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I A new (scalar) boson of 125 GeV has been discovered at LHC:
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I Combined results p-value for the new (scalar) boson:
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I Currently it is much like the SM Higgs.
I However, there are some anomalies, though we need more

data:
I Excess in H → γγ and suppression in H → b b̄ , τ+τ−.
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I The anomalies are naturally explained in walking technicolor
(WTC).

I In WTC all new particles are heavy (∼ 1 TeV) except
techni-dilaton (TD), Goldstone boson associated with
spontaneous breaking of scale symmetry:

mTD ∼
m2

TQ

FTD
� mTQ , if FTD � vew (or mTQ ).

I If mTD turns out to be 125 GeV, then vew/FTD � 1 and the
dilaton coupling to fermions are suppressed, while coupling to
two photons are enhanced.
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I Dilaton coupling to fermions (mf = yf vew), suppressed by
vew/FTD:

LDff = eD/FTDmf f̄ f =
mf

FTD
Df̄ f + · · ·

I Dilaton coupling to two photons and gluons, enhanced:

LDγγ,Dgg =
β(e)

2e3

D

FTD
F 2
µν +

β(gs)

2g3
s

D

FTD
G a
µν

2
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I χ-squared fit, excluding Tevatron data, by Matsuzaki and
Yamawaki, arXiv:1206.6703:
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I Modern TC is called “Walking Technicolor (WTC)” (Holdom
’81, Yamawaki et al ’86, Appelquist et al ’86)

I WTC is a strongly coupled gauge theory with two intrinsic
scales, at which walking starts and ends:

c
*

scale

co
up

lin
g

Walking Coupling 

m_F Lambda TC

Lambda ETC

alpha_c

mu_cr
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I Due to strong and walking dynamics the fermion bilinear has
a large, constant anomalous dimension, γm ' 1:〈

Q̄Q
〉∣∣

Λ
= e−

∫ µcr
Λ

dµ
µ
γm(µ) 〈Q̄Q

〉∣∣
µcr

=
Λ

µcr

〈
Q̄Q

〉∣∣
µcr

I The chiral phase transition of WTC is known as a quantum
conformal phase transition. (Miransky, Yamawaki ’96)

(TC coupling)-1

dy
na

m
ic

al
 m

as
s

(alpha_c)-1

m_F

γQ̄Q = 1 +

√
α

αc
− 1 ≈ 1

mF = ΛTC e
− π√

α
αc
−1

10/32



Introduction and Review
Light Dilaton and PCDC

Composite Higgs
Holographic dual of WTC

Conclusion

Introduction and Review

I Due to strong and walking dynamics the fermion bilinear has
a large, constant anomalous dimension, γm ' 1:〈

Q̄Q
〉∣∣

Λ
= e−

∫ µcr
Λ

dµ
µ
γm(µ) 〈Q̄Q

〉∣∣
µcr

=
Λ

µcr

〈
Q̄Q

〉∣∣
µcr

I The chiral phase transition of WTC is known as a quantum
conformal phase transition. (Miransky, Yamawaki ’96)

(TC coupling)-1

dy
na

m
ic

al
 m

as
s

(alpha_c)-1

m_F

γQ̄Q = 1 +

√
α

αc
− 1 ≈ 1

mF = ΛTC e
− π√

α
αc
−1

10/32



Introduction and Review
Light Dilaton and PCDC

Composite Higgs
Holographic dual of WTC

Conclusion

Introduction and Review

I In the walking region γm ' 1 new marginal operator emerges
and therefore generates a new scale, mF � ΛTC

(DKH+Rajeev ’90):

g2

Λ2
TC

(
Q̄Q

)2
.

I Conformality lost. (Kaplan-Lee-Son-Stephanov, ’09)
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I WTC has approximate scale invariance, β(αTC) ≈ 0, for
mF < µ < ΛTC.

I Therefore there exists a dilatation current, Dµ = xνθ
µν ,

approximately conserved:

〈∂µDµ〉 =
〈
θµµ
〉

=
πβ(αTC)

α2
TC

〈(
F a
µν

)2
〉

+ m
〈
Q̄Q

〉
+ 〈SM〉 ≈ 0.
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I The order parameter for CSB,
〈
Q̄Q

〉
or mF , is also an order

parameter for the scale symmetry.

I Scale symmetry is spontaneously broken, when
〈
Q̄Q

〉
6= 0:

〈
θµµ
〉

=
πβ(αTC)

α2
TC

〈(
F a
µν

)2
〉

+
g2

Λ2
TC

〈(
Q̄Q

)2
〉
∼ m4

F .

+
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I By Goldstone theorem light dilaton arises as pseudo
Nambu-Goldstone boson:

〈0|Dµ |σ〉 = iFTDp
µe−ip·x

I By PCDC, if dilaton pole dominates,

∂µD
µ = FTDm

2
TD σ , 〈∂µDµ〉 ' F 2

TDm
2
TD ' m4

F .

I Dilaton is light if WTC is close to the conformality, provided
that FTD ∼ µcr . ΛTC, which is much bigger than
mF ∼ 1 TeV:

mTD '
m2

F

FTD
� mF (≈ 1 TeV)� FTD
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I Composite Higgs and Light TD (v = 247 GeV/
√
NF ):

lim
y→x

QTC (x)Q̄TC (y) = (µ |x − y |)γQ̄Q QTC Q̄TC (x)

QTC Q̄TC (x) ∼ e iπTC/FTC

(
0

v + h(x)

)
.

I Higgs mass is finite near the conformality
(Kutasov-Lin-Parnachev ’11)

mH

mV
≈ 0.2

I But, dilaton mass can be very small near the conformal
window. (Choi+DKH+Matsuzaki ’11)
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I Higgs potential versus dilaton potential (Schechter ’80)
V(phi)

phi

v 0.5 1.0 1.5 2.0
!2ΣTD"FTD#

"1.0

"0.5

0.5

1.0

1.5

V"!FTD2 MTD
2 "16#

I They do, however, mix with mixing angle, mH/FTD:

LH =
1

2
|DµH|2 −

1

2
m2

H e2σ/FTDH†H + · · ·
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Composite Higgs

I In WTC composite Higgs can be light:
I In a holographic model (D3-D7) by Kutasov-Lin-Parnachev,

mH ≈ 0.2mV . (mH = 125 GeV?)
I In the CPT, mH can be parametrically small. (See for instance

Sannino-Tuominen ’05, DKH+Hsu+Sannino ’04)

I For FTD � mF or extreme walking, mD � mF and TD can
be a dark matter. (Choi+DKH+Matsuzaki ’11). Then the
125 GeV boson has to be the composite Higgs. (Cγ and Cg

can be calculated using holography.)

I For vEW /FTD ≈ 0.2 we may have two light scalar bosons:
Gluon fusion and two-photon channel is enhanced but vector
boson fusion is just like SM higgs.

17/32



Introduction and Review
Light Dilaton and PCDC

Composite Higgs
Holographic dual of WTC

Conclusion

Composite Higgs

I In WTC composite Higgs can be light:
I In a holographic model (D3-D7) by Kutasov-Lin-Parnachev,

mH ≈ 0.2mV . (mH = 125 GeV?)
I In the CPT, mH can be parametrically small. (See for instance

Sannino-Tuominen ’05, DKH+Hsu+Sannino ’04)

I For FTD � mF or extreme walking, mD � mF and TD can
be a dark matter. (Choi+DKH+Matsuzaki ’11). Then the
125 GeV boson has to be the composite Higgs. (Cγ and Cg

can be calculated using holography.)

I For vEW /FTD ≈ 0.2 we may have two light scalar bosons:
Gluon fusion and two-photon channel is enhanced but vector
boson fusion is just like SM higgs.

17/32



Introduction and Review
Light Dilaton and PCDC

Composite Higgs
Holographic dual of WTC

Conclusion

Composite Higgs

I In WTC composite Higgs can be light:
I In a holographic model (D3-D7) by Kutasov-Lin-Parnachev,

mH ≈ 0.2mV . (mH = 125 GeV?)
I In the CPT, mH can be parametrically small. (See for instance

Sannino-Tuominen ’05, DKH+Hsu+Sannino ’04)

I For FTD � mF or extreme walking, mD � mF and TD can
be a dark matter. (Choi+DKH+Matsuzaki ’11). Then the
125 GeV boson has to be the composite Higgs. (Cγ and Cg

can be calculated using holography.)

I For vEW /FTD ≈ 0.2 we may have two light scalar bosons:
Gluon fusion and two-photon channel is enhanced but vector
boson fusion is just like SM higgs.

17/32



Introduction and Review
Light Dilaton and PCDC

Composite Higgs
Holographic dual of WTC

Conclusion
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I Almost all quantities of WTC are difficult to calculate, a
typical problem for strong dynamics.

I We try to calculate some of them by gauge/gravity duality
(FTD, mTD, · · · ): work under progress!

I Holographic dual: Dilaton-deformed AdS5 ×M with probe
branes (cf. Tuominen et al; Wijewardhana et al) or deformed
Maldacena-Nunez background.

S =
1

2κ2

∫
d5x
√
g

(
R +

1

2
gab∂aφ∂bφ− V (φ)

)
+ Sprobe .
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Holographic dual

I For mF < µ < ΛTC the coupling is almost constant. Thus
φ ≈ const. for ε = Λ−1

TC < z < zm = m−1
F .

I AdS/TC might be a good approximation for flavor physics!
(DKH+Yee, 06):

Sprobe ≈
∫
d5x
√
g Tr

[
|DX |2 −m2

5 |X |
2 − 1

2g2
5

(
F 2

L + F 2
R

)]
where m2

5 = ∆ (∆− 4) = −4 and
DµX = ∂µX − iALµ X + iX ARµ.

I The bi-fundamental bulk scalar X is dual of Q̄Q,
corresponding to composite Higgs.

19/32
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Holographic dual

I The oblique corrections due to new physics∫
x
e−iq·x 〈JµX (x)JνY (0)

〉
= igµνT ΠXY (q2) + qµqνΠL

ΠXY (q2) = Πsm
XY + Πnew

XY

I Peskin-Takeuchi parameters:

x = xsm(mt ,mH) + axS + bxT + cxU

S = 16π
[
Π′new33 (0)− Π′new3Q (0)

]
T =

4π

s2c2M2
Z

[Πnew
11 (0)− Πnew

33 (0)]

U = 16π
[
Π′new11 (0)− Π′new33 (0)

]
20/32
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Holographic dual

I Experimentally: S = 0.02± 0.11 @ LEP10.
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Holographic dual

I Peskin-Takeuchi S parameter

S = −4π
d

dq2

[
ΠV (q2)− ΠA(q2)

]
q2=0

,

I In holographic dual the two-point functions can be written as

Π(−q2) = −
∑
ρ

F 2
ρ

(q2 −m2
ρ)m2

ρ

The S-parameter is given also as

S = 4π
∑

n

(
f 2
n,V

m2
n,V

−
f 2
n,A

m2
n,A

)
.

I Each terms are not necessary small, but there is large
cancelation for WTC.

22/32
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Holographic dual

I By the AdS/CFT dictionary the bulk action becomes the
generating functional for the current correlation functions,
when evaluated on-shell.

W [V ,A] = − 1

2g2
5

∫
x

(
1

z
V a
µ∂zV

µa +
1

z
Aa
µ∂zA

µa

) ∣∣∣∣∣
z=ε

.

I The gauge fields satisfy the bulk equations of motion in
unitary gauge,[(

∂2 − z∂z
1

z
∂z

)
ηµν − ∂µ∂ν

]
V ν = 0[(

∂2 − z∂z
1

z
∂z +

g2
5X

2
0

z2

)
ηµν − ∂µ∂ν

]
Aν = 0 .
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Holographic dual

I Introduce the 4D Fourier transform with V (q, ε) = A(q, ε) = 1
and ∂zV (q, zm) = ∂zA(q, zm) = 0 (in a gauge Az = 0 = Vz ):

V µ(q, z) =

(
ηµν − qµqν

q2

)
V 0
ν (q)V (q, z)

Aµ(q, z) =

(
ηµν − qµqν

q2

)
A0
ν(q)A(q, z) +

qµ

q2
A(0, z) ,

where V (q, z) and A(q, z) satisfy[
z∂z

(
1

z
∂z

)
+ q2

]
V (q, z) = 0[

z∂z

(
1

z
∂z

)
+ q2 − g2

5X
2
0

z2

]
A(q, z) = 0 .
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Holographic dual

I By differentiating the generating functional one finds

ΠV (−q2) =
1

g2
5

∂zV (q, z)

z

∣∣∣∣
z=ε

,ΠA(−q2) =
1

g2
5

∂zA(q, z)

z

∣∣∣∣
z=ε

.

I The solution for V (q, z) with the boundary conditions,
V (q, ε) = 1 and ∂zV (q, zm) = 0.

V (q, z) = a1 |q| z Y1(|q| z) + a2 |q| z J1(|q| z) ,

ΠV (−q2) =
|q|
g2

5 ε

J0(|q|zm)Y0(|q|ε)− Y0(|q|zm)J0(|q|ε)
J0(|q|zm)Y1(|q|ε)− Y0(|q|zm)J1(|q|ε)

,

I Matching for −q2 →∞ , we find

ΠV (−q2) =
q2

g2
5

ln
(zm

ε

)
=

dR

24π2
q2 ln

(
−q2

)
.
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Holographic dual

I Since the scaling dimension of X is ∆ = 2 for walking TC,

X0(z) =
M

2
z2 +

〈q̄ q〉
4

z2 ln(z/ε) .

I To solve Eq. for A(q, z), we introduce
T (q, z) ≡ ∂z ln A(q, z) = T (0)(z) + q2T (1)(z) + · · ·

I T (0) satisfies with T (0)(zm) = 0 and 1
g2

5

T (0)(z)
z

∣∣∣
ε

= −F 2
T

z∂z

(
1

z
T (0)

)
+
(
T (0)

)2
=

g2
5X

2
0

z2
,
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Holographic dual

I The equation for T (1)(z) is given as

z∂z

(
1

z
T (1)

)
+ 2T (0)(z)T (1)(z) = −1 . (1)

I Solving it, we find

T (1)(z) = −z
∫ z

zm

dz ′

z ′
exp

[
2

∫ z ′

z
dωT (0)(ω)

]
. (2)

d

dq2
ΠA(−q2)

∣∣∣∣
q2=0

=
1

g2
5 z

d

dq2
∂z lnA(q, z)

∣∣∣∣
q2=0,z=ε

=
1

g2
5

1

z
T (1)(z)

∣∣∣∣
ε=0
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I The S parameter is then given as

S =
4π

g2
5

∫ zm

ε

dz ′

z ′

[
1− e2

∫ z′
ε dωT (0)(ω)

]
.

I Numerical solutions:

0.2 0.4 0.6 0.8 1

−5

−4

−3

−2

−1

z
T (0)(z)

z

Walking
QCDïlike
TechniïOrientifold

Figure: The profiles for NTC = 3 with various T (0)(ε)/ε = −g2
5F

2
T .
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Holographic dual

I In AdS/TC the S-parameter depends on two parameters:
1. The range of walking, zm/ε. (Very mild dependence)
2. The value of FT in terms of zm or FT zm. (Strong

dependence!)
I Parameters of holographic models:

1. zm ' 1/Σ(0), g2
5 = 24π2/d(R) (FT = 246

√
2/NTF GeV)

2. FT zm = 1/4π, 0.86/g5 (ladder),
mρ

4π (= 0.19), 0.29 (QCD).

I To get small S, we need small FT zm or small FT/mTQ. This
is possible if the slope at zm is small:

1

zm
∂zT

(0)
∣∣∣
zm

= g2
5

X 2
0 (zm)

z3
m

� z−1
m .

I Then all the new particles will decouple except techni-dilaton,
giving S → 0.
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Holographic dual

I Numerical values for various TC models:
FT zm N = 2 N = 3 N = 4

1/4π 0.034 0.034 0.035
0.19 0.15 0.17 0.18
0.29 0.24 0.30 0.34

(a) QCD-like Technicolor

FT zm N= 2,S 2,F 3,S 3,F 4, S 4,F

1/4π 0.031 0.031 0.031 0.031 0.031 0.031

0.86g−1
5 0.086 0.057 0.17 0.086 0.29 0.12

0.19 0.15 0.14 0.17 0.15 0.17 0.16
0.29 0.28 0.22 0.34 0.26 0.37 0.31

(b) Techni-orientifold and walking technicolor
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Holographic dual

General Aspects of holographic S parameter

I The S parameter is positive.

I The S parameter is reduced at least about 10-20% by walking.
The reduction is due to bringing down the axial vectors closer
to proper vectors by walking.

I A slight change in FT zm results in a substantial change in S .
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Conclusion

I WTC predicts light technidilaton (TD) due to spontaneously
broken (approximate) scale symmetry.

I Near conformality, α(ΛTC) ≈ αc ,

mF ≈ ΛTC e
− π√

α/αc−1 : mTD '
m2

F

FTD
� mF � FTD

I Holographic dual of WTC is a system of probe branes in a
dilaton-deformed asymptotic AdS5 .: Work under progress.

I The bulk dilaton is almost constant for mF < µ < ΛTC.

I AdS/TC is a good approximation for flavor physics of WTC.

I The S parameter of WTC is consistent with experiments.

I Phenomenology of light composite Higgs and light TD is
interesting: will be testable soon!
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