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Flavor	puzzle：overview	
•  Flavor	symmetry		U(1)FN			FroggaG	&	Nielsen,	79,		1600cited	

–  SU(2),	SU(3),	…		
–  S3	,		Harari,	Haut,	Weyers,	78,			A4,	S4,	…	
– Family	unifica/on					Ramond	79,	Wilczek	&	Zee,	82	,		280cited			

								SO(16),	SO(18),	E7,	E8,	etc,⊃	SO(10)×SU(3)	
•  6	zero	texture													Weinberg	77,	Fritzsch	77,		820cited	

–  n(=2,3,4..)	zero,		
–  Democra+c	texture					Harari,	Haut,	Weyers,	78,		

–  Lopsided	texture							Sato,	Yanagida,	98	
•  Ex.	dim.,	LiGle	(or	composite)	Higgs,		
	  Theory	dep.	approach	

Texture ⇒ hint to what Higgs is ? 



Cascade	vs	Waterfall	 Haba,	Takahashi,	
Tanimoto,	Yoshioka,	‘08	
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ϵ δ δ
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⎞
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⎝
ϵ2 ϵδ ϵ
ϵδ δ2 δ
ϵ δ 1

⎞

⎠

Cascade Waterfall

Table 1: The cascade and waterfall texture, with 1 ≫ δ ≫ ϵ [12].

Yukawa matrices retaining gauge interactions are universal. The hierarchy of the Yukawa
interactions is a consequence of “misalignment” between the vectors vLi and vRj.

The interpretation and origin of the enlarged space are not clear. In a toy model with
two flavor, we used four times larger one, eight-dimensional inner space. This idea is
similar to Yukawa interactions from wave function overlap in theories with extra dimen-
sions [16]. Then, perhaps the vectors v(L,R)i can be interpreted as wave function property
of discrete extra dimension by solving some equation of motions.

At the beginning, we briefly review the Higgs mechanism in NCG. The following
discussions are only presented for the fermionic sector. Those of the bosonic sector are
found in reviews [17, 18]. The spacetime is considered as M4 × Z2, the product of the
usual Minkowski space and the two discrete points. The coordinates are represented
by xM = (xµ, y = ±). Operating the exterior derivative d to the relation y2 = 1, an
anti-commutative algebra y dy = −dy y is obtained. It generates nonzero Higgs potential.

The exterior derivative of a matrix-formed function f(x) is defined as [19]:

df ≡ df + d5f ≡ ∂µfdx
µ + [D, f ]dy. (1)

Here,

D =

(
0 M
M † 0

)
, (2)

is the distance matrix which determines vacuum expectation value (vev) and the mass of
the Higgs boson. Since M is arbitrary parameters, the model still works when M is the
zero matrix M = 0. This condition leads to the Higgs boson without vev and mass [20].
Hereafter, we impose M = 0 and d = d. The nilpotency of d is evident.

The extended connection and chiral fermions are introduced as [19]:

A(x) =

(
ALµ(x)dxµ H(x)dy
H†(x)dy ARµ(x)dxµ

)
, Ψ =

(
ψ(x,+)
ψ(x,−)

)
≡

(
ψL

ψR

)
. (3)

In order to build the fermionic Lagrangian, we define the Dirac operator for fermions
by replacing (dxµ, dy) to ΓM = (γµ, iγ5) in D = d+A

ΓMDM ≡ γµ
(
∂µ + ALµ 0

0 ∂µ + ARµ

)
+ iγ5

(
0 H
H† 0

)
, (4)
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M.	Yang,	’16	(Democra+c	MR	is	difficult	if	Yν	〜	Yu)	

type	I	seesaw		

⇒	

振り子の法則
世界は n次元フーリエモード

f(x) =

∫
dnk

(2π)n
f(k) eikx (1)

k = 0を選択したときのみ、世界から白黒を取り除く事が出来る！！

0.1 18/09/学会
MR ∝ Y T

ν m−1
ν Yν

lopsided texture

mν =

⎛

⎜⎝
λ2 λ λ

λ 1 1

λ 1 1

⎞

⎟⎠ (2)

0.2 17/10/科研費

ΨL =
(√

1− 2ϵ2L 0 ϵL ϵL

)T
ψL, ΨR =

(
0
√

1− 2ϵ2R ϵR ϵR

)T
ψR.

(3)

The interactions between bosons and fermions in (??) are rewritten

by inner products of vL,R:

LI ≡
(
Ψ̄L Ψ̄R

)
g

(
γµALµ H

H† γµARµ

)(
ΨL

ΨR

)
=
(
ψ̄L ψ̄R

)( gγµALµ 2gϵ∗LϵRH

2gϵ∗RϵLH
† gγµARµ

)(
ψL

ψR

)
.

(4)

LI =
(
ψ̄L ψ̄R

)
g

(
γµALµ(v

†
L, vL) H(v†L, vR)

H†(v†R, vL) γµARµ(v
†
R, vR)

)(
ψL

ψR

)
. (5)

0.3 17/08/SI2017

AM = (Aµ, A5)

m2A2
5

1

MR	is	Waterfall	whether	Yν	is	cascade	or	not	

Universal origin of flavor ⇒ Waterfall is natural 

mν	is	not	hierarchical	



Which	waterfall	is	realis+c	for	Yukawa?	

•  Coset	space	unif.			
•  U(1)	FroggaG-Nielsen	
•  E6	twist	mech.	
•  par+al	compositeness		

⇒	Asymmetric	lopsided texture	is	natural?	

Aproximate	0	texture		
is	necessary	for	CKM	matrix	

Hall,	Rasin,	93	

c.f.,	

Bando,	Kugo,	Yoshioka	‘99	

If	Yukawas	are 	
symmetric		 ⇒	

Kaplan	’99,	Con+no	et	al	‘06	

But,	zero	textures	require	complicate	symmetry	and	fields…	

Sato,	Yanagida,	98	 ←	Talk	at	1st	day	



Lopsided	texture	

For this purpose, we use the bi-fundamental Higgs HR(4,1,2) under the PS group
GPS = SU(4)c ×SU(2)L ×SU(2)R [44]. A particular set of non-renormalizable couplings
between this GUT Higgs and fermions generates GUT breaking linear mixing.

As a result, the large tan β case nνi = (1, 0, 0) in which leptons receive mass term
seems to be natural. Moreover, it is found that heavy (composite) neutrino sector should
have (almost) same flavor structure to reproduce the large mixing of neutrinos by the
seesaw formula. If the vacuum expectation value (VEV) of GUT breaking Higgs mediates
flavor structure, they contribute to some mass term. Then, this statement can be hold
for even in other Pati–Salam model, that does not assume the partial compositeness.

In the construction of this model, several points have not been discussed enough: UV
completion of the non-renormalizable couplings, precise values of the flavor structures and
its origin, and so on. We leave it for our future work.

This paper is organized as follows. In the next and after next section, we review the
Davidson–Ibarra bound, the lopsided texture, and the partial compositeness. In Sec. 4,
we discuss a partially composite Pati–Salam Unification. Sec. 5 is devoted to conclusions
and discussion.

2 Thermal Leptogenesis with Lopsided Texture

In this section, we discuss how the “Davidson–Ibarra” bound of the thermal leptogenesis
[36,37] restrict the Froggatt–Nielsen (FN) charge [38] of the lopsided texture. First of all,
the Yukawa interactions of the SM is defined as

L ∋
∑

f

−yfij f̄Lif
′
RjH + h.c. , (1)

for the SM fermions f = q, l, f ′ = u, d, ν, e and the Higgs field H. The lopsided texture
(at the GUT scale ΛGUT = 2× 1016 GeV) is represented as

yu ∝

⎛

⎝
λ6 λ5 λ3

λ5 λ4 λ2

λ3 λ2 λ0

⎞

⎠ , yd ∝ yTe ∝

⎛

⎝
λ4 λ3 λ3

λ3 λ2 λ2

λ1 λ0 λ0

⎞

⎠ , mν ∝

⎛

⎝
λ2 λ1 λ1

λ1 λ0 λ0

λ1 λ0 λ0

⎞

⎠ . (2)

Here, λ is the Cabibbo angle λ ≃ 0.22. If the light neutrino mass is induced by the seesaw
mechanism [30], the neutrino Yukawa and heavy majorana mass matrices should have the
following form

yν ∝

⎛

⎝
λnν1+1 λnν2+1 λnν3+1

λnν1 λnν2 λnν3

λnν1 λnν2 λnν3

⎞

⎠ , MνR ∝

⎛

⎝
λ2nν1 λnν1+nν2 λnν1+nν3

λnν1+nν2 λ2nν2 λnν2+nν3

λnν1+nν3 λnν2+nν3 λ2nν3

⎞

⎠ , (3)

in order to realize the large mixing of MNS matrix [45]. These textures, realized by the
U(1) Froggatt–Nielsen (FN) charges in Table 2, seems to be natural by two reasons, as
we mentioned at the introduction:

3

Sato,	Yanagida,	98	
E7/SU(5),	coset	space	unif.		

vyν = 1MeV → 100GeV (15)

MRi = 109GeV → 1014GeV (16)

τ/B(p → e+π0) > 2.6× 1032 [year] (1986)

SK

τ/B(p → e+π0) > 1.6× 1034 [year]

HK

τ/B(p → e+π0) > 6.3× 1034 [year]

@ 2036 （建設 6年、実験 10年）

⇒ VCKM ≃

⎛

⎜⎝
1 λ λ3

λ 1 λ2

λ3 λ2 1

⎞

⎟⎠ , UMNS ≃

⎛

⎜⎝
1 λ λ

λ 1 1

λ 1 1

⎞

⎟⎠ , (17)

0.1 18/09/学会
MR ∝ Y T

ν m−1
ν Yν

lopsided texture

mν =

⎛

⎜⎝
λ2 λ λ

λ 1 1

λ 1 1

⎞

⎟⎠ (18)

0.2 17/10/科研費

ΨL =
(√

1− 2ϵ2L 0 ϵL ϵL

)T
ψL, ΨR =

(
0
√

1− 2ϵ2R ϵR ϵR

)T
ψR.

(19)

The interactions between bosons and fermions in (??) are rewritten

by inner products of vL,R:

LI ≡
(
Ψ̄L Ψ̄R

)
g

(
γµALµ H

H† γµARµ

)(
ΨL

ΨR

)
=
(
ψ̄L ψ̄R

)( gγµALµ 2gϵ∗LϵRH

2gϵ∗RϵLH
† gγµARµ

)(
ψL

ψR

)
.

(20)

LI =
(
ψ̄L ψ̄R

)
g

(
γµALµ(v

†
L, vL) H(v†L, vR)

H†(v†R, vL) γµARµ(v
†
R, vR)

)(
ψL

ψR

)
. (21)

2



Lopsided	texture	

For this purpose, we use the bi-fundamental Higgs HR(4,1,2) under the PS group
GPS = SU(4)c ×SU(2)L ×SU(2)R [44]. A particular set of non-renormalizable couplings
between this GUT Higgs and fermions generates GUT breaking linear mixing.

As a result, the large tan β case nνi = (1, 0, 0) in which leptons receive mass term
seems to be natural. Moreover, it is found that heavy (composite) neutrino sector should
have (almost) same flavor structure to reproduce the large mixing of neutrinos by the
seesaw formula. If the vacuum expectation value (VEV) of GUT breaking Higgs mediates
flavor structure, they contribute to some mass term. Then, this statement can be hold
for even in other Pati–Salam model, that does not assume the partial compositeness.

In the construction of this model, several points have not been discussed enough: UV
completion of the non-renormalizable couplings, precise values of the flavor structures and
its origin, and so on. We leave it for our future work.

This paper is organized as follows. In the next and after next section, we review the
Davidson–Ibarra bound, the lopsided texture, and the partial compositeness. In Sec. 4,
we discuss a partially composite Pati–Salam Unification. Sec. 5 is devoted to conclusions
and discussion.

2 Thermal Leptogenesis with Lopsided Texture

In this section, we discuss how the “Davidson–Ibarra” bound of the thermal leptogenesis
[36,37] restrict the Froggatt–Nielsen (FN) charge [38] of the lopsided texture. First of all,
the Yukawa interactions of the SM is defined as

L ∋
∑

f

−yfij f̄Lif
′
RjH + h.c. , (1)

for the SM fermions f = q, l, f ′ = u, d, ν, e and the Higgs field H. The lopsided texture
(at the GUT scale ΛGUT = 2× 1016 GeV) is represented as

yu ∝

⎛

⎝
λ6 λ5 λ3

λ5 λ4 λ2

λ3 λ2 λ0

⎞

⎠ , yd ∝ yTe ∝

⎛

⎝
λ4 λ3 λ3

λ3 λ2 λ2

λ1 λ0 λ0

⎞

⎠ , mν ∝

⎛

⎝
λ2 λ1 λ1

λ1 λ0 λ0

λ1 λ0 λ0

⎞

⎠ . (2)

Here, λ is the Cabibbo angle λ ≃ 0.22. If the light neutrino mass is induced by the seesaw
mechanism [30], the neutrino Yukawa and heavy majorana mass matrices should have the
following form

yν ∝

⎛

⎝
λnν1+1 λnν2+1 λnν3+1

λnν1 λnν2 λnν3

λnν1 λnν2 λnν3

⎞

⎠ , MνR ∝

⎛

⎝
λ2nν1 λnν1+nν2 λnν1+nν3

λnν1+nν2 λ2nν2 λnν2+nν3

λnν1+nν3 λnν2+nν3 λ2nν3

⎞

⎠ , (3)

in order to realize the large mixing of MNS matrix [45]. These textures, realized by the
U(1) Froggatt–Nielsen (FN) charges in Table 2, seems to be natural by two reasons, as
we mentioned at the introduction:

3

Sato,	Yanagida,	98	
E7/SU(5),	coset	space	unif.		

3	 2	 0	
3	

2	

0	

1	 0	 0	
3	

2	

0	

1	 0	 0	
1	

0	

0	

vyν = 1MeV → 100GeV (15)

MRi = 109GeV → 1014GeV (16)

τ/B(p → e+π0) > 2.6× 1032 [year] (1986)

SK

τ/B(p → e+π0) > 1.6× 1034 [year]

HK

τ/B(p → e+π0) > 6.3× 1034 [year]

@ 2036 （建設 6年、実験 10年）

⇒ VCKM ≃

⎛

⎜⎝
1 λ λ3

λ 1 λ2

λ3 λ2 1

⎞

⎟⎠ , UMNS ≃

⎛

⎜⎝
1 λ λ

λ 1 1

λ 1 1

⎞

⎟⎠ , (17)

0.1 18/09/学会
MR ∝ Y T

ν m−1
ν Yν

lopsided texture

mν =

⎛

⎜⎝
λ2 λ λ

λ 1 1

λ 1 1

⎞

⎟⎠ (18)

0.2 17/10/科研費

ΨL =
(√

1− 2ϵ2L 0 ϵL ϵL

)T
ψL, ΨR =

(
0
√

1− 2ϵ2R ϵR ϵR

)T
ψR.

(19)

The interactions between bosons and fermions in (??) are rewritten

by inner products of vL,R:

LI ≡
(
Ψ̄L Ψ̄R

)
g

(
γµALµ H

H† γµARµ

)(
ΨL

ΨR

)
=
(
ψ̄L ψ̄R

)( gγµALµ 2gϵ∗LϵRH

2gϵ∗RϵLH
† gγµARµ

)(
ψL

ψR

)
.

(20)

LI =
(
ψ̄L ψ̄R

)
g

(
γµALµ(v

†
L, vL) H(v†L, vR)

H†(v†R, vL) γµARµ(v
†
R, vR)

)(
ψL

ψR

)
. (21)

2



Lopsided	texture	

For this purpose, we use the bi-fundamental Higgs HR(4,1,2) under the PS group
GPS = SU(4)c ×SU(2)L ×SU(2)R [44]. A particular set of non-renormalizable couplings
between this GUT Higgs and fermions generates GUT breaking linear mixing.

As a result, the large tan β case nνi = (1, 0, 0) in which leptons receive mass term
seems to be natural. Moreover, it is found that heavy (composite) neutrino sector should
have (almost) same flavor structure to reproduce the large mixing of neutrinos by the
seesaw formula. If the vacuum expectation value (VEV) of GUT breaking Higgs mediates
flavor structure, they contribute to some mass term. Then, this statement can be hold
for even in other Pati–Salam model, that does not assume the partial compositeness.

In the construction of this model, several points have not been discussed enough: UV
completion of the non-renormalizable couplings, precise values of the flavor structures and
its origin, and so on. We leave it for our future work.

This paper is organized as follows. In the next and after next section, we review the
Davidson–Ibarra bound, the lopsided texture, and the partial compositeness. In Sec. 4,
we discuss a partially composite Pati–Salam Unification. Sec. 5 is devoted to conclusions
and discussion.

2 Thermal Leptogenesis with Lopsided Texture

In this section, we discuss how the “Davidson–Ibarra” bound of the thermal leptogenesis
[36,37] restrict the Froggatt–Nielsen (FN) charge [38] of the lopsided texture. First of all,
the Yukawa interactions of the SM is defined as

L ∋
∑

f

−yfij f̄Lif
′
RjH + h.c. , (1)

for the SM fermions f = q, l, f ′ = u, d, ν, e and the Higgs field H. The lopsided texture
(at the GUT scale ΛGUT = 2× 1016 GeV) is represented as

yu ∝

⎛

⎝
λ6 λ5 λ3

λ5 λ4 λ2

λ3 λ2 λ0

⎞

⎠ , yd ∝ yTe ∝

⎛

⎝
λ4 λ3 λ3

λ3 λ2 λ2

λ1 λ0 λ0

⎞

⎠ , mν ∝

⎛

⎝
λ2 λ1 λ1

λ1 λ0 λ0

λ1 λ0 λ0

⎞

⎠ . (2)

Here, λ is the Cabibbo angle λ ≃ 0.22. If the light neutrino mass is induced by the seesaw
mechanism [30], the neutrino Yukawa and heavy majorana mass matrices should have the
following form

yν ∝

⎛

⎝
λnν1+1 λnν2+1 λnν3+1

λnν1 λnν2 λnν3

λnν1 λnν2 λnν3

⎞

⎠ , MνR ∝

⎛

⎝
λ2nν1 λnν1+nν2 λnν1+nν3

λnν1+nν2 λ2nν2 λnν2+nν3

λnν1+nν3 λnν2+nν3 λ2nν3

⎞

⎠ , (3)

in order to realize the large mixing of MNS matrix [45]. These textures, realized by the
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we mentioned at the introduction:

3

• If we assume the type-I seesaw mechanism, majorana mass matrix would be water-
fall texture whether Yukawa matrix is cascade or waterfall [31] in Table 1. Then,
waterfall is more desirable for the unified description of flavor.

• If the waterfall texture is symmetric matrix, quark Yukawa matrices should have
approximate zero texture [32] in order to realize CKM matrix [33,34]. In some sense,
zero texture in low energy is unnatural without a complicated symmetry. Then, the
asymmetric waterfall texture seems to be more natural.

Field 101 102 103 5̄1 5̄2 5̄3 11 12 13

U(1) 3 2 0 n+ 1 n n nν1 nν2 nν3

Table 2: The FN charge assignments of the SM fermions grouped into the representations
of SU(5), 10i = (qL, uc

R, e
c
R)i, 5̄i = (dcR, lL)i, 1i = νc

Ri.

The thermal leptogenesis with the lopsided texture is discussed in several papers [28,
46, 47]. They agree that larger nνi are incompatible with the Davidson–Ibarra bound.
Here let us confirm this fact systematically.

In order to retain the room for adjustment, two Higgs doublet model (2HDM) is
assumed. The fermion mass matrices are given by

muij =
v√
2
yuijsβ, mdij =

v√
2
ydijcβ, (4)

mDirac
νij =

v√
2
yνijsβ, meij =

v√
2
yeijcβ, (5)

where tan β ≡ vu/vd, vu = v sin β ≡ vsβ, vd = v cos β ≡ vcβ.
In this case FN charges of leptons nli, nei, nνi have dependence of tan β through the

mass relations,

mDirac
νi ≃ 1√

2
λnli+nνivcβ, mei ≃

1√
2
λnli+neivcβ. (6)

Tentatively we treat nli, nei, nνi as free parameters, without fixing them like in Table 2.
The light neutrino mass is given by

mν ≡ m

⎛

⎝
λ2nl1 λnl1+nl2 λnl1+nl3

λnl1+nl2 λ2nl2 λnl2+nl3

λnl1+nl3 λnl2+nl3 λ2nl3

⎞

⎠ . (7)

In the many model with lopsided textures, the mass eigenvalues of the lighter neutrinos
mνi are roughly fixed as

mdiag
ν ∼ m

⎛

⎝
λ2nl1 0 0
0 λ2nl2 0
0 0 λ2nl3

⎞

⎠ ∼

⎛

⎝
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・unification of gauge bosons,   	

   quarks and leptons ⇒ proton decay 
⇒	verify	by	Kamiokande		
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⇒	Simplest	SU(5)		
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t	 t	 t	>1036[year] @ 2070 by UK ?? 
Perhaps, protons do not decay? 

Kamioka	Observatories	
Higgstan.comより	
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⇒	Simplest	SU(5)		
	   was	rejected	

Current	bound	



SU(4)×SU(2)L×SU(2)R	Pa+-Salam	model		
GUT without proton decay（only	L	is	broken）	

SM		 PS	model	



SSB	and	GUT	breaking	Higgs	 	

We	choose	a	bi-fundamental	rep.	Higgs	
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1.1.4 おおまかな発表ストーリーの流れ
やはり、まず PS GUTの話をして、

• GUTにおける FN chargeの可能性は (3,2,0)か (n+1,n,n), small tbか large tb,

• このうちDI boundの逃げ方は２通りあり、E6 modelはアウト

• charge表の整理をして、

• partial compositeなら、FN chargeを増やすことができそう、

• すると、composite scaleとGUT scaleを比べることができる、(3,2,0) → (1,0,0)な
ら、非摂動的なので、GUT scaleが上でないと大きな変化を与えられない、

• (3,2,0) → (3,2,2)なら、GUT scaleが下でも可能、V ∼ λ2M,

• 具体的模型構成のために、(6,1,1) + (1,2,2) fermion を用いるのが単純だろう、

2 Lopsided texture in Pati–Salam GUT: overview

In order to explore the unified origin of flavor structure, it is reasonable to consider Grand
Unified Theory (GUT) [39]. The lopsided texture is embedded to SO(10) [24, 28, 29], PS
GUT [] E6 [25, 27], and originally E7 [23]. These GUTs are well researched because they
predict proton decay. A latest bound of the proton decay is τ/B(p → e+π0) > 1.6× 1034

years at 90% confidence level [40]. In contrast, the Pati–Salam (PS) unified model [41]
has no proton decay, unless the model has no f c

i [yφij + ỹϵijklφkl]fj type coupling with 6
representation field φij under SU(4)c [57]. Since the proton decay have not been observed
for a long time, it is somewhat reasonable to consider a GUT model with no proton decay.
The lopsided texture in Pati–Salam unification is also realized by FN mechanism [26].

First of all, let us discuss on the relation between FN charges and the DI bound in
the PS model. From the viewpoint of unification, it is reasonable to consider the case
nνi ≃ nqi = (3, 2, 0) (here we name this “quark type”) or nνi ≃ nli = (n+1, n, n) (“lepton
type”). Smaller (larger) n corresponds to large (small) tan β. Hereafter we will constrain
the FN charges by several physical suggestion, presented as Table ?.

• Representation of GUT Higgs field: In order to generate these different flavor
structures in the PS model, GUT breaking Higgs should mediate flavor dependence in
some way. Usually, the symmetry breaking of the PS unification is achieved by the
following two Higgs fields Σ(15,1,1), ∆R(10,1,3) under the group GPS ≡ SU(4)c ×
SU(2)L × SU(2)R:

⟨Σ⟩ = V

⎛

⎜⎜⎝

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 −3

⎞

⎟⎟⎠ , ⟨∆R⟩ = V ′

⎛

⎜⎜⎝

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1

⎞

⎟⎟⎠⊗
(
0 0
1 0

)
. (20)
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GUT	breaking	effect	should	mediate	flavor	texture	

⇒GUT	inv.	FN	charge	is	determined	as		
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(It	corresponds	16	rep.	Higgs	in	SO(10).)	

It	can	couples	only	to	dRi	and	lLi	(and	νRi).	
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quark	type	

lepton	type	

For this purpose, we use the bi-fundamental Higgs HR(4,1,2) under the PS group
GPS = SU(4)c ×SU(2)L ×SU(2)R [44]. A particular set of non-renormalizable couplings
between this GUT Higgs and fermions generates GUT breaking linear mixing.

As a result, the large tan β case nνi = (1, 0, 0) in which leptons receive mass term
seems to be natural. Moreover, it is found that heavy (composite) neutrino sector should
have (almost) same flavor structure to reproduce the large mixing of neutrinos by the
seesaw formula. If the vacuum expectation value (VEV) of GUT breaking Higgs mediates
flavor structure, they contribute to some mass term. Then, this statement can be hold
for even in other Pati–Salam model, that does not assume the partial compositeness.

In the construction of this model, several points have not been discussed enough: UV
completion of the non-renormalizable couplings, precise values of the flavor structures and
its origin, and so on. We leave it for our future work.

This paper is organized as follows. In the next and after next section, we review the
Davidson–Ibarra bound, the lopsided texture, and the partial compositeness. In Sec. 4,
we discuss a partially composite Pati–Salam Unification. Sec. 5 is devoted to conclusions
and discussion.

2 Thermal Leptogenesis with Lopsided Texture

In this section, we discuss how the “Davidson–Ibarra” bound of the thermal leptogenesis
[36,37] restrict the Froggatt–Nielsen (FN) charge [38] of the lopsided texture. First of all,
the Yukawa interactions of the SM is defined as

L ∋
∑

f

−yfij f̄Lif
′
RjH + h.c. , (1)

for the SM fermions f = q, l, f ′ = u, d, ν, e and the Higgs field H. The lopsided texture
(at the GUT scale ΛGUT = 2× 1016 GeV) is represented as

yu ∝

⎛

⎝
λ6 λ5 λ3

λ5 λ4 λ2

λ3 λ2 λ0

⎞

⎠ , yd ∝ yTe ∝

⎛

⎝
λ4 λ3 λ3

λ3 λ2 λ2

λ1 λ0 λ0

⎞

⎠ , mν ∝

⎛

⎝
λ2 λ1 λ1

λ1 λ0 λ0

λ1 λ0 λ0

⎞

⎠ . (2)

Here, λ is the Cabibbo angle λ ≃ 0.22. If the light neutrino mass is induced by the seesaw
mechanism [30], the neutrino Yukawa and heavy majorana mass matrices should have the
following form

yν ∝

⎛

⎝
λnν1+1 λnν2+1 λnν3+1

λnν1 λnν2 λnν3

λnν1 λnν2 λnν3

⎞

⎠ , MνR ∝

⎛

⎝
λ2nν1 λnν1+nν2 λnν1+nν3

λnν1+nν2 λ2nν2 λnν2+nν3

λnν1+nν3 λnν2+nν3 λ2nν3

⎞

⎠ , (3)

in order to realize the large mixing of MNS matrix [45]. These textures, realized by the
U(1) Froggatt–Nielsen (FN) charges in Table 2, seems to be natural by two reasons, as
we mentioned at the introduction:
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(n depend	on	tan	β	through	the	mass	:	mei	=	y	v	cos	β/√2.)	
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Abstract

In this paper, we consider a lopsided flavor texture compatible with thermal
leptogenesis in partially composite Pati–Salam unification. The Davidson–Ibarra
bound MνR1 ! 109GeV for the successful thermal leptogenesis can be recast to the
Froggatt–Nielsen (FN) charge of the lopsided texture. We found the FN charge nν1

of the lightest right-handed neutrino νR1 can not be larger than a upper bound,
nν1 " 4.5.

To realize these FN charges, we utilize the partial compositeness. In this picture,
the hierarchies of the Yukawa matrices is a consequence of mixing between massless
chiral fermions f and heavy vector fermions F . This is induced by the linear mixing
terms λf f̄LFR and λf ′

F̄ ′
Lf

′
R. If the GUT breaking Higgs contributes these linear

mixing terms, the resulting Yukawa interactions can be different between quarks
and leptons.

For this purpose, we use the bi-fundamental Higgs HR(4,1,2) under the PS
group GPS = SU(4)c × SU(2)L × SU(2)R. A particular set of non-renormalizable
couplings between this GUT Higgs and fermions generates GUT breaking linear
mixing.

As a result, the large tanβ case nνi = (1, 0, 0) in which leptons receive mass
term seems to be natural. Moreover, it is found that heavy (composite) neutrino
sector should have (almost) same flavor structure to reproduce the large mixing of
neutrinos by the seesaw formula. If the VEV of GUT breaking Higgs mediates flavor
structure, they contribute to some mass term. Then, this statement can be hold for
even in other Pati–Salam model, that does not assume the partial compositeness.
େ͖ͳΤϥʔΛ͚ͯͭ͠ݟ·ͬͨɺ λ0͸࣮࣭ෆՄೳͰ͸ʁɺ
ζijM
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In order to retain the room for adjustment, two Higgs doublet model (2HDM) is
assumed. The fermion mass matrices are given by

muij =
v√
2
yuijsβ, mdij =

v√
2
ydijcβ, (12)

mDirac
νij =

v√
2
yνijsβ, meij =

v√
2
yeijcβ, (13)

where tan β ≡ vu/vd, vu = v sin β ≡ vsβ, vd = v cos β ≡ vcβ.
In this case FN charges of leptons nli, nei, nνi have dependence of tan β through the

mass relations,

mDirac
νi ≃ 1√

2
λnli+nνivcβ, mei ≃

1√
2
λnli+neivcβ. (14)

Tentatively we treat nli, nei, nνi as free parameters, without fixing them like in Table 2.
The light neutrino mass is given by

mν ≡ m

⎛

⎝
λ2nl1 λnl1+nl2 λnl1+nl3

λnl1+nl2 λ2nl2 λnl2+nl3

λnl1+nl3 λnl2+nl3 λ2nl3

⎞

⎠ . (15)

In the many model with lopsided textures, the mass eigenvalues of the lighter neutrinos
mνi are roughly fixed as

mdiag
ν ∼ m

⎛

⎝
λ2nl1 0 0
0 λ2nl2 0
0 0 λ2nl3

⎞

⎠ ∼

⎛

⎝
0.002 0 0
0 0.01 0
0 0 0.05

⎞

⎠ [eV]. (16)

Then, the overall factor m ∼ λ−2nl10.002 [eV] ∼ λ−2nl30.05 [eV] also depends on tan β
through the FN charge of the left-handed leptons.

By the seesaw mechanism, we can reconstruct the heavy majorana mass matrix as
follows

MνR =
v2s2β
2

yTν m
−1
ν yν , (17)

=
v2s2β
2m

⎛

⎝
λ2nν1 λnν1+nν2 λnν1+nν3

λnν1+nν2 λ2nν2 λnν2+nν3

λnν1+nν3 λnν2+nν3 λ2nν3

⎞

⎠ ∼
2462 [GeV2]s2βλ

2nν1

2m

⎛

⎝
1 0 0
0 λ2(nν2−nν1) 0
0 0 λ2(nν3−nν1)

⎞

⎠ .

(18)

If we assume the normal hierarchy nν1 > nν2 > nν3 for νRi, the FN charge of the lightest
right-handed neutrino nν1 is bounded by the Davidson–Ibarra bound MνR1 ! 109GeV:

MνR1 ∼
6× 104 [GeV2]s2βλ

2nν1

2λ−2nl10.002 [eV]
! 109 [GeV], (19)

6× 1014 [GeV]s2βλ
2(nν1+nl1−1) ! 109 [GeV], (20)

1.5× 107λ2(nν1+nl1) ! 1, ⇒ 5.5 ! (nν1 + nl1). (21)
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However, it is difficult to induce different flavor structure between quarks and leptons,
unless an exponential coupling such as e−yΣ/Λ is assumed.

Alternatively, we utilize a bi-fundamental representation

HR (4,1,2) = (uRH , dRH , νRH , eRH), (21)

under GPS [26, 44]. This Higgs corresponds 16 representation of SO(10) and truly min-
imal Higgs [62] in the left-right symmetric model. HR breaks the group GPS to SM by
obtaininig a VEV in the “right-handed neutrino” direction:

⟨HR⟩ = ⟨νRH⟩ ∼ 1016GeV, (22)

and then the breaking scale is determined uniquely. Therefore, GUT invariant FN charge
is determined as nfi = (3, 2, 0), because the vev of HR is difficult to couple quarks.

• Davidson–Ibarra bound: Since the FN charges of lightest right-handed neutrino
have the upper bound, thermal leptogenesis fails in the case of quark type with small tanβ.
There is two ways to avoid this DI bound. The one is to satisfy the bound nν1 ! 4.5.
The other way is to weaken the hierarchy of neutrino mass, because the Davidson–Ibarra
bound does not holds for mild-hierarchical νRi, such as MνR ∝ mν [49, 50].

• magnitude correlation between MGUT and MF : Here, MF is the scale where the
flavor structure is produced. If MF ≫ MGUT holds, the GUT breaking flavor effect stays
within perturbative range. Then, this case can induce only increase of FN charge, such as
(3, 2, 0) → (3, 2, 2). On the other hand, the decrease of the FN charges (3, 2, 0) → (1, 0, 0)
implies the GUT scale is larger than the scale MF . Here, we do not consider the case
n = 1 (or (3, 2, 0) → (2, 1, 1)), because it requires both increase and decrease of FN
charges. These discussion is summarized in Table ?.

The former seems to be the simplest realization, because the latter case requires addi-
tional change of the flavor structure of neutrinos, nνi = (3, 2, 0) → (n + 1, n, n). We will
discuss the latter possibility in the next paper, and focus on the former case. In this case,
the FN charge of leptons (and down-type quarks) should be decrease nli = (3, 2, 0) →
(1, 0, 0) by the vev of GUT Higgs Eq. (22). In the next section, we will discuss the partial
compositeness, because this theory can decrease the FN charges.

3 Partial Compositeness in Composite Higgs Model

Construction of lopsided texture is basically classified two ways: FN mechanism, and
mixing between SM and heavy fermions1. The typical example of the latter case is E6

twist mechanism [25], universal seesaw [53, 54], partial compositeness [42, 43], and so on.
Here, we consider partial compositeness for realization of the lopsided texture, because
this theory can decrease the FN charges.

The basic idea of partial compositeness is that the SM fields at low energy are the
mixed states between elemental (light) fields and composite (heavy) fields, like ρ − γ
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h

quark type lepton type
nνi = (3, 2, 0) nνi = (1, 0, 0)

n = 0 nli = (1, 0, 0) nli = (1, 0, 0)
tan β ≃ 40 it would be it requires another
MGUT ! MF simplest realization change of nνi

nνi = (3, 2, 0) nνi = (3, 2, 2)
n = 2 nli = (3, 2, 2) nli = (3, 2, 2)

tan β ≃ 1 incompatible with it requires another
MGUT ≪ MF thermal leptogenesis change of nνi

Table 1: Relation between the FN charges, leptogenesis, the flavor scale MF and the GUT
scale MGUT.

mixing. Flavor structures are induced from the mixing between heavy and light fermions
with same quantum numbers. In this section, we will shortly review the composite Higgs
model with partial compositeness.

3.1 Partial compositeness

The original context basically treats lower composite scale arround TeV and some large
global symmetry that contains the SM group. The minimal model has the strong sector
with a global symmetry SO(5) × U(1)X that is broken down to SO(4) × U(1)X at the
scale f [55, 56]. In this paper, we do not assume the compositeness and such symmetry.

The composite Higgs model (under the breaking scale f) can be described by a simpli-
fied two-site description [43], where the composite sector is replaced by the first resonances
which mix with the SM fields. The Lagrangian is divided to three parts:

L = Lcomposite + Lelementary + Lmixing. (23)

The linear mixing terms Lmix represent mass terms between heavy (composite) and mass-
less (elemental) fields. Due to this mixing, the massless eigenstates which are identified
with the SM fields are superposition of elementary and composite states. For the simplic-
ity, the Lagrangian only for fermions are described as

Lcomposite = Q̄i(iD/−MQi)Qi + Ūi(iD/−MUi)Ui + D̄i(iD/−MDi)Di

+ L̄i(iD/−MLi)Li + N̄i(iD/−MNi)Ni + Ēi(iD/−MEi)Ei (24)

+ Y U
ij Q̄LiH̃URj + Y D

ij Q̄LiHDRj + Y N
ij L̄LiH̃NRj + Y E

ij L̄LiHERj

+ Ỹ U
ij ŪLiHQRj + Ỹ D

ij D̄LiH̃QRj + Ỹ N
ij N̄LiHLRj + Ỹ E

ij ĒLiH̃LRj + h.c. , (25)

Lelementary = iq̄LiD/qLi + iūRiD/uRi + id̄RiD/dRi + il̄LiD/lLi + iν̄RiD/νRi + iēRiD/eRi , (26)

Lmixing = λqij q̄LiQRj + λuijŪLiuRj + λdijD̄LidRj + λlij l̄LiLRj + λνijN̄LiνRj + λeijĒLieRj + h.c. .
(27)
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Lelementary = iq̄LiD/qLi + iūRiD/uRi + id̄RiD/dRi + il̄LiD/lLi + iν̄RiD/νRi + iēRiD/eRi , (26)
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n =	0	
n =	2	

Large	mixing	
Small	mixing	

1.1.4 おおまかな発表ストーリーの流れ
やはり、まず PS GUTの話をして、

• GUTにおける FN chargeの可能性は (3,2,0)か (n+1,n,n), small tbか large tb,

• このうちDI boundの逃げ方は２通りあり、E6 modelはアウト

• charge表の整理をして、

• partial compositeなら、FN chargeを増やすことができそう、

• すると、composite scaleとGUT scaleを比べることができる、(3,2,0) → (1,0,0)な
ら、非摂動的なので、GUT scaleが上でないと大きな変化を与えられない、

• (3,2,0) → (3,2,2)なら、GUT scaleが下でも可能、V ∼ λ2M,

• 具体的模型構成のために、(6,1,1) + (1,2,2) fermion を用いるのが単純だろう、

2 Lopsided texture in Pati–Salam GUT: overview

In order to explore the unified origin of flavor structure, it is reasonable to consider Grand
Unified Theory (GUT) [39]. The lopsided texture is embedded to SO(10) [24, 28, 29], PS
GUT [] E6 [25, 27], and originally E7 [23]. These GUTs are well researched because they
predict proton decay. A latest bound of the proton decay is τ/B(p → e+π0) > 1.6× 1034

years at 90% confidence level [40]. In contrast, the Pati–Salam (PS) unified model [41]
has no proton decay, unless the model has no f c

i [yφij + ỹϵijklφkl]fj type coupling with 6
representation field φij under SU(4)c [57]. Since the proton decay have not been observed
for a long time, it is somewhat reasonable to consider a GUT model with no proton decay.
The lopsided texture in Pati–Salam unification is also realized by FN mechanism [26].

First of all, let us discuss on the relation between FN charges and the DI bound in
the PS model. From the viewpoint of unification, it is reasonable to consider the case
nνi ≃ nqi = (3, 2, 0) (here we name this “quark type”) or nνi ≃ nli = (n+1, n, n) (“lepton
type”). Smaller (larger) n corresponds to large (small) tan β. Hereafter we will constrain
the FN charges by several physical suggestion, presented as Table ?.

• Representation of GUT Higgs field: In order to generate these different flavor
structures in the PS model, GUT breaking Higgs should mediate flavor dependence in
some way. Usually, the symmetry breaking of the PS unification is achieved by the
following two Higgs fields Σ(15,1,1), ∆R(10,1,3) under the group GPS ≡ SU(4)c ×
SU(2)L × SU(2)R:

⟨Σ⟩ = V

⎛

⎜⎜⎝

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 −3

⎞

⎟⎟⎠ , ⟨∆R⟩ = V ′

⎛

⎜⎜⎝

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1

⎞

⎟⎟⎠⊗
(
0 0
1 0

)
. (20)

7

⇒	it	determines	GUT	inv.	FN	charge	as	

Davidson,	Kitano,		04	



Back	up	(for	insurance)		

In order to retain the room for adjustment, two Higgs doublet model (2HDM) is
assumed. The fermion mass matrices are given by

muij =
v√
2
yuijsβ, mdij =

v√
2
ydijcβ, (12)

mDirac
νij =

v√
2
yνijsβ, meij =

v√
2
yeijcβ, (13)

where tan β ≡ vu/vd, vu = v sin β ≡ vsβ, vd = v cos β ≡ vcβ.
In this case FN charges of leptons nli, nei, nνi have dependence of tan β through the

mass relations,

mDirac
νi ≃ 1√

2
λnli+nνivcβ, mei ≃

1√
2
λnli+neivcβ. (14)

Tentatively we treat nli, nei, nνi as free parameters, without fixing them like in Table 2.
The light neutrino mass is given by

mν ≡ m

⎛

⎝
λ2nl1 λnl1+nl2 λnl1+nl3

λnl1+nl2 λ2nl2 λnl2+nl3

λnl1+nl3 λnl2+nl3 λ2nl3

⎞

⎠ . (15)

In the many model with lopsided textures, the mass eigenvalues of the lighter neutrinos
mνi are roughly fixed as

mdiag
ν ∼ m

⎛

⎝
λ2nl1 0 0
0 λ2nl2 0
0 0 λ2nl3

⎞

⎠ ∼

⎛

⎝
0.002 0 0
0 0.01 0
0 0 0.05

⎞

⎠ [eV]. (16)

Then, the overall factor m ∼ λ−2nl10.002 [eV] ∼ λ−2nl30.05 [eV] also depends on tan β
through the FN charge of the left-handed leptons.

By the seesaw mechanism, we can reconstruct the heavy majorana mass matrix as
follows

MνR =
v2s2β
2

yTν m
−1
ν yν , (17)

=
v2s2β
2m

⎛

⎝
λ2nν1 λnν1+nν2 λnν1+nν3

λnν1+nν2 λ2nν2 λnν2+nν3

λnν1+nν3 λnν2+nν3 λ2nν3

⎞

⎠ ∼
2462 [GeV2]s2βλ

2nν1

2m

⎛

⎝
1 0 0
0 λ2(nν2−nν1) 0
0 0 λ2(nν3−nν1)

⎞

⎠ .

(18)

If we assume the normal hierarchy nν1 > nν2 > nν3 for νRi, the FN charge of the lightest
right-handed neutrino nν1 is bounded by the Davidson–Ibarra bound MνR1 ! 109GeV:

MνR1 ∼
6× 104 [GeV2]s2βλ

2nν1

2λ−2nl10.002 [eV]
! 109 [GeV], (19)

6× 1014 [GeV]s2βλ
2(nν1+nl1−1) ! 109 [GeV], (20)

1.5× 107λ2(nν1+nl1) ! 1, ⇒ 5.5 ! (nν1 + nl1). (21)
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Table	of	summary	
h

quark type lepton type
nνi = (3, 2, 0) nνi = (1, 0, 0)

n = 0 nli = (1, 0, 0) nli = (1, 0, 0)
tan β ≃ 40 it would be it requires another
MGUT ! MF simplest realization change of nνi

nνi = (3, 2, 0) nνi = (3, 2, 2)
n = 2 nli = (3, 2, 2) nli = (3, 2, 2)

tan β ≃ 1 incompatible with it requires another
MGUT ≪ MF thermal leptogenesis change of nνi

Table 1: Relation between the FN charges, leptogenesis, the flavor scale MF and the GUT
scale MGUT.

mixing. Flavor structures are induced from the mixing between heavy and light fermions
with same quantum numbers. In this section, we will shortly review the composite Higgs
model with partial compositeness.

3.1 Partial compositeness

The original context basically treats lower composite scale arround TeV and some large
global symmetry that contains the SM group. The minimal model has the strong sector
with a global symmetry SO(5) × U(1)X that is broken down to SO(4) × U(1)X at the
scale f [55, 56]. In this paper, we do not assume the compositeness and such symmetry.

The composite Higgs model (under the breaking scale f) can be described by a simpli-
fied two-site description [43], where the composite sector is replaced by the first resonances
which mix with the SM fields. The Lagrangian is divided to three parts:

L = Lcomposite + Lelementary + Lmixing. (23)

The linear mixing terms Lmix represent mass terms between heavy (composite) and mass-
less (elemental) fields. Due to this mixing, the massless eigenstates which are identified
with the SM fields are superposition of elementary and composite states. For the simplic-
ity, the Lagrangian only for fermions are described as

Lcomposite = Q̄i(iD/−MQi)Qi + Ūi(iD/−MUi)Ui + D̄i(iD/−MDi)Di

+ L̄i(iD/−MLi)Li + N̄i(iD/−MNi)Ni + Ēi(iD/−MEi)Ei (24)

+ Y U
ij Q̄LiH̃URj + Y D

ij Q̄LiHDRj + Y N
ij L̄LiH̃NRj + Y E

ij L̄LiHERj

+ Ỹ U
ij ŪLiHQRj + Ỹ D

ij D̄LiH̃QRj + Ỹ N
ij N̄LiHLRj + Ỹ E

ij ĒLiH̃LRj + h.c. , (25)

Lelementary = iq̄LiD/qLi + iūRiD/uRi + id̄RiD/dRi + il̄LiD/lLi + iν̄RiD/νRi + iēRiD/eRi , (26)

Lmixing = λqij q̄LiQRj + λuijŪLiuRj + λdijD̄LidRj + λlij l̄LiLRj + λνijN̄LiνRj + λeijĒLieRj + h.c. .
(27)

9

Here,	the	case	n=1	(or	(3,2,0)	→	(2,1,1))	is	not	considered,		
because	it	requires	both	increase	and	decrease	of	FN	charges.	
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Lelementary = iq̄LiD/qLi + iūRiD/uRi + id̄RiD/dRi + il̄LiD/lLi + iν̄RiD/νRi + iēRiD/eRi , (26)
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The	par+al	compositeness	

qL	

uR	

QL	

UR	

H	

λu/MU	

λq /MQ	

Y	

4

Under the assumption mQi ≫ λq
ij , we can diagonalize this 3× 6 component matrix perturbatively.

At the leading order, the mass eigenstates of left doublets are,
⎛

⎝ qphys
Li

Qphys
Li

⎞

⎠ =

⎛

⎝1 − 1
2∆∆† −∆

∆† 1 − 1
2∆†∆

⎞

⎠

⎛

⎝ qLj

QLj

⎞

⎠ ≃

⎛

⎝ qL − λqM−1QL

M−1λq†qL + QL

⎞

⎠

i

+ O
(
λq 2

M2

)
, (6)

where ∆ ≡ λqM−1,M = mQiδij . Substituting Eq. (6) to the term Y U
ij Q̄LiH̃URj + Y D

ij Q̄LiHDRj in

Eq. (4), the SM Yukawa interactions are represented by seesaw-like formula 1

yu
SM = λqM−1

Q Y UM−1
U λu , (7)

and similarly for the down-type quarks. The SM Yukawa hierarchies are generated by hierarchies

of λψ,MΨ, and Y Ψ. However, the leading approximation is not valid for the third generation, and

we should keep in mind it is just a “thumb counting”. Anoher formulation is found in [23].

The SM gauge fields also mix with the heavy spin-1 resonances in the same way. Diagonalizing

relevant mass terms including ρi
µ and Ai

µ in Eqs. (2), (4), one find the SM gauge coupling is

represented as

gi = gi
el cos θi , tan θi =

gi
el

gi
ρ
. (8)

III. A COMPOSITE MODEL

After the advent of the Seiberg duality [24], a number of composite models have been built in the

s-confinement theory[? ][? ]. One example of the s-confinement theory is the Sp(2N) gauge theory

with one antisymmetric tensor A and six fundamentals Qs[? ]. (本当に６つ？２ Nではなくて？)

Kaplan, Lepeintre and Schmaltz have proposed the “dual” Froggatt – Nielsen mechanism by using

this theory[? ]. Using the mechanism, we try to build a preon model with partial compositeness.

純粋なFree theoryだとしても、s-confiningでなければ、U(1) a numberが破れるのは、自
明ではないか？？？

The Sp(2N) theory with one A and six Qs has the composite states

TrAm, m = 2, 3, ..., N,

QAnQ, n = 0, 1, ..., N − 1 . (9)

1 We can obtain the same results from integrating out the composite fields by solving the equations ∂L/∂Q =
∂L/∂U = 0 for the Lagrangian Eqs. (2), (4).

u	
c	
t	

elementary	

composite	

•  Elemental	and	composite	fields	are	mixed	as	γ-ρ	mixing		
•  Higgs	(NGB	of	a global	sym.)	only	couples	to	composites	
•  Theory	has	massless	chiral	and	massive	vectorlike	fermions	

0.1 14/02/東大ジャーナル ２

Lmix = λq
ij q̄LiQRj + λu

ijŪLiuRj + h.c. (1)

0.2 13/10/東大ジャーナル
NGB = G/H, gρ,mρ ? Λ = 4πf

δm2
h ∼ Nc

y2
t

16π
Λ2 (2)

The ratio ξ = (v/f)2

ξ = 0 Higgs limit
ξ = 1 Technicolor limit

m2
π± − m2

π0 ≃ 3αem

4π
m2
ρm

2
a1

m2
a1

− m2
ρ

log
(

m2
a1

m2
ρ

)
(3)

m2
π± − m2

π0 ≃ αem

4π
f2
ρ

f2
π
m2
ρ, (4)

m2
π0 = 0, (5)

m2
π± ≃ αem

4π
f2
ρ

f2
π
m2
ρ = 402MeV2|TH, (6)

m2
π± ≃ αem

4π
Λ2 = 402MeV2|TH, (7)

(8)

non linear sigma model + QED SU(2)L × SU(2)R/SU(2)V ,

L =
f2
π

4
tr[(∂µΣ)†(∂µΣ)], Σ = exp[iτaπa/fπ], (9)

∂µΣ ⇒ DµΣ = ∂µΣ + ie
τ3

2
BµΣ − ieΣ

τ3

2
Bµ, (10)

真空期待値
ξ ≡ v2

f2
= sin2 ⟨h⟩

f
= 1 −

(
α

2β

)2

(11)

1

0.2.2 2.FCNC

GETC
METC−−−−→ GTC × GSM , (37)

the same mechanism of extended technicolor approach: at some high
scale ΛUV , the exchange of massive vectors generates four-fermion oper-
ators

∆L =
g2
ETC

m2
ETC

q̄q Q̄Q (38)

∆L =
g2
ETC

m2
ETC

s̄d s̄d (39)

technicolor mass

mf =
g2
ETC

m2
ETC

⟨Q̄Q⟩ ∼ v3

Λ2
ETC

(40)

flavor structure is induced at METC scale, ∆S = 2 operators,
∼ (1/Λ2

ETC)s̄ds̄d ΛETC > 10000 TeV.
assuming |MNP

∆F=2| < |MSM
∆F=2|, and the leading contribution is ob-

tained from top quark,

c21

Λ2
<

G2
F m2

t

16π2
V ∗

32V31, ⇒ Λ > 104TeV ×
√

c21 , (41)

K0 − K̄0 mixingからの制限！ ΛK0−K̄0 ! 104TeV

md,s ∼
v3

108TeV2 ≃ 0.15 keV (42)

Too large FCNC or too small quark mass!!

0.2.3 partially composite

L = Lcomposite + Lmixing + Lelementary (43)

qL, uR, Q =

(
QL

QR

)
, U =

(
UL

UR

)
(44)

∆L = Y Q̄Qh + λq̄Q + h.c. ,mq ∼ v (45)
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Here, the small letter fields qL, uR, dR, lL, νR, eR are the elemental fermions and capital
letter fields Q,U,D, L,N,E are vector-like (composite) heavy fields with same gauge
charges of corresponding elemental fields. H̃ ≡ iσ2H∗ is the conjugate field of the Higgs
doublet H.

Redefining the physical states, one can obtain the SM Yukawa interactions. For the
doublet quarks, the mass matrix is rewritten as follows;

(
q̄Li Q̄Li

)( λqij
MQiδij

)
QRj + h.c. . (28)

Under the assumption MQi ≫ λqij, we can diagonalize this 3 × 6 component matrix
perturbatively. At the leading order, the mass eigenstates of the doublets are,
(
qphysLi

Qphys
Li

)
=

(
1− 1

2∆∆† −∆
∆† 1− 1

2∆
†∆

)(
qLj
QLj

)
≃
(
qL − λqM−1

Q QL

M−1
Q λq†qL +QL

)

i

+O
(
λq 2

M2
Q

)
, (29)

where ∆ij ≡ λqijM
−1
Qj . Substituting Eq. (29) and similar equations for other fermions in

Eq. (25), the SM Yukawa interactions are represented by seesaw-like formula2

yu = λqM
−1
Q Y UM−1

U λu, yν = λlM
−1
L Y NM−1

N λν , (30)

yd = λqM
−1
Q Y DM−1

D λd, ye = λlM
−1
L Y EM−1

E λe. (31)

In this picture, hierarchies of the SM Yukawa interactions are generated by hierarchies
of λf ,MF , and Y F . The terms with Ỹ do not contribute SM Yukawa matrices in the
first order of λ/M . However, the leading approximation can not be valid for the third
generation, and we should keep in mind it is just a “thumb counting”.

4 Partially Composite Pati–Salam Unification

Here, we will consider a lopsided flavor texture compatible with thermal leptogenesis in
partially composite Pati–Salam unification. GUT with composite Higgs is considered in
some literatures [58,59]. PS GUT model are discussed in [60,61]. The key observation is
that if the vev (22) induces the linear mixing λf , the difference of quarks and leptons can
be generated.

The field contents of the model is in Table 3. In partial composite models, Higgs boson
is a Nambu–Goldstone boson (NGB) of some global symmetry and it can only couple with
heavy composites. Here, such a global symmetry is not imposed, we assume that Higgs
fields Φ, HR only couple with heavy fermions F, F ′ and exotics ψL,χR.

The relevant part of the Lagrangian in PS GUT is given by

Lcomposite = F̄i(iD/−MFi)Fi + F̄ ′
i (iD/−MF ′

i
)F ′

i + Y F
ij F̄LiΦF

′
Rj + h.c. , (32)

Lelementary = if̄LiD/fLi + if̄RiD/fRi, (33)

Lmixing = λfLij f̄LiFRj + λfRij F̄
′
LifRj + h.c. , (34)

2We can obtain the same results from integrating out the heavy (composite) fields by solving the
equations ∂L/∂Q = ∂L/∂U = · · · = 0 for the whole Lagrangian.
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“double	seesaw	like	formula”	
⎛

⎝
ϵ ϵ ϵ
ϵ δ δ
ϵ δ 1

⎞

⎠

⎛

⎝
ϵ2 ϵδ ϵ
ϵδ δ2 δ
ϵ δ 1

⎞

⎠

Cascade Waterfall

Table 1: The cascade and waterfall texture, with 1 ≫ δ ≫ ϵ [12].

Yukawa matrices retaining gauge interactions are universal. The hierarchy of the Yukawa
interactions is a consequence of “misalignment” between the vectors vLi and vRj.

The interpretation and origin of the enlarged space are not clear. In a toy model with
two flavor, we used four times larger one, eight-dimensional inner space. This idea is
similar to Yukawa interactions from wave function overlap in theories with extra dimen-
sions [16]. Then, perhaps the vectors v(L,R)i can be interpreted as wave function property
of discrete extra dimension by solving some equation of motions.

At the beginning, we briefly review the Higgs mechanism in NCG. The following
discussions are only presented for the fermionic sector. Those of the bosonic sector are
found in reviews [17, 18]. The spacetime is considered as M4 × Z2, the product of the
usual Minkowski space and the two discrete points. The coordinates are represented
by xM = (xµ, y = ±). Operating the exterior derivative d to the relation y2 = 1, an
anti-commutative algebra y dy = −dy y is obtained. It generates nonzero Higgs potential.

The exterior derivative of a matrix-formed function f(x) is defined as [19]:

df ≡ df + d5f ≡ ∂µfdx
µ + [D, f ]dy. (1)

Here,

D =

(
0 M
M † 0

)
, (2)

is the distance matrix which determines vacuum expectation value (vev) and the mass of
the Higgs boson. Since M is arbitrary parameters, the model still works when M is the
zero matrix M = 0. This condition leads to the Higgs boson without vev and mass [20].
Hereafter, we impose M = 0 and d = d. The nilpotency of d is evident.

The extended connection and chiral fermions are introduced as [19]:

A(x) =

(
ALµ(x)dxµ H(x)dy
H†(x)dy ARµ(x)dxµ

)
, Ψ =

(
ψ(x,+)
ψ(x,−)

)
≡

(
ψL

ψR

)
. (3)

In order to build the fermionic Lagrangian, we define the Dirac operator for fermions
by replacing (dxµ, dy) to ΓM = (γµ, iγ5) in D = d+A

ΓMDM ≡ γµ
(
∂µ + ALµ 0

0 ∂µ + ARµ

)
+ iγ5

(
0 H
H† 0

)
, (4)

2



model	

elementals		
(massless	chiral)	
composites		
(massive	vectorlike)	
Higgs	fields	
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Q QL

M−1
Q λq†qL +QL

)

i

+O
(
λq 2

M2
Q

)
, (29)

where ∆ij ≡ λqijM
−1
Qj . Substituting Eq. (29) and similar equations for other fermions in

Eq. (25), the SM Yukawa interactions are represented by seesaw-like formula2

yu = λqM
−1
Q Y UM−1

U λu, yν = λlM
−1
L Y NM−1

N λν , (30)

yd = λqM
−1
Q Y DM−1

D λd, ye = λlM
−1
L Y EM−1

E λe. (31)

In this picture, hierarchies of the SM Yukawa interactions are generated by hierarchies
of λf ,MF , and Y F . The terms with Ỹ do not contribute SM Yukawa matrices in the
first order of λ/M . However, the leading approximation can not be valid for the third
generation, and we should keep in mind it is just a “thumb counting”.

4 Partially Composite Pati–Salam Unification

Here, we will consider a lopsided flavor texture compatible with thermal leptogenesis in
partially composite Pati–Salam unification. GUT with composite Higgs is considered in
some literatures [58,59]. PS GUT model are discussed in [60,61]. The key observation is
that if the vev (22) induces the linear mixing λf , the difference of quarks and leptons can
be generated.

The field contents of the model is in Table 3. In partial composite models, Higgs boson
is a Nambu–Goldstone boson (NGB) of some global symmetry and it can only couple with
heavy composites. Here, such a global symmetry is not imposed, we assume that Higgs
fields Φ, HR only couple with heavy fermions F, F ′ and exotics ψL,χR.

The relevant part of the Lagrangian in PS GUT is given by

Lcomposite = F̄i(iD/−MFi)Fi + F̄ ′
i (iD/−MF ′

i
)F ′

i + Y F
ij F̄LiΦF

′
Rj + h.c. , (32)

Lelementary = if̄LiD/fLi + if̄RiD/fRi, (33)

Lmixing = λfLij f̄LiFRj + λfRij F̄
′
LifRj + h.c. , (34)

2We can obtain the same results from integrating out the heavy (composite) fields by solving the
equations ∂L/∂Q = ∂L/∂U = · · · = 0 for the whole Lagrangian.
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SU(4)c SU(2)L SU(2)R
fLi 4 2 1
fRi 4 1 2

F(L,R)i 4 2 1
F ′
(L,R)i 4 1 2

ψL 6 1 1
χR 1 2 2
σ 1 1 1
Φ 1 2 2
HR 4 1 2

Table 2: The charge assignments of the fermions and Higgs fields under the gauge sym-
metries. The index i = 1− 3 represents flavor of the fermion.

where F = (Q,L) and F ′ = (U,D,N,E). The Lagrangian corresponds to the special case
of Eqs. (24)-(27) with the relations

λq = λl = λfL , MQ = ML = MF , Y U = Y D = Y N = Y E, (35)

λu = λd = λν = λe = λfR , MU = MD = MN = ME = MF ′ . (36)

If the gauge symmetry is not broken, it leads to the unrealistic GUT relation

yfSM = λfLM−1
F Y FM−1

F ′ λfR . (37)

Conversely, the GUT relation can be broken if the combination of VEV (22) contributes
the mass parameters.

4.1 Exotic fermions and their interactions （ここから）
In order to mediate the GUT breaking flavor effect to the fermionic sector by renor-
malizable interactions, exotic fermions should be introduced. For our purpose, fields
ψαβL (6, 1, 1) ∼ (D̃c

R, D̃L) and χab
R (1, 2, 2) ∼ (L̃c

L, L̃R) are simple choice. They can form 10
representation in SO(10). Since they are real representations, the chiralities of fields ψL

and χR have no essential meaning. These exotic fermions are also assumed to couple to
Higgs fields (and then would be globally charged in the partially composite models).
むしろ、これがあっても下のやつがうまくいくよ！、
The general Yukawa interactions between these fields are written as

L = Y 6ψ̄αβL Hαa
R F ′

R
βa + Y 22F̄ αa

L Hαb
R χ

ab
R (38)

+ Ỹ 6F̄ ′
L
αaH†βa

R ϵαβγδ(ψc
L)
γδ + Ỹ 22ϵad(χ̄c

R)
deϵebH†αa

R F αb
R + h.c., (39)

By the SSB (??), we obtain

L → Y 6
ijV

¯̃Dα
LiD

α
Rj + Y 22

ij V L̄a
LiL̃

a
Rj (40)

+ Ỹ 6
ijV D̄α

LiD̃
α
Rj + Ỹ 22

ij V ¯̃La
LiL

a
Rj + h.c., (41)
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⇒	GUT	inv.	Yukawa	matrices	

decrese	FN	charges	of		
dRi,	lLi			(3,2,0)	→	(1,0,0)	

SU(4)c SU(2)L SU(2)R
fLi 4 2 1
fRi 4 1 2

F(L,R)i 4 2 1
F ′
(L,R)i 4 1 2

Φ 1 2 2
HR 4 1 2

Table 4: The charge assignments of the fermions and Higgs fields under the gauge sym-
metries. The index i = 1− 3 represents flavor of the fermion.

Ή͠Ζɺ͜Ε͕͋ͬͯ΋Լͷ΍͕ͭ͏·͍͘͘Αʂɺ
The general Yukawa interactions between these fields are written as

L = Y 6ψ̄αβL Hαa
R F ′

R
βa + Y 22F̄ αa

L Hαb
R χ

ab
R (38)

+ Ỹ 6F̄ ′
L
αaH†βa

R ϵαβγδ(ψc
L)
γδ + Ỹ 22ϵad(χ̄c

R)
deϵebH†αa

R F αb
R + h.c., (39)

By the SSB (??), we obtain

L → Y 6
ijV

¯̃Dα
LiD

α
Rj + Y 22

ij V L̄a
LiL̃

a
Rj (40)

+ Ỹ 6
ijV D̄α

LiD̃
α
Rj + Ỹ 22

ij V ¯̃La
LiL

a
Rj + h.c., (41)

Ͱ΋ɺfermion͔ͩΒɺΧΠϥϦςΟ͕൓ରͷ΍ͭʹ݁߹͢Δ͔Βɺ͜Ε͸ഁΕͯͳ͍
ͱ͏ࢥɺɺɺ͔͔ͳ͍ͱ͍͚ͳ͍ɺ
͜Ε͸ Wu and Li͕ॻ͍ͨ૬࡞ޓ༻ []ʹΑ͍ͯ͘ࣅΔ͕ɺ6දݱ fermion͕ vec-

torlike fermionʹ݁߹͢ΔͨΊʹɺbayron number͸ഁΕ͍ͯͳ͍ɻ

ʢͰ΋͜ͷදݱ͸࣮͔ͩΒɺٯͷ chirality΋͔͚ΔͷͩΖ͏ɺɺɺ͋ɺͦ͏͔ʂɺͭ
·Γి࣓ؾʹ͓͚Δ E ↔ BʹͳΔͷ͔ʂɺʣ

left right symmetry Λ՝͢→ࣗવʹ vectorlike theoryʹͳΓɺʢͦΕͰ΋ɺϵαβγδ݁߹
͸ࢭېͰ͖ͳ͍ͱ͑ߟΒΕΔɺʣͰ΋ɺLR symʹରͯ͠ exotics ͸ singletͰ͋Δͱ՝
ͤ͹ྑ͍͚ͩɺɺɺ
ͦͷ৔߹ɺHR → H∗

L ͕ඞཁɺͰ΋ɺͦΕ͸ඞཁͩͱ͸͏ࢥΜͩΑͶɺͦΕ͕SM higgs
ʹͳΔ͔΋͠Εͳ͍͕ɺͦͷ৔߹ doublet-triplet splittingͱಉ༷ͷ໰୊͕ൃੜ͢Δɺ

͋ͱɺmajorana massΛॻ͍ͯ͋͛ͳ͍ͱ͍͚ͳ͍ɺ

L =
1

2
M̃ψψ̄

αβ
L ϵαβγδ(ψc

L)
γδ +

1

2
M̃χϵ

ad(χ̄c
R)

deϵebχab
R + h.c., (42)

͜ͷϚϤϥφ࣭ྔ͸ɺeconomical Ͱ͋Δ͚ͩͰͳ͘ɺϨϓτϯ਺ͷഁΕΛඪ४໛ࢠཻܕ
ʹ఻͑Δͷʹඞཁɺ
ྫ͑͹ɺૉ๿ͳཧ࿦͸ɺψL,R,χL,RΛ΋͍ͬͯͯɺdirac massΛ࣋ͭɺ
compositesͳΒ vectorlike Ͱ͋Δ΂͖ɺ͔΋͠Εͳ͍͕ɺͦͷΑ͏ͳ֦ு͸ࣗ໌Ͱޙ

ͷٞ࿦ʹ͸Ө͠ڹͳ͍ɻ
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⇒	
		Increase	of	λf	or		
Decrease	of	MF	by	〈HGUT〉	

(We	just	assume	vectorlike	massive	fermions		
And		UV	comple+on	(and	global	sym.)	is	not	considered.	)	



Exo+cs	
Mediate	GUT	breaking	vev	to	dRi	and	lLi.	

ψ	+	χ	form 10	rep	fermion		
In	SO(10)	

SU(4)c SU(2)L SU(2)R
fLi 4 2 1
fRi 4 1 2

F(L,R)i 4 2 1
F ′
(L,R)i 4 1 2

ψL 6 1 1
χR 1 2 2
σ 1 1 1
Φ 1 2 2
HR 4 1 2

Table 2: The charge assignments of the fermions and Higgs fields under the gauge sym-
metries. The index i = 1− 3 represents flavor of the fermion.

SU(4)c SU(2)L SU(2)R
ψL 6 1 1
χR 1 2 2
σ 1 1 1

Table 3: The charge assignments of the fermions and Higgs fields under the gauge sym-
metries. The index i = 1− 3 represents flavor of the fermion.

where F = (Q,L) and F ′ = (U,D,N,E). The Lagrangian corresponds to the special case
of Eqs. (24)-(27) with the relations

λq = λl = λfL , MQ = ML = MF , Y U = Y D = Y N = Y E, (35)

λu = λd = λν = λe = λfR , MU = MD = MN = ME = MF ′ . (36)

If the gauge symmetry is not broken, it leads to the unrealistic GUT relation

yfSM = λfLM−1
F Y FM−1

F ′ λfR . (37)

Conversely, the GUT relation can be broken if the combination of VEV (22) contributes
the mass parameters.

4.1 Exotic fermions and their interactions ʢ͔͜͜Βʣ

In order to mediate the GUT breaking flavor effect to the fermionic sector by renor-
malizable interactions, exotic fermions should be introduced. For our purpose, fields
ψαβL (6, 1, 1) ∼ (D̃c

R, D̃L) and χab
R (1, 2, 2) ∼ (L̃c

L, L̃R) are simple choice. They can form 10
representation in SO(10). Since they are real representations, the chiralities of fields ψL

and χR have no essential meaning. These exotic fermions are also assumed to couple to
Higgs fields (and then would be globally charged in the partially composite models).
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σ	is	for	majorana	mass			
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F ′
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Φ 1 2 2
HR 4 1 2

Table 4: The charge assignments of the fermions and Higgs fields under the gauge sym-
metries. The index i = 1− 3 represents flavor of the fermion.
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+ Ỹ 6F̄ ′
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γδ + Ỹ 22ϵad(χ̄c

R)
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R + h.c., (39)

By the SSB (??), we obtain

L → Y 6
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¯̃Dα
LiD

α
Rj + Y 22

ij V L̄a
LiL̃

a
Rj (40)

+ Ỹ 6
ijV D̄α

LiD̃
α
Rj + Ỹ 22

ij V ¯̃La
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a
Rj + h.c., (41)
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ʹͳΔ͔΋͠Εͳ͍͕ɺͦͷ৔߹ doublet-triplet splittingͱಉ༷ͷ໰୊͕ൃੜ͢Δɺ

͋ͱɺmajorana massΛॻ͍ͯ͋͛ͳ͍ͱ͍͚ͳ͍ɺ

L =
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M̃ψψ̄

αβ
L ϵαβγδ(ψc

L)
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2
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ad(χ̄c
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deϵebχab
R + h.c., (42)

͜ͷϚϤϥφ࣭ྔ͸ɺeconomical Ͱ͋Δ͚ͩͰͳ͘ɺϨϓτϯ਺ͷഁΕΛඪ४໛ࢠཻܕ
ʹ఻͑Δͷʹඞཁɺ
ྫ͑͹ɺૉ๿ͳཧ࿦͸ɺψL,R,χL,RΛ΋͍ͬͯͯɺdirac massΛ࣋ͭɺ
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The	general	Yukawa	interac+ons	(between	only	composites)	

SU(4)c SU(2)L SU(2)R
fLi 4 2 1
fRi 4 1 2

F(L,R)i 4 2 1
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(L,R)i 4 1 2

Φ 1 2 2
HR 4 1 2

Table 4: The charge assignments of the fermions and Higgs fields under the gauge sym-
metries. The index i = 1− 3 represents flavor of the fermion.

Ή͠Ζɺ͜Ε͕͋ͬͯ΋Լͷ΍͕ͭ͏·͍͘͘Αʂɺ
The general Yukawa interactions between these fields are written as

L = Y 6ψ̄αβL Hαa
R F ′
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βa + Y 22F̄ αa

L Hαb
R χ

ab
R (38)

+ Ỹ 6F̄ ′
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R ϵαβγδ(ψc
L)
γδ + Ỹ 22ϵad(χ̄c

R)
deϵebH†αa

R F αb
R + h.c., (39)

By the SSB (??), we obtain
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LiD
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+ Ỹ 6
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SU(4)c SU(2)L SU(2)R
fLi 4 2 1
fRi 4 1 2

F(L,R)i 4 2 1
F ′
(L,R)i 4 1 2

ψL 6 1 1
χR 1 2 2
σ 1 1 1
Φ 1 2 2
HR 4 1 2

Table 2: The charge assignments of the fermions and Higgs fields under the gauge sym-
metries. The index i = 1− 3 represents flavor of the fermion.

SU(4)c SU(2)L SU(2)R
ψL 6 1 1
χR 1 2 2
σ 1 1 1

Table 3: The charge assignments of the fermions and Higgs fields under the gauge sym-
metries. The index i = 1− 3 represents flavor of the fermion.

where F = (Q,L) and F ′ = (U,D,N,E). The Lagrangian corresponds to the special case
of Eqs. (24)-(27) with the relations

λq = λl = λfL , MQ = ML = MF , Y U = Y D = Y N = Y E, (35)

λu = λd = λν = λe = λfR , MU = MD = MN = ME = MF ′ . (36)

If the gauge symmetry is not broken, it leads to the unrealistic GUT relation

yfSM = λfLM−1
F Y FM−1

F ′ λfR . (37)

Conversely, the GUT relation can be broken if the combination of VEV (22) contributes
the mass parameters.

4.1 Exotic fermions and their interactions ʢ͔͜͜Βʣ

In order to mediate the GUT breaking flavor effect to the fermionic sector by renor-
malizable interactions, exotic fermions should be introduced. For our purpose, fields
ψαβL (6, 1, 1) ∼ (D̃c

R, D̃L) and χab
R (1, 2, 2) ∼ (L̃c

L, L̃R) are simple choice. They can form 10
representation in SO(10). Since they are real representations, the chiralities of fields ψL

and χR have no essential meaning. These exotic fermions are also assumed to couple to
Higgs fields (and then would be globally charged in the partially composite models).

11

SU(4)c SU(2)L SU(2)R
fLi 4 2 1
fRi 4 1 2

F(L,R)i 4 2 1
F ′
(L,R)i 4 1 2

ψL 6 1 1
χR 1 2 2
σ 1 1 1
Φ 1 2 2
HR 4 1 2

Table 2: The charge assignments of the fermions and Higgs fields under the gauge sym-
metries. The index i = 1− 3 represents flavor of the fermion.

SU(4)c SU(2)L SU(2)R
ψL 6 1 1
χR 1 2 2
σ 1 1 1

Table 3: The charge assignments of the fermions and Higgs fields under the gauge sym-
metries. The index i = 1− 3 represents flavor of the fermion.

where F = (Q,L) and F ′ = (U,D,N,E). The Lagrangian corresponds to the special case
of Eqs. (24)-(27) with the relations

λq = λl = λfL , MQ = ML = MF , Y U = Y D = Y N = Y E, (35)

λu = λd = λν = λe = λfR , MU = MD = MN = ME = MF ′ . (36)

If the gauge symmetry is not broken, it leads to the unrealistic GUT relation

yfSM = λfLM−1
F Y FM−1

F ′ λfR . (37)

Conversely, the GUT relation can be broken if the combination of VEV (22) contributes
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In order to mediate the GUT breaking flavor effect to the fermionic sector by renor-
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SSB	induces	addi+onal	linear	mixing	terms	

(〜16F	10F	16H		in	SO(10)	)	



Analysis	

4.2 Analysis of mass matrices

General analysis is difficult because so many free parameters in the theory. Here, we just
consider a model which can decrease the FN charges of dRi and lLi.
ύϥϝʔλྖҬ͕େ͖͘Ұൠతͳղੳ͸೉͍͠ͷͰɺFN charge͕ݮΒͤΔΑ͏ͳ

໛ܕΛ͑ߟΔɺʢ͜ΕΛ΍Δͱ refereeʹ΢έѱ͍ΜͩΑͳɺɺɺʣ

ࠞ߹ͰM Λܰ͘͢Ε͹࣮͢ݱΔɺ͜Ε͸ز෼ fine tuneΛؚΉɺ΋͠ Higgs͕௚઀
elemental fieldʹ݁߹͢Ε͹ɺ΋͏গ͠؆୯ʹ࣮ݱͰ͖Δɺ

down ଆ͚ͩͷධՁΛ͏ߦɺ΋͠MF ,Mψ, Y 6, Ỹ 6͕શͯର֯తͳطఆ͕ଘ͢ࡏΔͱɺ

D̄L

(
MF λf

)(DR

dR

)
→
(
D̄L

¯̃DL

)(
MF Ỹ 6V λf

Y 6V Mψ 0

)⎛

⎝
DR

D̃R

dR

⎞

⎠ (43)

ʢಛʹɺୈ̍ୈ̎ੈ୅͚ͩΛ͔͍ͨͯ͑ߟΒɺ11,22ͱ͍ͯͨ͠ʣ࣭ྔݻ༗஋Λยํ͚ͩ 1/25
ʹ͢Δɺ

λ2 − (MF +Mψ)λ+MFMψ − Y 2V 2 = 0,

λ =
1

2
[(MF +Mψ)±

√
(MF +Mψ)2 − 4MFMψ + 4Y 2V 2] (44)

=
1

2
[(MF +Mψ)±

√
(MF −Mψ)2 + 4Y 2V 2] ≃ MF ,λ

2
CMF , (45)

Ͱ΋ɺશͯͷ entry͕ಉఔ౓Ͱେࠞ߹͕͖ىΕ͹࣭ྔݻ༗஋͸ݮΔ͸ͣɺ
ͭ·Γɺ࣭ྔݻ༗஋͕খ͘͞ͳΔͨΊͷ৚݅͸ɺ4MFMψ ≃ Y 2V 2 Ͱɺ͜Ε͸ͭ·Γ

almost rank 1 ৚݅ɺे͕ࣜྻߦ෼ʹখ͘͞ͳΔ΂͖ɺͱ͍ͯͬݴΔɺ
͋ɺͦ͏͔ɺͭ·Γ rank 1 limitʹͳΔɺͱͯͬݴΔͷ͔ɺ
͢Δͱɺcomposite sectorͷੈ୅ߏ଄͕͍͍ͩͨಉ͡ɺΈ͍ͨͳ݁࿦ʹͳΔ͕ɺ
໰୊͸ɺୈ̏ੈ୅ͷFN charge͕ෛʹͳͬͯඇઁಈతʹͳΔɺͦΜͳ͜ͱ͕ຊ౰ʹ

͋Γ͑Δͷ͔ʁ
double seesaw formula΋ઁಈࣜͰɺୈ̏ੈ୅ʹ͍ͭͯ͸ λf ≃ MF ͕੒ཱ͍ͯ͠Δ͕ɺ

ͦͷঢ়ଶͰ MF ͕ܰ͘ͳΔͱ λf ͕ѹ౗͢Δ͔Βɺେ͖ͳࠞ߹ʹͳΔ͚ͩͰɺͦ͏ͱ͸ݴ
͑ͳ͍ʁɺ
͜Ε͸ɺ۩ମతͳ਺ࣈͰɺ͔֬ΊΔඞཁ͸͋Δɺ͠ɺଟ෼refereeʹಥͬ

Ε͹ྑ͑ߟఈͰجΕΔɺద౰ʹ͠ͳ͍Ͱɺ΋͏গ͠ղੳ͢΂͖ɺର֯తͳ·ࠐ
͍ͷͳΒʁɺ

⎛

⎝
Y11 0 0
0 Y22 0
0 0 Y33

⎞

⎠ ... (46)

ͦΕ͸ɺٞ࿦ͰจষͰॻ͜͏ɺɺɺ
͡Ό͋ɺ΍ͬͺΓલͷٞ࿦Ͱ͋ͬͯΔΜ͡Όͳ͍ͷʁ͍΍ɺҧͬͨɺ
rank 1ͳΒɺখࠞ߹΋͋Γ͑Δʢʂʣ
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Higgs	should	couple	only	with	composites	(by	some	global	sym.)	

it	requires	λ2	〜	5%	fine-tuning	between	MF,	ψ	and	Y6V.	

	⇒	Increase	of	λf	or	Decrease	of	MF	by	〈HGUT〉	

Mass	matrices	

⇒	1st,	2nd	genera+on	of	DL,R,	LL,R	should	be	lighter	MF1,2	→	λ2	MF1,2		

decrese	FN	charges	of	dRi,	lLi			(3,2,0)	→	(1,0,0)	

(This	shall	not	apply	when	Higgs	couples	to	elemental	fields	directly.		
	This	case	do	not	have	fine	tunings,	but	the	“double	seesaw	formula”	can	not	be	jus+fied.)	



Majorana	neutrino	mass	

Type	I	seesaw		
⇒	hierarchy	of	Yν	and	MR	should	cancel		
⇒	composite	neutrino	majorana	mass	is	required	

(composite) lepton and SM Higgs doublet L̄c
LLLHH/Λ. On the other hand, Ref. [67]

introduce a majorana mass for elemental right-handed neutrino, MRν ν̄cRνR.
In models with type-I seesaw, the large mixing of light neutrino can not be realized

unless the hierarchy of Yν and MR is compensated. Then two matrices Yν and MR should
be induced from same mechanism.
ʢ͜ΕҎ͕߱มΘΔɺ͜ͷ৔߹͸Ҏલͷঢ়گʹରԠ͢ΔͷͩΖ͏͔ʁɺ͍΍ɺҧ͏ɺ͜

ͷঢ়گΛ࡞Γग़͢Α͏ͳɺ۩ମతͳUV comp.্͕ͷٞ࿦ʹͳΔɺͷ͔ɺ͔ͩΒɺ
Ͱ΋ɺMS ≃ V ͔ͩΒɺ͜Ε΋େࠞ߹ʹͳͬͯɺɺɺ͏Θʔɺɺɺʣ
For this purpose, we consider the other case, in which the heavy (composite) leptons

has heavy majorana mass (by GUT Higgs):
·ͣɺ࣍ͷΑ͏ͳ yukawa interation between additional singlet σ(1, 1, 1):

σ̄R(1, 1, 1 + 3)H†
R(4̄, 1, 2)FR(4̄, 1, 2) + h.c. (70)

L = Y 1RF̄ αa
L Hαa

R σR +
MσR

2
σ̄c
RσR + h.c., (+Y 1Lσ̄LH

†αa
R F αa

R +
MσL

2
σ̄Lσ

c
L) + h.c., (71)

͜ͷ singletʹ͸ɺϚϤϥφ࣭ྔ͕ඞཁɺ͢Δͱɺ্ͷٞ࿦ͱͷ੔߹ੑ͕ඍົɺɺɺ
ͭ·ΓɺB͕ഁΕͳ͍ͨΊʹ͸ exotic baryon͸ ϵ massΛ࣋ͬͯ͸͍͚ͳ͍͕ɺL͸

ഁΔඞཁ͕͋ΔͷͰ࣋ͨͳ͍ͱ͍͚ͳ͍ɺ͋ͱɺvectorlikeʹ͢Δͷʁ͠ͳ͍ͷʁʁ
Ͱ΋ɺLNV͕Կ͔ͷਅۭظ଴஋ʹΑͬͯൃੜ͢Δ৔߹ɺMσ(L,R) ͕খ͍͞ɺͱ͍͏ͷ

͸ͯͬݴ΋Α͍͕͢ؾΔɺɺɺ

͢Δͱɺcomposite neutrino͕majorana massΛ֫ಘ͠ɺʢԼͷٞ࿦ʹΑΓɺleading
Ͱޮ͘ͷ͸mRɺʣ
΋͏গ͠ਅ໘໨ʹॻ͘ͱɺ

(
N̄ c

R σ̄L
) 1
2

(
0 (Y 1L)TV

Y 1LV MσL

)(
NR

σc
L

)
(72)

Ϩϙʔτʂެࣜ ψ̄cχc = χ̄ψΛ༻͍ͨɺ
͸ʁɺY܎Ε͍ͯΔେখؔ͞ٻཁࠓ V ≃

√
MFMψ Ͱɺ Mψ ≃ Mσ͕ࣗવ͕ͩɺ

(
0 M
M M

)
⇒ λ = M

1±
√
5

2
∼ 1.618M,−0.618M (73)

ͳͷͰɺ࣭ྔ͸ಉ͡εέʔϧ͘Β͍ʹͳΔɺσRͷ෼΋ͦ͏ͳΔɺ
͢ΔͱԼͷࣜͰMN ∼ mL,RͱͳΔɺ
ҰํͰɺԿΒ͔ͷཧ༝ͰLNV͕খ͍͞ͱ͏ࢥͱʁʢ͜Ε΋ refereeʹݴΘΕΔΑͳ͊ɺɺɺʣ
χ(1, 2, 2)͔Βmajorana massΛ֫ಘ͢Δͷ͸͔֬ʹ໘ന͍ɺͷ͕ͩɺ͜ͷ࿩Ͱ͸ɺ

NL,R͕majorana massΛ֫ಘ͔ͯ͠ΒɺλN/MN Ͱੈ୅ߏ଄Λ࡞Δɺͱ͍͏ܗʹͳͬ
͍ͯΔɺɺ
͡Ό͋ singletͷ··Ͱ͍͍ɺͬͯͳΔ͔΋
Ͱ΋ɺՄೳ͔΋ɺɺɺͭ·ΓɺFL,R(4, 2, 1)ʹmajorana ࣭ྔΛ༩͑Δɺͱ͍͏͜ͱ͸ɺ

LL,R͕majorana massΛ֫ಘͯ͠ɺͦΕΛ λl/MLͰ఻͑Δ͔Βɺߏ଄͸มΘΒͳ͍ɺͨ
Ίʹ͸ɺY ͕ universalͰͳ͍ͱࠔΔɺ͕͢ؾΔɺɺɺ

17

͢Δͱɺໃ६Λ͖ͨͦ͠͏ɺ
͜Ε͸ɺͯ͠ࢉܭΈͯ͑ߟΑ͏ɺ

ൃද༻

L ∋ ζfRij N̄LiνRj − N̄LiMNiNRi −
1

2
mRijN̄

c
RiNRj + h.c. , (74)

ઁಈ࿦͕͑࢖ͳ͍ͷͰɺ࣭ྔ͸͜Ε͜Εͱ͸ॻ͚ͳ͍͚ͲɺThe Lagrangian relevant
to the majorana mass term is found to be

L ∋ ζfRij N̄LiνRj − N̄LiMNiNRi −
1

2
mLijN̄

c
LiNLj −

1

2
mRijN̄

c
RiNRj + h.c. , (75)

where MNi = MF ′i,m(L,R)ij ∼ Mσ(L,R) ∼ Y 1(L,R)V.
In order to obtain the mass of the right-handed neutrinos νRi, heavy fields NL,R should

be integrated out using their equation of motions.

∂L
∂N̄Li

= −mLijN
c
Lj + ζfRij νRj −MNiNRi + h.c. , (76)

∂L
∂N̄ c

Ri

= −mRijNRj −MNiN
c
Li + h.c. . (77)

Therefore,

∂L
∂N̄ c

Ri

= 0 ⇒ −M−1
NimRijNRj = N c

Li. (78)

∂L
∂N̄Li

= 0 ⇒ ζfRij νRj = −mLikM
−1
NkmRkjNRj +MNiNRi, (79)

The first term has roughly same order as the second one in this model. If the first term
can be negelected in some reason (c.f., mL = 0), we can obtain simple formula of MνR

similar to Yukawa interactions (31):

L ∋ −1

2
MνRij ν̄

c
RiνRj + h.c. , MνRij = (ζfRTM−1

N mRM
−1
N ζfR)ij. (80)

Moreover, the light neutrino mass can be obtained from the seesaw formula by inte-
grated out the neutrino νR

mν =
v2

2
yνM

−1
νRy

T
ν (81)

=
v2

2
(ζfLM−1

F Y FM−1
F ′ ζfR)(ζfRTM−1

N mRM
−1
N ζfR)−1(ζfLM−1

F Y FM−1
F ′ ζfR)T (82)

=
v2

2
(ζfLM−1

F Y Fm−1
R Y FTM−1

F ζfLT ). (83)
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⇒	heavy	composites	should	have	trivial	flavor	structure.	

Same	flavor	structure	to	Yν	

Mediate	
	GUT	breaking	

Mediate		
flavor	structure	



Conclusions	

•  We	considered	lopsided	texture	compa+ble	with	
thermal	leptogenesis	in	Pa+-Salam	unifica+on.	

•  Par+al	compositeness	can	generate	lopsided	
texture	and	decrease	FN	charges.	

•  since	the	GUT	Higgs	cannot	couple	with	the	
massless	fermions,	λ2	〜	5%	fine-tunings is	
required	for	Yukawa	matrix.		

•  In	composite	sector,	trivial	flavor	structure	is	
desirable	for	large	mixing	of	MNS	matrix.	



That’s	all.	Thank	you!	



That’s	all.	Thank	you!	
I	appreciate	if	you	ask	slowly	^^;	



Back	up	



Verifiability（検証可能性）	

I	don’t	care	much,	because	
1. Verifiable	models	are	studied	all	over	the	world	
2.	The	true	theory	might	be	un-verifiable	by	exp.		
					in	recent	years.	

														☆	
True	theory?	

Verifiable	
studies	

Un-verifiable	
region	

Indirect	constraint	can	be	done	by		
RGEs,	leptogenesis,	consistency,	and	simpleness.		
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Flavor	texture	vs	proton	decay	

Natural	texture	
	
Asymmetric	losided	texture	
	
⇒	SU(5)	is	natural	
	
⇒	protons	should	decay	

GUT	w/o	proton	decay	
	
PS	GUT	w/o	B breaking	
	
⇒	LR	model	
	
⇒	texture	is symmetric	

左右対称な模型から非対称な世代構造を出すには？ 


