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● 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(detY )

θeff = 〈a(x)/Fa〉
V (a) � −Λ4

QCD cos(a(x)/Fa)

Pecci-Quinn symmetry

U(1)PQ : a(x) → a(x) + ξFa



Extra-Quarks

ψL → eiξψL, ψR → e−iξψR

Mass term

M∗ψLψ
†
R + h.c.

4-Fermi term

1

M2∗
(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



SYM =

∫
d4x

∫ l

−l
dy

M∗
4g2

tr(FMNF
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 = AMdx
M



SCS =

∫
h(y) tr

(
AF2 − 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 = SYM + 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

〉
� F3

a 3× 3∗ = 8+ 1

χL(1, 3
∗), χR(1, 3∗)

〈
ψLψ

†
R

〉
� F3

a ,
〈
χLχ

†
R

〉
� F3

a

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



∫
y=0

d4x
1

M5∗
(ψL)

3(ψL)
3

+

∫
y=l

d4x
1

M5∗
(ψ†

R)3(ψ†
R)3 + h.c.

Ṽ (a) � F14
a

M10∗
f(a/Fa)

θeff � F14
a

M10∗ ΛQCD
4

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 = i2π
g2

Φ2 + ihΦ3

⇒ hA4FµνFρσε
µνρσ



rotation (11) or (9) is a local quantity like the anomaly itself. Thanks to the gauge

covariance, the evaluation of the last expression in plane wave basis is again simple

as is shown in Appendix B. We have

δ1 〈δ2S〉 − δ2 〈δ1S〉

M→∞
=

1

64π2

∫

d8z tr∆1

(

[

Dα∆2, Wα

]

+
[

Dα̇∆2, W
′α̇]

+
{

∆2,D
αWα

}

)

.
(14)

In spite of the asymmetric appearances of 1 and 2 in this expression, one can

confirm by using the reality constraint (A.2) that this is actually odd under the

exchange 1 ↔ 2. From Eq. (14), we can read off the left hand side of Eq. (10):

∫

d8z δΛV a(z)

[

δ

δV b(z′)

〈

δS

δV a(z)

〉

−
δ

δV a(z)

〈

δS

δV b(z′)

〉]

M→∞
=

1

64π2

∫

d8z

1
∫

0

dβ

× tr e−βV T bδ(z − z′)eβV
(

Dα
{

iΛ, Wα

}

− Dα̇

{

e−V iΛ†eV , W
′α̇}

)

,

(15)

which satisfies Eq. (10) in conjunction with Eq. (8); this fact provides the con-

sistency check of Eq. (14). Finally, from Eqs. (7), (8) and (14), we obtain the

consistent gauge anomaly

δΛΓ [V ]

M→∞
= −

1

64π2

∫

d6z tr iΛWαWα +
1

64π2

∫

d6z tr e−V iΛ†eV W
′
α̇W

′α̇

+
1

64π2

∫

d8z

1
∫

0

dg

1
∫

0

dβ tr e−βgV δΛV eβgV

×
(

[

DαV, Wα

]

+
[

Dα̇V, W
′α̇]

+
{

V,DαWα

}

)

V →gV
.

(16)

Here, as indicated, the quantities inside the round bracket are defined by sub-

stituting the gauge superfield V involved by gV . On the other hand, the gauge

variation δΛV is given by Eq. (5) as it stands without setting V → gV . It is obvious

that our consistent anomaly is proportional to the anomaly dabc, as expected.
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tant action is characterized solely by this cubic polynomial N (M), and we find the vector

multiplet action

e−1LVL

= +1
2N

(
4C + 16t·t+ 1

2αFab(A)(4vab + iψ̄cγ
abcdψd) − 8iψ̄ ·γχ− 4iψ̄aγ

abtψb

)

−NI




2t·Y I − 8iΩ̄Iχ− 4iψ̄ ·γtΩI + ig[Ω̄, Ω]I

−GI
ab(W )(vab + i

4ψ̄cγ
abcdψd)




− 1
2NIJ




−1
4
GI(W )·GJ(W ) + 1

2
DaM

IDaMJ − Y I ·Y J

+2iΩ̄I( /D − 1
2γ ·v + t)ΩJ + iψ̄a(γ ·G(W ) − 2 /DM)IγaΩJ

−2(Ω̄Iγaγbcψa)(ψ̄bγcΩ
J ) + 2(Ω̄Iγaγbψa)(ψ̄bΩ

J )




−NIJK




−iΩ̄I(1
4
γ ·G(W ) + Y )JΩK

+ 2
3(Ω̄IγabΩJ)(ψ̄aγbΩ

K) + 2
3(ψ̄i ·γΩIj)(Ω̄J

(iΩ
K
j) )




+ e−1LC-S , (2.11)

where NI = ∂N /∂M I , NIJ = ∂2N /∂M I∂MJ , etc., and LC-S is the Chern-Simons term:

LC-S = 1
8
cIJKǫ

λµνρσW I
λ

(
F J

µν(W )FK
ρσ(W ) + 1

2
g[Wµ,Wν ]

JFK
ρσ(W )

+ 1
10g

2[Wµ,Wν ]
J [Wρ,Wσ]K

)
. (2.12)

We have checked the supersymmetry invariance of this action for general non-Abelian

cases as follows. When the gauge coupling g is set equal to zero, the action reduces to one

with the same form as that for the Abelian case, and thus the invariance is guaranteed by

the above derivation. When g is switched on, the covariant derivative Dµ comes to include

the G-covariantization term −gδG(Wµ), and the field strength Fµν(W ) comes to include the

non-Abelian term −g[Wµ,Wν ]. We, however, can use the variables Dµφ (φ = M I , ΩI) and

Fµν(W ) as they stand in the action and in the supersymmetry transformation laws, keep-

ing these g-dependent terms implicit inside of them. Then, we have only to keep track of

explicitly g-dependent terms and make sure that these terms vanish in the supersymme-

try transformation of the action. The explicitly g-dependent terms in the action are only

the term −igNI [Ω̄, Ω]I , aside from those in the Chern-Simons term. The Chern-Simons

term is special because it contains the gauge field W I
µ explicitly, and its supersymmetry

transformation as a whole yields no explicit g-dependent terms, as we show below. In the

supersymmetry transformations δφ, explicitly g-dependent terms do not appear for φ = M I ,

ΩI , GI
µν(W ) or F I

µν(W ), but appear only in δY Iij , δ(DµM
I) and δ(DµΩ

I). (For the latter

8



M/CY3

C(3)dC(3)dC(3) A =
∫
Q2

C(3)

Dp-brane

∫
GCd

−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,Q
4
A): (3 + 1,5∗)

Q̄ = (Q̄i
A, Q̄4

A): (3∗ + 1,5)



SU(5)H dynamics

Weff =
Λ11
H

detQAQ̄A

soft masses V = m2|Q|2 +m2|Q̄|

〈
QAQ̄

A
〉
∼
(

Λ11
H

m

)1
5

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



∫
y=0

d4xd2θd2θ̄
1

M∗
Q†Qd̄

∫
y=0

d4xd2θd2θ̄
1

M4∗
(Q)3QD2Q
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String/M Theory Realizations?

QCD Gravity

strong CP cosmological constant

background configurations

intersecting branes flux vacua

objects inside

chiral fermions anti-D branes


