(3)   by hH 0i

hH 0i2 =
m2

2�
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Fine-tuning

v2EW

m2
⇥ m2

⇤2
cut

⇠ v2EW

⇤2
cut

m2 ⌧ ⇤cut2

V (H,H 0) = �(|H|2 + |H 0|2)2 + �0|H|2|H 0|2 �m2(|H|2 + |H 0|2)

�0 ⌧ 1

Same as that of SM



Fermions, gauge groups

SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L � SO(10)

SU(3)c ⇥ SU(3)0c

SU(3)c U(1)

U(1)⇥ U(1)0
⇥SU(2)L ⇥ SU(2)0⇥or or

q, ū, d̄, q0, ū0, d̄0, · · ·

q $ q0 = (ū, d̄), ` $ `0 � ē



� ⇠ 0

✓QCD ' 0 Unification

Z2 and its SSB by H’
Accidental SU(4)



Z2 from SO(10)



Remnant of  SO(10)
SO(10)

SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L

SU(3)c ⇥ SU(2)L ⇥ U(1)Y

H,H 0 ⇢ 16

hH 0i 6= 0

Left-right symmetry

q, `, q0, `0 = 16

q0 = (ū, d̄), `0 � ē

H $ H 0



Coupling unification

104 107 1010 1013 1016
0

100

200

300

400

μ / GeV

2π
/α
i

SU(3)c

SU(2)

U(1) v'=1010GeV

102 104 106 108 1010 1012 1014 1016 1018 1020

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

RGE scale m in GeV

H
ig

gs
qu

ar
tic

co
up

lin
g
l

3s bands in
Mt = 173.3 ± 0.8 GeV HgrayL
a3HMZL = 0.1184 ± 0.0007HredL
Mh = 125.1 ± 0.2 GeV HblueL

Mt = 171.1 GeV

asHMZL = 0.1163

asHMZL = 0.1205

Mt = 175.6 GeV



Coupling unification
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G
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mtop=173.1±0.6 GeV

� ⇠ �

✓
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↵

◆

Hyper-K



Top-down perspective

3 parameters 4 parameters

SUSY GUT

gGUT, MGUT, mSUSY g1, g2, g3, vEW

4 parameters

gGUT, MGUT, v0, yt

GUT here

5 parameters

g1, g2, g3, yt, �higgs



3 parameters 4 parameters

SUSY GUT

gGUT, MGUT, mSUSY g1, g2, g3, vEW

4 parameters

gGUT, MGUT, v0, yt

GUT here

5 parameters

g1, g2, g3, yt, �higgs

Altanative to SUSY GUT ?

Top-down perspective



Intermediate Pati-Salam
SO(10)

SU(3)c ⇥ SU(2)L ⇥ U(1)Y

H,H 0 ⇢ 16

SU(4)⇥ SU(2)L ⇥ SU(2)R

hH 0i =
✓
0 0 0 v0

0 0 0 0

◆H(1, 2, 1,�1

2
) ⇢ (4, 2, 1)

H 0(1, 1, 2,
1

2
) ⇢ (4̄, 1, 2)

q, `, q0, `0 = 16

q0 = (ū, d̄), `0 � ē



Coupling Unification
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Coupling Unification
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Coupling Unification
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Hyper-K



Parity and 
the strong CP problem 

(SO(10) is not required)



Parity

q(t, x) $ i�2q
0⇤(t,�x)

H(t, x) $ H 0(t,�x)

GG̃ ! �GG̃

Assume SU(3) $ SU(3)

✓QCD = 0



Yukawa coupling?
Ex. Left-Right symmetry

cij
M

HH 0qiq
0
j

SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L

q(t, x) $ i�2q
0⇤(t,�x)

c = c†, arg(det[c]) = 0

Also, H and H’ has no physical phase dof. 



Parity solutions
1978, Beg and Tsao, Mohapatra and Senjanovic

1989, Babu and Mohapatra

Parity can solve the strong CP problem, H(2,2).
Dangerous contribution from complex phase in the 
Higgs vev (1991, Barr, Chang and Senjanovic)

with soft Z2 breaking
H(2, 1) +H 0(1, 2)



Embedding into SO(10)

q(t, x) $ i�2q
0⇤(t,�x)

SO(10)⇥ CP
��
45�! SU(3)⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L ⇥ PLR

q(t, x) $ q

0(t, x) q(t, x) $ i�2q
⇤(t,�x)

Part of SO(10) CP



Loop correction to 𝜃

Suppressed by loop factors, flavor mixing

�✓ ⇠ 10�11



Summary
� ⇠ 0

✓QCD ' 0 Unification

Z2 and its SSB by H’
Parity

Accidental SU(4)

 Modified gauge group

Proton decay

top quark mass
to determine v’

neutron EDM



Fermions

q, ` $ q0, `0
Doublets have Z2 partners

TABLE II. Doublet fields: the four possible SU(3)c ⇥SU(2)L ⇥SU(2)0 ⇥U(1) assignments for the

Z2 partners of q(3, 2, 1, 1
6), `(1, 2, 1, �1

2) and H(1, 2, 1, �1
2).

A(�, �) B(+, �) C(�, +) D(+, +)

q0 (3̄, 1, 2, �1
6) (3, 1, 2, �1

6) (3̄, 1, 2, 1
6) (3, 1, 2, 1

6)

`0, H 0 (1, 1, 2, 1
2) (1, 1, 2, 1

2) (1, 1, 2, �1
2) (1, 1, 2, �1

2)

in models B, C and D. In the first sub-section we study Model A and identify the Z2 partner

of SU(2)L as SU(2)R. In the second sub-section we study models B, C and D.

A. SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)

Model A is free of gauge anomalies with (q, q0, `, `0). While there are no gauge-invariant

Yukawa couplings, there are interactions between fermions and scalars at dimension 5

LA =
1

Mu

(q ỹuq
0)H†H

0† +
1

Md

(q ỹdq
0)HH 0 +

1

Me

(` ỹe`
0)HH 0 + h.c. (7)

Here ỹu,d,e are dimensionless flavor matrices, with flavor indices suppressed, while Mu,d,e are

mass scales.

On breaking SU(2)R, the theory below scale v0 is the SM (with right-handed neutrinos

to be discussed). q0 and `0 contain the SU(2)L-singlet SM quarks and leptons and U(1) is

identified as (B�L)/2. SM Yukawa couplings arise from (7) and are given by ỹu,d,e v0/Mu,d,e.

The dimension 5 operators of (7) can be generated by the exchange of heavy states. Since

the top Yukawa coupling is near unity, at least some of these states must be close to v0, and

we take these to be Dirac fermions, X and X̄, as extra scalars near v0 require further fine-

tuning. The possible gauge charges of X for each Yukawa coupling are listed in Table III.

Anticipating the next section, we also show the possible embedding of these fermions into

SO(10) representations with a dimension 210 or smaller. In the f = u, d, e sectors, if these

heavy fermions have mass matrices MXf
and Yukawa couplings xf to q/` and x0

f to q0/`0,

then the resulting 6 ⇥ 6 mass matrices is

Mf =

0

@MXf
x0
fv

0

xfv 0

1

A (8)

9

q(3, 2, 1,
1

6
), `(1, 2, 1,�1

2
), H(1, 2, 1,�1

2
)
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of SU(2)L as SU(2)R. In the second sub-section we study models B, C and D.

A. SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)

Model A is free of gauge anomalies with (q, q0, `, `0). While there are no gauge-invariant

Yukawa couplings, there are interactions between fermions and scalars at dimension 5

LA =
1

Mu

(q ỹuq
0)H†H

0† +
1

Md

(q ỹdq
0)HH 0 +

1

Me

(` ỹe`
0)HH 0 + h.c. (7)

Here ỹu,d,e are dimensionless flavor matrices, with flavor indices suppressed, while Mu,d,e are

mass scales.

On breaking SU(2)R, the theory below scale v0 is the SM (with right-handed neutrinos

to be discussed). q0 and `0 contain the SU(2)L-singlet SM quarks and leptons and U(1) is

identified as (B�L)/2. SM Yukawa couplings arise from (7) and are given by ỹu,d,e v0/Mu,d,e.

The dimension 5 operators of (7) can be generated by the exchange of heavy states. Since

the top Yukawa coupling is near unity, at least some of these states must be close to v0, and

we take these to be Dirac fermions, X and X̄, as extra scalars near v0 require further fine-

tuning. The possible gauge charges of X for each Yukawa coupling are listed in Table III.

Anticipating the next section, we also show the possible embedding of these fermions into

SO(10) representations with a dimension 210 or smaller. In the f = u, d, e sectors, if these

heavy fermions have mass matrices MXf
and Yukawa couplings xf to q/` and x0

f to q0/`0,

then the resulting 6 ⇥ 6 mass matrices is

Mf =

0

@MXf
x0
fv

0

xfv 0

1

A (8)

9

q(3, 2, 1,
1

6
), `(1, 2, 1,�1

2
), H(1, 2, 1,�1

2
)

A: almost vector-like and anomaly free.
     q’, l’ are identified with SU(2)L singlet SM fermions

SU(2)0 = SU(2)R, U(1) ⇠ U(1)B�L

L =
1

M
(qỹuq

0)H†H
0† +

1

M
(qỹdq

0)HH 0
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Model A is free of gauge anomalies with (q, q0, `, `0). While there are no gauge-invariant

Yukawa couplings, there are interactions between fermions and scalars at dimension 5

LA =
1

Mu

(q ỹuq
0)H†H

0† +
1

Md

(q ỹdq
0)HH 0 +

1

Me

(` ỹe`
0)HH 0 + h.c. (7)

Here ỹu,d,e are dimensionless flavor matrices, with flavor indices suppressed, while Mu,d,e are

mass scales.

On breaking SU(2)R, the theory below scale v0 is the SM (with right-handed neutrinos

to be discussed). q0 and `0 contain the SU(2)L-singlet SM quarks and leptons and U(1) is

identified as (B�L)/2. SM Yukawa couplings arise from (7) and are given by ỹu,d,e v0/Mu,d,e.

The dimension 5 operators of (7) can be generated by the exchange of heavy states. Since

the top Yukawa coupling is near unity, at least some of these states must be close to v0, and

we take these to be Dirac fermions, X and X̄, as extra scalars near v0 require further fine-

tuning. The possible gauge charges of X for each Yukawa coupling are listed in Table III.

Anticipating the next section, we also show the possible embedding of these fermions into

SO(10) representations with a dimension 210 or smaller. In the f = u, d, e sectors, if these

heavy fermions have mass matrices MXf
and Yukawa couplings xf to q/` and x0

f to q0/`0,

then the resulting 6 ⇥ 6 mass matrices is

Mf =

0

@MXf
x0
fv

0

xfv 0

1

A (8)

9

q(3, 2, 1,
1

6
), `(1, 2, 1,�1

2
), H(1, 2, 1,�1

2
)

B, C, D: needs extra fermion which are identified with
               SU(2)L singlet SM fermions

L = Hqū+H 0q0ū0 + · · ·

ū $ ū0



Parity and the strong CP problem
q(t, x) $ i�2q

0⇤(t,�x)

L =
1

M
(qỹuq

0)H†H
0† +

1

M
(qỹdq

0)HH 0 + h.c.

✓GG̃ : ✓ = 0

ỹ† = ỹ, real detỹ

Strong CP problem is solved!

Model A



Parity and the strong CP problem
q(t, x) $ i�2q

0⇤(t,�x)

Model B,C

L = yHQū+ y⇤H 0Q0ū0 + y⇤H†Q†ū† + yH
0†Q

0†ū
0†

dety ⇥ dety⇤ is real

Cancellation between the SM and partners



Parity and the strong CP problem
q(t, x) $ i�2q

0⇤(t,�x)

Model D

TABLE II. Doublet fields: the four possible SU(3)c ⇥SU(2)L ⇥SU(2)0 ⇥U(1) assignments for the
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Model A is free of gauge anomalies with (q, q0, `, `0). While there are no gauge-invariant

Yukawa couplings, there are interactions between fermions and scalars at dimension 5

LA =
1

Mu

(q ỹuq
0)H†H

0† +
1

Md

(q ỹdq
0)HH 0 +

1

Me

(` ỹe`
0)HH 0 + h.c. (7)

Here ỹu,d,e are dimensionless flavor matrices, with flavor indices suppressed, while Mu,d,e are

mass scales.

On breaking SU(2)R, the theory below scale v0 is the SM (with right-handed neutrinos

to be discussed). q0 and `0 contain the SU(2)L-singlet SM quarks and leptons and U(1) is

identified as (B�L)/2. SM Yukawa couplings arise from (7) and are given by ỹu,d,e v0/Mu,d,e.

The dimension 5 operators of (7) can be generated by the exchange of heavy states. Since

the top Yukawa coupling is near unity, at least some of these states must be close to v0, and

we take these to be Dirac fermions, X and X̄, as extra scalars near v0 require further fine-

tuning. The possible gauge charges of X for each Yukawa coupling are listed in Table III.

Anticipating the next section, we also show the possible embedding of these fermions into

SO(10) representations with a dimension 210 or smaller. In the f = u, d, e sectors, if these

heavy fermions have mass matrices MXf
and Yukawa couplings xf to q/` and x0

f to q0/`0,

then the resulting 6 ⇥ 6 mass matrices is

Mf =

0

@MXf
x0
fv

0

xfv 0

1

A (8)

9

q(3, 2, 1,
1

6
), `(1, 2, 1,�1

2
), H(1, 2, 1,�1

2
)

L = yHqū+ y⇤H 0q0ū0 + �Hqū0 + �⇤H 0q0ū+ h.c.

det

✓
y �
�⇤ y⇤

◆
= det

✓
� y
y⇤ �⇤

◆
= det

✓
y⇤ �⇤

� y

◆
= det

✓
y �
�⇤ y⇤

◆⇤



Yukawa couplings
TABLE III. Possible X particles for generating Yukawa couplings in Model A.

SU(3)c SU(2)L SU(2)R U(1) SU(4) SO(10) coupling

up 3 1 1 2/3 15 45 X̄qH† + Xq0H
0†

3 2 2 �1/3 6/10 45,54,210/210 X̄qH
0† + Xq0H†

down 3 1 1 �1/3 6/10 10,126/120 X̄qH + Xq0H 0

3 2 2 2/3 15 120,126 X̄qH 0 + Xq0H

electron 1 1 1 �1 10 120 X̄`H + X`0H 0

1 2 2 0 1/15 10,120/120,126 X`H 0 + X`0H

neutrino 1 1 1 0 1/15 1,54,210/45,210 X(`H† + `0H 0†)

1 2 2 �1 10 210 X̄`H 0† + X`0H†

1 3 1 0 1 45 X`H†

1 1 3 0 1 45 X`0H 0†

the dimension-5 operator in Eq. (7) with

ỹf
Mf

= xf
1

MXf

x0
f or equivalently yf = xf

v0

MXf

x0
f . (9)

The e↵ect of Z2 on these couplings will be discussed later in this section.

The following dimension-5 operators give masses to both left and right-handed neutrinos,

L⌫ =
1

M

⇣
(`ỹ`)H†2 + (`0ỹ`0)H

0†2
⌘
+

1

M⌫

(`ỹ⌫`
0)H†H

0† + h.c. (10)

For M ⌧ M⌫ |ỹ/ỹ⌫ |(v0/v) the left-handed neutrinos obtain Majorana masses, while for M �
M⌫ |ỹ/ỹ⌫ |(v0/v) they obtain Dirac masses with the right-handed neutrinos in `0.

B. SU(3)c ⇥ SU(2)L ⇥ SU(2)0 ⇥ U(1)

With just (q, q0, `, `0), Models B, C and D contain gauge anomalies. In Models C and

D, q0 and `0 do not have the right charges to be identified with SM SU(2)L-singlet quarks

or leptons, and there are no Yukawa-like interactions for electrically-charged fermions at

any dimension. For these theories, the minimal additions for anomaly freedom are SU(2)L-

singlet fermions of the SM, ū, d̄ and ē, and their Z2 partners ū0, d̄0 and ē0 with gauge charges

10

X



Yukawa couplings
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ỹf
Mf

= xf
1

MXf

x0
f or equivalently yf = xf

v0

MXf

x0
f . (9)

The e↵ect of Z2 on these couplings will be discussed later in this section.

The following dimension-5 operators give masses to both left and right-handed neutrinos,

L⌫ =
1

M

⇣
(`ỹ`)H†2 + (`0ỹ`0)H

0†2
⌘
+

1

M⌫

(`ỹ⌫`
0)H†H

0† + h.c. (10)

For M ⌧ M⌫ |ỹ/ỹ⌫ |(v0/v) the left-handed neutrinos obtain Majorana masses, while for M �
M⌫ |ỹ/ỹ⌫ |(v0/v) they obtain Dirac masses with the right-handed neutrinos in `0.

B. SU(3)c ⇥ SU(2)L ⇥ SU(2)0 ⇥ U(1)

With just (q, q0, `, `0), Models B, C and D contain gauge anomalies. In Models C and

D, q0 and `0 do not have the right charges to be identified with SM SU(2)L-singlet quarks

or leptons, and there are no Yukawa-like interactions for electrically-charged fermions at

any dimension. For these theories, the minimal additions for anomaly freedom are SU(2)L-

singlet fermions of the SM, ū, d̄ and ē, and their Z2 partners ū0, d̄0 and ē0 with gauge charges
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X
Small enough not to blow up the gauge coupling



CKM phase
SO(10)⇥ CP

��
45�! SU(3)⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L ⇥ PLR

Real yukawa without CP symmetry breaking

L =
�
M ij + i�ij�45

�
X10,iX10,j

A  simple example



More Fine-tuned than SM?

v2EW

m2
⇥ m2

⇤2
cut

⇠ v2EW

⇤2
cut

m2 ⌧ ⇤2
cut

No.

y ' 2� m2 ⌧ ⇤cut2



How non-trivial?

3 parameters

4 parameters

Ex. SUSY GUT

gGUT, MGUT, mSUSY

g1, g2, g3, vEW



How non-trivial?

4 parameters

gGUT, MGUT, v0, yt

5 parameters

g1, g2, g3, yt, �higgs

Altanative to SUSY GUT ?



Coupling Unification
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Coupling Unification
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Correction to the gauge coupling 
unification by high dimensional operator

210abcd

M⇤
F ab
10F

cd
10 �

✓
2⇡

↵

◆
<
⇠ 10

45ac

M⇤

45bd

M⇤
F ab
10F

cd
10 �

✓
2⇡

↵

◆
<
⇠ 1

SO(10)
�210�! SU(3)⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L ⇥ CLR

SO(10)⇥ CP
�45�! SU(3)⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L ⇥ PLR



Correction to the gauge coupling 
unification by high dimensional operator

SO(10)
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SO(10)⇥ CP
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