Ver. 1.00: Jun 2, 2004

Strong CP Invariance in Higher Dimensions

hep-ph/0202171; 0403090 with T. Watari and T. Yanagida hep-ph/0301273 with A. Fukunaga

� Introduction

� Strong CP Problem � Novel Approach � Concrete Construction

� Bulk color gauge theory

� Boundary extra-quarks � Hypercolor and phenomenology

� Supersymmetric Extension

� Supersymmetric setup � Supersymmetry breaking � Super-phenomenology

� Conclusion

� Standard Model

� Cosmological constant � Strong CP � Gauge/Flavor Hierarchy � (Inflation)

SYMMETRY GEOMETRY

SQCD = ∫ d4x 1 2g2s tr(FμνF μν)

+ θ 32π2 ∫ d4x ϵμνρσ tr(FμνFρσ)

θeff = θ + arg(det Y )

θeff = ⟨a(x)/Fa⟩ V (a) ≃ −Λ4QCD cos(a(x)/Fa) Pecci-Quinn symmetry U(1)P Q : a(x) → a(x) + ξFa

Extra-Quarks ψL → eiξψL, ψR → e−iξψR

Mass term M∗ψLψ†R + h.c.

4-Fermi term 1 M 2∗ (ψLψ†R)2 + h.c.

M∗ψLψ†R eml − e−ml

M∗ ≃ 1018GeV: ml >∼ 150

local rigid symmetry genericity

Effective Theory Descriptions

QCD Gravity

strong CP cosmological constant changing to variable

chiral anomaly spacetime inflation selection by dynamics

axion quintessence

gμν = e2klḡμν R = e−2klR̄: kl >∼ 140

SY M = ∫ d4x ∫_l −l dy M∗ 4g2 tr(FMN F MN )

Parity symmetry

Z2 : Aμ(x, y) → Aμ(x, −y) A4(x, y) → −A4(x, −y)

Orbifolding Aμ(x, y) = Aμ(x, −y) A4(x, y) = −A4(x, −y) ε(x, y) = ε(x, −y)

y = 0 y = ±l

Z2-fixed planes

Sψ = ∫ y=0 d4x ψ̄LiD/ψL + ∫ y=l d4x ψ̄RiD/ψR

Gauge anomaly δSeff = i 24π2 ∫ y=0 tr ( εd(AdA + 1 2 A3) )

− i 24π2 ∫ y=l tr ( εd(AdA + 1 2 A3) )

A = AM dxM

SCS = ∫ h(y) tr ( AF 2 − 1 2 A3F + 1 10 A5 )

F = dA + A2 Parity symmetry: h(y) = −h(−y)

δSCS = ∫ h(y) tr ( (dε)d(AdA + 1 2 A3) )

= − ∫ (dh(y)) tr ( εd(AdA + 1 2 A3) )

S = SY M + SCS + Sψ, δS = 0

h(y) = i 48π2 y |y|

anomaly inflow

Color × Hypercolor: SU(3)_C × SU(3)_H ψL(3, 3∗), ψR(3, 3∗) ⟨ ψLψ†R ⟩ ≃ F 3a 3 × 3∗ = 8 + 1

χL(1, 3∗), χR(1, 3∗) ⟨ ψLψ†R ⟩ ≃ F 3a , ⟨ χLχ†R ⟩ ≃ F 3a

(3 + 1) × (3∗ + 1) = 8 + 3 + 3∗ + 1 + 1

∫ y=0 d4x 1 M 5∗ (ψL)3(ψL)3 + ∫ y=l d4x 1 M 5∗ (ψ†R)3(ψ†R)3 + h.c.

Ṽ (a) ≃ F 14 a M 10∗ f(a/Fa)

θeff ≃ F 14a M 10∗ ΛQCD4

M∗ ≃ 1018GeV, θeff < 10−9: Fa ≲ 1012GeV

� Supersymmetry

� Gravity

(V, Φ) Φ ⊃ iA4 K = 1 4π Im ( ∂F(Φ) ∂Φ Φ† )

W = −i 16π ( ∂2F(Φ) ∂Φ2 ) WαWα

F = i2πg_2 Φ2 + ihΦ3 ⇒ hA4FμνFρσϵμνρσ

hep-th/9904096 by Y. Ohshima, K. Okuyama, H. Suzuki, and H. Yasuta

hep-th/0010288 by T. Kugo and K. Ohashi

M/CY3 C(3)dC(3)dC(3) A = ∫ Q2 C(3)

Dp-brane ∫ G_Cd−1 tr ( exp iF 2π )

Orbifolding V (x, y) = V (x, −y) Φ(x, y) = −Φ(x, −y)

Color × Hypercolor: SU(3)_C×SU(5)_H Q = (QiA, Q4A): (3 + 1, 5∗) Q̄ = (Q̄iA, Q̄4A): (3∗ + 1, 5)

SU(5)H dynamics Weff = Λ11H det QAQ̄A

soft masses V = m2|Q|2 + m2|Q̄| ⟨ QAQ̄A ⟩ ∼ ( Λ11H m )1_5

(3 + 1) × (3∗ + 1) = 8 + 3 + 3∗ + 1 + 1

∫ y=0 d4xd2θd2θ̄ 1 M∗ Q†Qd̄

∫ y=0 d4xd2θd2θ̄ 1 M 4∗ (Q)3QD2Q

SU(3)_C

SU(2)_L

U(1)_Y

SU(5)_H

log_{10}(μ) α^{−1}(μ)

String/M Theory Realizations?

QCD Gravity

strong CP cosmological constant

background configurations intersecting branes flux vacua

objects inside chiral fermions anti-D branes