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Gauge-Higgs unification (GHU)

Higher dimensional gauge theory AM = (Aµ,Ay )

Ay = H (Manton 1979, Hosotani 1983)

Higgs mass can be predicted !

5D MH ≃ g 1
R
< ∞ (Hatanaka, Inami, Lim 1998)

6D MH ≃ MW ,MZ (Antoniadis, Benakli, Quiros 2001)

(Csaki, Grojean, Murayama 2003)

(Hasegawa, Lim, Maru 2016)

GHU is a nice candidate for BSM
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Neutrino masses

Beta decay experiments, ... → mν < O(eV ) Very small
Neutrino oscillation experiments → (∆m2

⊙,∆m2
atm) ≃ (10−4

, 10−3 )eV2

Non-zero

Why so small and non-zero ?
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Mechanism of small Majorana neutrino mass generation at GHU
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2.Operator analysis

GHU at higher dimension
KK expansion−−−−−−−−→

Reduce
SM + mν at 4D

4D space-time

1

M
(Lc ǫΦ)(Φt ǫ L) ≃ 1

M
(LΦ)2 −−−−−−−−−→

〈Φ〉=
(

0

v/
√
2

)

v2

M2
(νL)c (νL)

Dimension 5 operator

Seesaw Type New field (SU(2)L-rep) L/- source
I νR(1 rep) MR(νR)c (νR)

II ∆(3 rep) (L)c∆L,ΦT∆Φ

III NR(3 rep) MRTr [(NR)c (NR)]
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2.Operator analysis

Embedded to GHU space – time M4 × C n, gauge group G = SU(n)

L ⊂ Ψ Φ ⊂ Ay

Trial
(LΦ)2 ⊂ (ΨAy )

2 = (Ψ× adjoint-rep)2

If Ψ = G–fund rep → Gauge non-invariant
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2.Operator analysis

Embedded to GHU space – time M4 × C n, gauge group G = SU(n)

L ⊂ Ψ Φ ⊂ Ay

Trial
(LΦ)2 ⊂ (ΨAy )

2 = (Ψ× adjoint-rep)2

If Ψ = G–fund rep → Gauge non-invariant

Model 1 (LΦ)2 ⊂ (ΨAy )
2 ⊂ Tr [(DMΨA)(D

MΨA)]

ΨA = G–adj rep

Model 2 (LΦ)2 ⊂ (〈s†〉LΦ)2 ⊂ (Σ†ΨAy )
2 ⊂ (Σ†

FDMΨF )
2

ΨF = G–fund rep

s = SM-singlet ⊂ ΣF = G–fund rep
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3.Model 1

SU(3) on 5D space-time M4 × S1/Z2

Lepton Ψ = Ψata : SU(3) – 8 rep

Action

S =

∫

d4x

∫ πR

−πR
dy Tr

[

2Ψ̄iγBDBΨ−M(Ψ̄γ5Ψc −Ψc γ5Ψ)
]

with 4D charge conjugation ψc = (ψa)c ta = γ2(ψa)∗ ta

L/− source M Tr
[

Ψ̄γ5Ψc −Ψc γ5Ψ
]

- At 5D, No Majorana spinor/mass
- Gauge invariance (similar to Type III at 4D)
- 5D Lorentz invariance → Ψ̄γ5Ψc

Better understanding: Symplectic Majorana spinor at 6D
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3.Model 1

Gauge symmetry breaking

SU(3)
P=diag(1,1,−1)−−−−−−−−−→

S1/Z2

SU(2)L × U(1)Y −−−−−−→
〈Ay 〉=v ·t6

U(1)em

Gauge zero modes

A
(0)
µ =







γ W+ 0

W− −Z − γ 0

0 0 Z − γ






A
(0)
y =

1√
2







0 0 φ+

0 0 φ0

φ− φ0∗ 0
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3.Model 1
Lepton zero modes

ψ
(0)
L

=
1√
2







0 0 ẽ+

0 0 ν̃

e− ν 0







L

ψ
(0)
R

=







2Nγ Ẽ+/
√
2 0

E−/
√
2 −Nz − Nγ 0

0 0 Nz − Nγ







R

Yukawa int Tr
[

Ψ̄γyDyΨ
]

⊃ gTr
[

ψ7
Lt

7 [〈φ0〉t6,NZ
R (t

3 −
√
3t8)]

]
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0 0 ẽ+

0 0 ν̃

e− ν 0







L

ψ
(0)
R

=







2Nγ Ẽ+/
√
2 0

E−/
√
2 −Nz − Nγ 0

0 0 Nz − Nγ







R

Yukawa int Tr
[

Ψ̄γyDyΨ
]

⊃ gTr
[

ψ7
Lt

7 [〈φ0〉t6,NZ
R (t

3 −
√
3t8)]

]

Brane mass term : δ(y)Mbrane ( e
+
b , νb)R

(

ẽ +

ν̃

)

L

Mbrane ≫ M ≫ MW
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3.Model 1

Diagram for left-handed Majorana neutrino mass

Mixture of seesaw Type-I and III at 4D

Mass spectra
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4.Model 2

(LΦ)2 ⊂ (〈s†〉LΦ)2 ⊂ (Σ†
FAyΨF )

2

G=SU(3)-3 rep Electric charge (+2/3,-1/3,-1/3)

G=SU(4) on M4 × S1/Z2

4-rep Ψ =









νL
e−L
e+L
νR









Σ =









φ̂0

φ̂−

φ̂+

ŝ0









, Zero mode

Ay =











− 2√
6
aZ w+ w++ φ0

w− − 1√
2
aγ +

1√
6
aZ w̃+ φ−

w−− w̃− 1√
2
aγ +

1√
6
aZ s+

φ0∗ φ+ s− aZ ′











1 rep χ with Mχ̄γ5χc L/- source, and Yukawa interaction αΨ̄Σχ
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4.Model 2

Left-handed Majorana neutrino mass

Dimension 7

Double seesaw mechanism

(Hosotani, Yamatsu 2017)
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4. Summary

-Mechanism of small Majorana neutrino mass generation at GHU
-Operator analysis

Model 1 (LΦ)2 ⊂ (ΨAy )
2 ⊂ Tr [(DMΨA)(D

MΨA)]

Model 2 (LΦ)2 ⊂ (〈s†〉LΦ)2 ⊂ (Σ†
FDMΨF )

2

-Model 1

SU(3)-adj (8 rep) Lepton

L/-source: Majorana mass term of ΨA

Mixture of seesaw Type-I and III

-Model 2

SU(4)-fund (4 rep) Lepton and scalar, singlet χ

L/-source: Majorana mass term of χ

Double seesaw mechanism

- Future subject
Model which can predict the neutrino masses and mixing angles
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Backup Slides
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Majorana mass term at 5D

M Tr
[

Ψ̄γ5Ψc −Ψc γ5Ψ
]

→ M N0
R (N0

R)
c + h.c . at 4D

SU(3) gauge invariance

Tr
[

Ψa ∗taΨb ∗tb
]

=
1

2
Ψa ∗Ψa ∗

Ψa ′
= (Uadj)abΨ

b with Uadj = e
iθata

adj = U∗
adj

5D Lorentz invariance

Ψa γ5(Ψa)c

Ψ(x ′, y ′)a
′
= Λ1/2Ψ(x , y)a with Λ1/2 = e iωMN

i
4
[γM ,γM ]

γ 2, γ y ⊂ I

2 / 5



Symplectic Majorana spinor at 6D
(Kugo, Townsend 1983, Mirabelli, Peskin 1998)

M4 × T 2, U(1) gauge symmetry

S =

∫

d4x

∫

dy1dy2 ψ̄(x , y)(iΓNDN −M)ψ(x , y)

Charge conjugation

A c
N = −AN

ψc = Cψ∗

6 – dimensional chiral representation Γ7 =

(

1 0
0 −1

)

Charge conjugation invariance → C = Γ2Γy1Γ7

→ (ψc)c = −ψ
→ Majorana spinor impossible at 6D
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Symplectic Majorana spinor at 6D

Naive dimensional reduction of y2 : 6D → 5D
y2–zero mode does not feel ψ̄Γy2∂y2ψ

→ Csy = Γ2Γy1Γy2

→ (ψcsy )csy = +ψ

→ Symplectic Majorana spinor ψsy = ψ + ψcsy

(ψsy )
csy = ψsy

For Γ7ψ± = ±ψ±,

ψsy ,+ = ψ+ + (ψ+)
csy =

(

ψ4,+

0

)

+

(

0
e ıφiγ2γ5ψ ∗

4,+

)

Majorana mass term

M ψsy ,+ ψsy ,+ = M [ψ4,+ γ
5(ψ4,+)

c4 − (ψ4,+)c4 γ
5ψ4,+]

with (ψ4,+)
c4 = γ2(ψ4,+)

∗
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6D chiral representation

Γµ =

(

0 γµ

γµ 0

)

Γy1 =

(

0 iγ5

iγ5 0

)

Γy2 =

(

0 −1
1 0

)

where γµ =

(

0 σµ

σ̄µ 0

)

(4D chiral rep)

→ Γ7 =

(

1 0
0 −1

)
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