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Motivation

 Address SM Hierarchy Problem: mechanism to protect Higgs mass

•   Naturalness

•   Environmental Selection

•   Finite Naturalness, …

•   Cosmological Relaxation

•   ??

Hooft matching then requires

l1#+ ... = (2Nc + 1)(Nc − 1) (2.1)

where li are the number of composite fermions with ... .

Therefore

We notice that for NQ = 4 and Nc = 2 and ... nicely match. In this case ...

spin SU(4)×SU(6) Sp(4)×SO(6) names

QQ 0 (6,1) (1,1) σ

(5,1) π

χχ 0 (1,21) (1,1) σc

(1,20) πc

χQQ 1/2 (6,6) (1,6) ψ1
1

(5,6) ψ5
1

χQ̄Q̄ 1/2 (6,6) (1,6) ψ1
2

(5,6) ψ5
2

Qχ̄Q̄ 1/2 (1, 6̄) (1,6) ψ3

Qχ̄Q̄ 1/2 (15, 6̄) (5,6) ψ5
4

(10,6) ψ10
4

Q̄σµQ 1 (15,1) (5,1) a

(10,1) ρ

χ̄σµχ 1 (1,35) (1,20) ac
(1,15) ρc

Table 2: Bound states of the model with spin and group properties with respect to the global

flavour group and the unbroken subgroups.

3 new section, for what?
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Introduction

approximate scale invariance

Use zoom 300.
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Alternative possibility:

Higgs pole
(at a mass of 125 GeV) + Higgs continuum

- Bellazzini Csaki Hubisz Lee Serra Terning 1511.08218
 - Unhiggs ...

Use zoom 300.
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Phenomenological Consequences

•    Higgs form factors

•     gg          ZZ  

•     gg          HH 

•     htt coupling
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A generic model
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UV
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�2 �
m2 − 3zµUV
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ν2 = 4 +m2R2

V̂ =
(4ν2 − 1 + 4µ2
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2)

4z2
θ(zδ − z) +

(4ν2 − 1 + 4µ2
IRz

2)

4z2
θ(z − zδ) + (µUV − µIR)δ(z − zδ) .
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θ(zδ − z) +

(4ν2 − 1 + 4µ2
IRz
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4z2
θ(z − zδ) + (µUV − µIR)δ(z − zδ) .
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G(p2) = − iZh

(µ2 − p2 + i�)2−∆ − (µ2 −m2
h)

2−∆

ds2 = a(z)2(dx2 − dz2) a(z) =
R

z
e

2
3µ(R−z) φ(z) = e

4
3µ(z−R)

�
m2R2 − 3µz

R2

�

G(p2) ∼ (µ2 − p2)
∆−2

pR � 1 , µR � 1

a(z) = aUV (z)θ(zδ − z) + aIR(z)θ(z − zδ)

aUV (z) =
R

z
e

2
3 (R−z)µUV , aIR(z) =

Rp

z
e

2
3 (Rp−z)µIR

a(z)−4(a(z)a��(z)− 2a�(z)2) ≤ 0

M̂2
UV = a2UV φUV (z) φUV (z) = a−2

UV

�
R

z

�2 �
m2 − 3zµUV

R2

�
ν2 = 4 +m2R2

V̂ =
(4ν2 − 1 + 4µ2

UV z
2)

4z2
θ(zδ − z)+

+
(4ν2 − 1 + 4µ2

IRz
2)

4z2
θ(z − zδ)+

+ (µUV − µIR)δ(z − zδ)

�
−∂2

z + V̂
�
Ψ = p2Ψ

1

wec
holographic a-theorem

A possible wrong sign for the kinetic term of the field associated to the distance between the two

branes (the radion) can occur: as discussed in [15] it is the case for the model of [16] because

the IR region considered there has a curvature smaller than the UV one, in particular they were

interested in the flat case.

2.2 The scalar

We now study a scalar field Φ living in the full extra dimension whose bulk Lagrangian is

L =
√
g

�
1

2
gMNDMΦ†DNΦ− V (Φ)− a(z)−1δ(z −R)VUV (Φ)− a(z)−1δ(z − zδ)VIR(Φ)

�
. (2.11)

and subject to brane localized potentials VUV,IR(Φ). The field can be decomposed as

Φ = R−1/2v̂ + ĥ (2.12)

and the vev v̂ is the solution of

a−3∂z(a
3∂zv̂)− a2R

∂V

∂v̂
= 0 ,

�
∂zv̂ −R

∂VUV

∂v̂

�����
z=R

= 0

�
(∂+

z − ∂−
z )v̂ − aR

∂VIR

∂v̂

�����
z=zδ

= 0 .

(2.13)

The solution for the vev (for µUV = 0) has the form

v̂ = (v−z
2−ν + v+z

2+ν)θ(zδ − z) +NIRe
zµIRz2Kν(zµIR)θ(z − zδ) . (2.14)

The equation of motion for ĥ can be rewritten in terms of a Schroedinger equation [12] for Ψ =

a3/2ĥ in the mixed momentum-position coordinates as
�
−∂2

z + V̂
�
Ψ = p2Ψ (2.15)

where p is the four dimensional momentum and the eigenvalues p2 represent the masses of the

Kaluza Klein (KK) modes associated to the scalar. The field Ψ has to go to zero for z → +∞
and satisfy the following conditions:

�
∂z −

3

2

a�(z)

a(z)
−R

∂2VUV (v̂)

∂v̂2

�
Ψ

����
z=R

= 0 ,

�
∂+
z − ∂−

z − (µUV − µIR)− aR
∂2VIR(v̂)

∂v̂2

�
Ψ

����
z=zδ

= 0 . (2.16)

The Schroedinger potential V̂ is given by

V̂ = M̂2 +
3a��

2a
+

3(a�)2

4a2
(2.17)

3

bulk scalar:



9Alberto Parolini 05/09/2016

A new 5D model
and M̂ depends on the bulk potential as

M̂2 = a2R
∂2V (v̂)

∂v̂2
. (2.18)

We assume that the bulk potential is a z-dependent mass term:

M̂2
UV = a2UV φUV (z) , and φUV (z) = a−2

UV

�
R

z

�2 �
m2 − 3zµUV

R2

�
,

M̂2
IR = a2IRφIR(z) , and φIR(z) = a−2

IR

�
R

z

�2 �
m2 − 3zµIR

R2

�
. (2.19)

For µUV = 0 φUV reduces to a constant bulk mass squared m2. For convenience we define

the parameter ν2 = 4 + m2R2. In AdSp+2/CFTp+1 the Breitenlohner-Freedman bound [...] is

m2R2 ≥ −(p+ 1)2/4, or ν ≥ 0 for us. The explicit form of the potential is

V̂ =
(4ν2 − 1 + 4µ2

UV z
2)

4z2
θ(zδ − z) +

(4ν2 − 1 + 4µ2
IRz

2)

4z2
θ(z − zδ) + (µUV − µIR)δ(z − zδ) .

(2.20)

Given this potential the general solution has the form

ΨUV = NJ

√
zJν(−z

�
p2 − µ2

UV ) +NY

√
zYν(−z

�
p2 − µ2

UV ) ,

ΨIR = NK

√
zKν(z

�
µ2
IR − p2) . (2.21)

The spectrum of KK modes is determined by V̂ and in particular the presence of a continuum

of states corresponds to the case V̂ → µ2
IR > 0 for z → +∞. This case reproduces the Unhiggs

propagator studied in ... . In the rest of this section we show that with our choice of the warp factor

and the bulk potential there is an isolated mode which can be tuned to be lighter that the energy

at which the continuum starts, which is µIR. Indeed the potential V̂ contains a delta function at

z = zδ, the position where a�(z) is discontinuous and a��(z) ∼ ∂zθ(z − zδ). It is depicted in figure

XX for representative values of the parameters. A simple choice for the boundary potential is

VUV = m2
UVRΦ2 + λUVR2Φ4 and similarly for VIR.

The fine tuning with respect to the parameters on the UV brane is computed with the loga-

rithmic derivative [14]. m2
0 is the solution of eq.(2.16):

∂ logΨ(z, p2 = m2
0)

∂z

����
z=z̄

= α ⇒ ∆(α) =
∂ logm2

0

∂ logα
=

α

p2

�
∂2 logΨ(z, p2)

∂z ∂p2

�−1
�����
z=z̄, p2=m2

0

.

(2.22)

For the hierarchy RµIR � 10−15 we find
�
m2

0

µ2
IR

�2

= 0.1 : ∆(m2
IR)×∆(m2

UV ) ∼ 10−2 × 10−6 ∼ 10−8 ,

�
m2

0

µ2
IR

�2

= 0.01 : ∆(m2
IR)×∆(m2

UV ) ∼ 10−3 × 10−7 ∼ 10−10 . (2.23)

4

and M̂ depends on the bulk potential as

M̂2 = a2R
∂2V (v̂)

∂v̂2
. (2.18)

We assume that the bulk potential is a z-dependent mass term:

M̂2
UV = a2UV φUV (z) , and φUV (z) = a−2

UV

�
R

z

�2 �
m2 − 3zµUV

R2

�
,

M̂2
IR = a2IRφIR(z) , and φIR(z) = a−2

IR

�
R

z

�2 �
m2 − 3zµIR

R2

�
. (2.19)

For µUV = 0 φUV reduces to a constant bulk mass squared m2. For convenience we define

the parameter ν2 = 4 + m2R2. In AdSp+2/CFTp+1 the Breitenlohner-Freedman bound [...] is

m2R2 ≥ −(p+ 1)2/4, or ν ≥ 0 for us. The explicit form of the potential is

V̂ =
(4ν2 − 1 + 4µ2

UV z
2)

4z2
θ(zδ − z) +

(4ν2 − 1 + 4µ2
IRz

2)

4z2
θ(z − zδ) + (µUV − µIR)δ(z − zδ) .

(2.20)

Given this potential the general solution has the form

ΨUV = NJ

√
zJν(−z

�
p2 − µ2

UV ) +NY

√
zYν(−z

�
p2 − µ2

UV ) ,

ΨIR = NK

√
zKν(z

�
µ2
IR − p2) . (2.21)

The spectrum of KK modes is determined by V̂ and in particular the presence of a continuum

of states corresponds to the case V̂ → µ2
IR > 0 for z → +∞. This case reproduces the Unhiggs

propagator studied in ... . In the rest of this section we show that with our choice of the warp factor

and the bulk potential there is an isolated mode which can be tuned to be lighter that the energy

at which the continuum starts, which is µIR. Indeed the potential V̂ contains a delta function at

z = zδ, the position where a�(z) is discontinuous and a��(z) ∼ ∂zθ(z − zδ). It is depicted in figure

XX for representative values of the parameters. A simple choice for the boundary potential is

VUV = m2
UVRΦ2 + λUVR2Φ4 and similarly for VIR.

The fine tuning with respect to the parameters on the UV brane is computed with the loga-

rithmic derivative [14]. m2
0 is the solution of eq.(2.16):

∂ logΨ(z, p2 = m2
0)

∂z

����
z=z̄

= α ⇒ ∆(α) =
∂ logm2

0

∂ logα
=

α

p2

�
∂2 logΨ(z, p2)

∂z ∂p2

�−1
�����
z=z̄, p2=m2

0

.

(2.22)

For the hierarchy RµIR � 10−15 we find
�
m2

0

µ2
IR

�2

= 0.1 : ∆(m2
IR)×∆(m2

UV ) ∼ 10−2 × 10−6 ∼ 10−8 ,

�
m2

0

µ2
IR

�2

= 0.01 : ∆(m2
IR)×∆(m2

UV ) ∼ 10−3 × 10−7 ∼ 10−10 . (2.23)

4

Use zoom 300.

∆SM = 1 +O

� α

4π

�

G(p2) = − i

(−p2 + i�)2−∆ L = −1

2
h(∂2)2−∆h L = −1

2
h(∂2 + µ2)2−∆h

L = − 1

2Zh
h(∂2 + µ2)2−∆h+

1

2Zh
(µ2 −m2

h)
2−∆

h2

G(p2) = − iZh

(µ2 − p2 + i�)2−∆ − (µ2 −m2
h)

2−∆

ds2 = a(z)2(dx2 − dz2) a(z) =
R

z
e

2
3µ(R−z) φ(z) = e

4
3µ(z−R)

�
m2R2 − 3µz

R2

�

G(p2) ∼ (µ2 − p2)
∆−2

pR � 1 , µR � 1

a(z) = aUV (z)θ(zδ − z) + aIR(z)θ(z − zδ)

aUV (z) =
R

z
e

2
3 (R−z)µUV , aIR(z) =

Rp

z
e

2
3 (Rp−z)µIR

a(z)−4(a(z)a��(z)− 2a�(z)2) ≤ 0 .

M̂2
UV = a2UV φUV (z) φUV (z) = a−2

UV

�
R

z

�2 �
m2 − 3zµUV

R2

�
ν2 = 4 +m2R2

V̂ =
(4ν2 − 1 + 4µ2

UV z
2)

4z2
θ(zδ − z) +

(4ν2 − 1 + 4µ2
IRz

2)

4z2
θ(z − zδ) + (µUV − µIR)δ(z − zδ) .

1
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A new 5D model
and M̂ depends on the bulk potential as

M̂2 = a2R
∂2V (v̂)

∂v̂2
. (2.18)

We assume that the bulk potential is a z-dependent mass term:

M̂2
UV = a2UV φUV (z) , and φUV (z) = a−2

UV

�
R

z

�2 �
m2 − 3zµUV

R2

�
,

M̂2
IR = a2IRφIR(z) , and φIR(z) = a−2

IR

�
R

z

�2 �
m2 − 3zµIR

R2

�
. (2.19)

For µUV = 0 φUV reduces to a constant bulk mass squared m2. For convenience we define

the parameter ν2 = 4 + m2R2. In AdSp+2/CFTp+1 the Breitenlohner-Freedman bound [...] is

m2R2 ≥ −(p+ 1)2/4, or ν ≥ 0 for us. The explicit form of the potential is

V̂ =
(4ν2 − 1 + 4µ2

UV z
2)

4z2
θ(zδ − z) +

(4ν2 − 1 + 4µ2
IRz

2)

4z2
θ(z − zδ) + (µUV − µIR)δ(z − zδ) .

(2.20)

Given this potential the general solution has the form

ΨUV = NJ

√
zJν(−z

�
p2 − µ2

UV ) +NY

√
zYν(−z

�
p2 − µ2

UV ) ,

ΨIR = NK

√
zKν(z

�
µ2
IR − p2) . (2.21)

The spectrum of KK modes is determined by V̂ and in particular the presence of a continuum

of states corresponds to the case V̂ → µ2
IR > 0 for z → +∞. This case reproduces the Unhiggs

propagator studied in ... . In the rest of this section we show that with our choice of the warp factor

and the bulk potential there is an isolated mode which can be tuned to be lighter that the energy

at which the continuum starts, which is µIR. Indeed the potential V̂ contains a delta function at

z = zδ, the position where a�(z) is discontinuous and a��(z) ∼ ∂zθ(z − zδ). It is depicted in figure

XX for representative values of the parameters. A simple choice for the boundary potential is

VUV = m2
UVRΦ2 + λUVR2Φ4 and similarly for VIR.

The fine tuning with respect to the parameters on the UV brane is computed with the loga-

rithmic derivative [14]. m2
0 is the solution of eq.(2.16):

∂ logΨ(z, p2 = m2
0)

∂z

����
z=z̄

= α ⇒ ∆(α) =
∂ logm2

0

∂ logα
=

α

p2

�
∂2 logΨ(z, p2)

∂z ∂p2

�−1
�����
z=z̄, p2=m2

0

.

(2.22)

For the hierarchy RµIR � 10−15 we find
�
m2

0

µ2
IR

�2

= 0.1 : ∆(m2
IR)×∆(m2

UV ) ∼ 10−2 × 10−6 ∼ 10−8 ,

�
m2

0

µ2
IR

�2

= 0.01 : ∆(m2
IR)×∆(m2

UV ) ∼ 10−3 × 10−7 ∼ 10−10 . (2.23)

4

and M̂ depends on the bulk potential as

M̂2 = a2R
∂2V (v̂)

∂v̂2
. (2.18)

We assume that the bulk potential is a z-dependent mass term:

M̂2
UV = a2UV φUV (z) , and φUV (z) = a−2

UV

�
R

z

�2 �
m2 − 3zµUV

R2

�
,

M̂2
IR = a2IRφIR(z) , and φIR(z) = a−2

IR

�
R

z

�2 �
m2 − 3zµIR

R2

�
. (2.19)

For µUV = 0 φUV reduces to a constant bulk mass squared m2. For convenience we define

the parameter ν2 = 4 + m2R2. In AdSp+2/CFTp+1 the Breitenlohner-Freedman bound [...] is

m2R2 ≥ −(p+ 1)2/4, or ν ≥ 0 for us. The explicit form of the potential is

V̂ =
(4ν2 − 1 + 4µ2

UV z
2)

4z2
θ(zδ − z) +

(4ν2 − 1 + 4µ2
IRz

2)

4z2
θ(z − zδ) + (µUV − µIR)δ(z − zδ) .

(2.20)

Given this potential the general solution has the form

ΨUV = NJ

√
zJν(−z

�
p2 − µ2

UV ) +NY

√
zYν(−z

�
p2 − µ2

UV ) ,

ΨIR = NK

√
zKν(z

�
µ2
IR − p2) . (2.21)

The spectrum of KK modes is determined by V̂ and in particular the presence of a continuum

of states corresponds to the case V̂ → µ2
IR > 0 for z → +∞. This case reproduces the Unhiggs

propagator studied in ... . In the rest of this section we show that with our choice of the warp factor

and the bulk potential there is an isolated mode which can be tuned to be lighter that the energy

at which the continuum starts, which is µIR. Indeed the potential V̂ contains a delta function at

z = zδ, the position where a�(z) is discontinuous and a��(z) ∼ ∂zθ(z − zδ). It is depicted in figure

XX for representative values of the parameters. A simple choice for the boundary potential is

VUV = m2
UVRΦ2 + λUVR2Φ4 and similarly for VIR.

The fine tuning with respect to the parameters on the UV brane is computed with the loga-

rithmic derivative [14]. m2
0 is the solution of eq.(2.16):

∂ logΨ(z, p2 = m2
0)

∂z

����
z=z̄

= α ⇒ ∆(α) =
∂ logm2

0

∂ logα
=

α

p2

�
∂2 logΨ(z, p2)

∂z ∂p2

�−1
�����
z=z̄, p2=m2

0

.

(2.22)

For the hierarchy RµIR � 10−15 we find
�
m2

0

µ2
IR

�2

= 0.1 : ∆(m2
IR)×∆(m2

UV ) ∼ 10−2 × 10−6 ∼ 10−8 ,

�
m2

0

µ2
IR

�2

= 0.01 : ∆(m2
IR)×∆(m2

UV ) ∼ 10−3 × 10−7 ∼ 10−10 . (2.23)

4

A possible wrong sign for the kinetic term of the field associated to the distance between the two

branes (the radion) can occur: as discussed in [15] it is the case for the model of [16] because

the IR region considered there has a curvature smaller than the UV one, in particular they were

interested in the flat case.

2.2 The scalar

We now study a scalar field Φ living in the full extra dimension whose bulk Lagrangian is

L =
√
g

�
1

2
gMNDMΦ†DNΦ− V (Φ)− a(z)−1δ(z −R)VUV (Φ)− a(z)−1δ(z − zδ)VIR(Φ)

�
. (2.11)

and subject to brane localized potentials VUV,IR(Φ). The field can be decomposed as

Φ = R−1/2v̂ + ĥ (2.12)

and the vev v̂ is the solution of

a−3∂z(a
3∂zv̂)− a2R

∂V

∂v̂
= 0 ,

�
∂zv̂ −R

∂VUV

∂v̂

�����
z=R

= 0

�
(∂+

z − ∂−
z )v̂ − aR

∂VIR

∂v̂

�����
z=zδ

= 0 .

(2.13)

The solution for the vev (for µUV = 0) has the form

v̂ = (v−z
2−ν + v+z

2+ν)θ(zδ − z) +NIRe
zµIRz2Kν(zµIR)θ(z − zδ) . (2.14)

The equation of motion for ĥ can be rewritten in terms of a Schroedinger equation [12] for Ψ =

a3/2ĥ in the mixed momentum-position coordinates as
�
−∂2

z + V̂
�
Ψ = p2Ψ (2.15)

where p is the four dimensional momentum and the eigenvalues p2 represent the masses of the

Kaluza Klein (KK) modes associated to the scalar. The field Ψ has to go to zero for z → +∞
and satisfy the following conditions:

�
∂z −

3

2

a�(z)

a(z)
−R

∂2VUV (v̂)

∂v̂2

�
Ψ

����
z=R

= 0 ,

�
∂+
z − ∂−

z − (µUV − µIR)− aR
∂2VIR(v̂)

∂v̂2

�
Ψ

����
z=zδ

= 0 . (2.16)

The Schroedinger potential V̂ is given by

V̂ = M̂2 +
3a��

2a
+

3(a�)2

4a2
(2.17)

3

Use zoom 300.
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R
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e

2
3µ(R−z) φ(z) = e
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3µ(z−R)

�
m2R2 − 3µz

R2

�

G(p2) ∼ (µ2 − p2)
∆−2

pR � 1 , µR � 1
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Conclusions and Outlook

•      Novel spectral properties

•      Experimental consequences

•      Extra dimensional construction
• background geometry

• potentially natural theory
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Thank You
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