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Beyond the Standard Model

Gauge-Higgs Unification (GHU)
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4D spacetime

Extra dimension 𝑦
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Grand Unified Theory (GUT)

𝑆𝑈 3 5 × 𝑆𝑈 2 6 × 𝑈 1 7 ⊂ ? ? Who unify the SM?
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Grand Gauge Higgs Unification (GGHU)
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5D SU(6) GGHU?GHU ＋ GUT → GGHU
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5D SU(6) Grand Gauge-Higgs Unification
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[K.R. Dienes, E. Dudas, T. Gherghetta (1998)]
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[N. Maru, Y. Yatagai (2020)]

The SM fermion mass hierarchy including top quark can be realized
by introducing localized gauge kinetic terms.

We reduced the number of them.
Simplification

logarithmic runningpower-law running
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Gauge coupling unification
Many bulk fermions → perturbative gauge coupling unification
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Orbifold Breaking

0 𝜋𝑅

Orbifold 𝑺𝟏/𝒁𝟐

𝑷 𝑷!

𝑃 = diag +,+,+,+,+,−

𝑃? = diag +,+,−,−,−,−

Orbifold Breaking

𝑆𝑈 6 → 𝑆𝑈 2 ' × 𝑆𝑈 3 ( × 𝑈 1 ) × 𝑈 1 *

SM Higgs field is identified with this part
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Assign 𝑍" Parity
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+,+ only survive
in low energy EFT

𝑦

−𝑦

𝜋𝑅 − 𝑦

𝜋𝑅 − 𝑦
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Gauge sector with localized gauge kinetic terms

0 𝜋𝑅

(1/4)ℱ* +,ℱ+,*
Bulk
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ℒGHIJK = −
1
4
ℱL #Mℱ#ML − 2𝜋𝑅𝑐N𝛿 𝑦

1
4
ℱO $Pℱ$PO − 2𝜋𝑅𝑐Q𝛿 𝑦 − 𝜋𝑅

1
4
ℱR $Pℱ$PR

Results

𝑎 : 𝑆𝑈(6) 𝑏 ∶ 𝑆𝑈 5 × 𝑈 1 J
→ 𝑆𝑈(5)

𝑐 ∶ 𝑆𝑈 2 × 𝑆𝑈 4 × 𝑈 1 ?

→ 𝑆𝑈 3 K × 𝑆𝑈 2 L × 𝑈 1 M
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𝑐* : dimensionless free parameters
𝑐 = 𝑐! + 𝑐%

Boundary at 𝑦 = 0 Boundary at 𝑦 = 𝜋𝑅
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Lagrangian for the bulk and mirror fermions
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with opposite 𝑍" parities each other Mass term in the bulk
to avoid exotic massless fermions

ℒ$%&'()*++,+ = &Ψ𝑖Γ-𝐷-Ψ+ &+Ψ𝑖Γ-𝐷- +Ψ + 𝑀&Ψ+Ψ + h. c.
Bulk fermion Ψ Mirror fermion TΨ

Results

𝑀 =
𝜆
𝜋𝑅

dimensionless parameters

0 𝜋𝑅
Bulk and mirror fermion Ψ, RΨ

Boundary
Boundary
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Lagrangian for the SM fermions

Results

𝑗 : “Generation” of the SM fermions

ℒST
UV<,W = 𝛿(𝑦) �̅�<X

U 𝑖ΓY𝐷Y𝜒<X
U + �̅�Z∗

U 𝑖ΓY𝐷Y𝜒Z∗
U + �̅�<

U𝑖ΓY𝐷Y𝜒<
U

ℒST
UV[ = 𝛿 𝑦 − 𝜋𝑅 [𝑞L[𝑖ΓY𝐷Y𝑞L[ + 𝑢\[𝑖ΓY𝐷Y𝑢\[ + 𝑑\[𝑖ΓY𝐷Y𝑑\[

+ Q𝑙L[𝑖ΓY𝐷Y𝑙L[ + 𝑒\[𝑖ΓY𝐷Y𝑒\[ + 𝜈\[𝑖ΓY𝐷Y𝜈\[]

0 𝜋𝑅
Bulk and mirror fermion Ψ, RΨ

Boundary

𝑗 =
1

𝑗 =
2

Boundary

𝑗 =
3
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Mixing mass terms between the bulk fermions and the SM fermions
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V,RΨNU∗⊂QU 𝜖QUY(𝑒Z[𝐸QU + 𝑢Z[𝑈QU) + 𝜖QU\𝑞6[𝑄QUΨQU

Ψ#0
Ψ#0!

Ψ1
Ψ1!

Results

Boundary at 𝑦 = 0 Boundary at 𝑦 = 𝜋𝑅Bulk

0 𝜋𝑅
Bulk and mirror fermion Ψ, RΨ

Boundary

𝑗 =
1

𝑗 =
2

Boundary

𝑗 =
3
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Mixing mass terms between the bulk fermions and the SM fermions

Ψ, RΨ
𝜓23 4

𝜓23 5

𝑚 _𝜓23𝜓23
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ℒST = 𝛿 𝑦 V𝜓STL𝑖ΓY𝐷Y𝜓STL +⋯

ℒST = 𝛿 𝑦 V𝜓ST\𝑖ΓY𝐷Y𝜓ST\ +⋯

ℒ`abcdefgghg = QΨ𝑖Γi𝐷iΨ+ QZΨ𝑖Γi𝐷iZΨ
+ 𝑀QΨZΨ + h. c.

𝑚 V𝜓ST𝜓ST

Low energy (effective theory)

𝜓23 4

𝜓23 5

ℒST = 𝛿 𝑦 V𝜓ST\𝑖ΓY𝐷Y𝜓ST\ +⋯

ℒST = 𝛿 𝑦 V𝜓STL𝑖ΓY𝐷Y𝜓STL +⋯

Mixing mass terms between the SM fermions and
the bulk fermions produce the SM fermion masses.

ℒSTd`abc = 𝛿 𝑦 𝜖 V𝜓STΨ+⋯
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𝒎𝒖 𝒎𝒄 𝒎𝒕

1.724 MeV 1.291 GeV 181.918 GeV
2.413 MeV 1.271 GeV 177.497 GeV
2.223 MeV 1.290 GeV 178.684 GeV

𝒄
70
75
80

2.169!."1;!.<= MeV 1.27 ± 0.02 GeV 172 ± 0.30 GeVData

𝐬𝐢𝐧𝜽𝟏𝟐 𝐬𝐢𝐧𝜽𝟏𝟑 𝐬𝐢𝐧𝜽𝟐𝟑 𝜹
0.157976 0.003336 0.041942 0.9834
0.165093 0.003767 0.048009 1.3759
0.168864 0.003985 0.044065 1.3053

4.679!.#A;!.<$ MeV 9390;## MeV 4.189!.!";!.#B GeVData

0.22650 ± 0.00048 0.003619!.!!!!=;!.!!!## 0.04053$".""")!,"."""-# 1.196$".".#,"."./Data

𝒎𝒅 𝒎𝒔 𝒎𝒃

5.119 MeV 94.0 MeV 4.928 GeV
4.727 MeV 85.2 MeV 5.090 GeV
4.856 MeV 84.5 MeV 5.150 GeV

𝒄
70
75
80

𝒄
70
75
80

https://pdg.lbl.gov
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𝒎𝒆 𝒎𝝁 𝒎𝝉

0.5093 MeV 106.358 MeV 1912.20 MeV
0.5125 MeV 103.804 MeV 1856.99 MeV
0.5100 MeV 105. 381 MeV 1899.96 MeV

𝒄
70
75
80

0.5109989461 31 MeV 105.6583745 24 MeV 1776.86 12 MeVData

𝐬𝐢𝐧𝟐𝜽𝟏𝟐 𝐬𝐢𝐧𝟐𝜽𝟏𝟑 𝐬𝐢𝐧𝟐𝜽𝟐𝟑 (Normal) 𝜹
0.4421 2.234×109" 0.5200 1.729𝜋 rad
0.4567 2.127×109" 0.5197 1.626𝜋 rad
0.3855 2.225×109" 0.4108 1.916𝜋 rad

7.53 ± 0.18 ×1090 eV" 2.453 ± 0.033 ×109B eV"Data

0.307 ± 0.013 2.20 ± 0.07 ×109" 0.546 ± 0.021 1.36$".!),".%" 𝜋 radData

𝚫𝐦𝟐𝟏
𝟐 𝚫𝐦𝟑𝟐

𝟐 (Normal)
7.7514×1090 eV" 2.4777×109B eV"

7.6760×1090 eV" 2.4367×109B eV"

7.7279×1090 eV" 2.4670×109B eV"

𝒄
70
75
80

𝒄
70
75
80

https://pdg.lbl.gov
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Summary

Fermion mass hierarchy in simplified grand gauge-Higgs unification

5D SU(6) grand gauge-Higgs unification is discussed.

・The number of the bulk fermions is reduced.

→Simplified model is expected to realize perturbative gauge coupling unification.

・Fermion mass hierarchy and its mixing are reproduced.
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Results

Future work

Proton decay
Reanalyzing electroweak symmetry breaking and Higgs mass

Gauge coupling unification
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