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5D metric 

Introduction The LHC era has begun!

The crucial question:What is the origin of mass?

Higgs mechanism!But, why is m2
H ! M 2

P ?

Cancellation

Standard Model 
quantum corrections ! m2

H = ! 2

Hierarchy 
problem

! m2
H = ! 2

− ! 2 + . . .
e.g. supersymmetry,  global symmetry e.g. strong dynamics, low-scale string theory

(! ! MP )

or just Þne-tuned!

e.g. string theory Landscape!

Λ ! TeV

Possible 
explanations or No cancellation

(! = UV cuto " )

 [Guralnik, Hagen, Kibble `64; Englert, Brout `64; Higgs `64]



5D metric : 

5D metric 

Explain hierarchiesWarped Extra Dimension

ds2
= e! 2ky dx2

+ dy2

UV IR

πR0 y

! UV e! ky
ÒSlice of AdS ÕÕ5

[Randall, Sundrum 99]

AdS curvature scalek =



¥Hierarchy problem: Higgs mass [Randall, Sundrum 99]

UV

x SM on 
IR brane

IR

5D metric 

mH ! ! SM = O(TeV)

! SM = ! UV e! !kR



¥Fermion masses: e.g. electron, top [TG, Pomarol 00]

! (0) ! e( 1
2 ! c)ky

bulk mass parameter

X

UV

e t
H

IR

Aµ

c =AP PE NDIX B: FE RM ION M A SSES
fms

A bulk fermion in a sliceof AdS5 is described by a four-component Dirac spinor Ψ(xµ , z)

whoseaction reads[20, 26]

S! =
!

d4xdz
!

" g
" øΨeM

A ! ADM Ψ + M!
øΨΨ

#
, (B1)

where eA
M is the f¬unfbein, and the covariant derivative DM = " M + #M , with #M the spin

connection. The bulk mass must be odd and is given by M! # cksgn(z) where c is a

dimensionlessparameter.

Performing the following KK decompositions $L,R (xµ , z) =
$ ∞

n=0 $ n
L,R (xµ) ÷fn

L,R (z). For

%= 0, the zeromode solution with m = 0 is given by

fL,R =
1

NL,R
(kz)

1
2∓cL,R , (B2) fermprofile

wherethe normalization constants are:

N2
L,R =

e2(1/ 2∓cL,R )! kR " 1
k(1/2 $ cL,R )

. (B3) eq:NLR

Again the wavefunction (B2) is written with respect to a ßat metric (fL,R = e
1
2 cL,R ky ÷fL,R )

to make the localization properties manifest . We conclude that a left-handed fermion zero

mode is UV-localized for cL > 1/2 and IR-localizedfor cL < 1/2, while a right-handed one

is UV-localizedfor cR < " 1/2 and IR-localized for cR > " 1/2. Note that the corresponding

chiral partner of the zero mode fR,L = 0 since the Z2 symmetry requires these Þelds to

vanish.

One can also check that in the deformed AdS5 background the fermions do not receive a

mass.Again expanding the wavefunction and mass parameter to Þrst order in %:

fL,R = f (0)
L,R + %f (1)

L,R + O(%2), (B4)

m = m(0) + %m(1) + O(%2). (B5)

Choosingf (0)
L to be even and f (0)

R to be odd one Þndsthat to Þrst order in %

fL,R = f (0)
L,R +

%
(kz1)4

%
1 + (1 ± cL,R /8)(kz)4

&
f (0)

L,R + O(%2), (B6)

fR,L = 0 + O(%2), (B7)

m = 0 + O(%2), (B8)

24

{
! c k



¥SUSY-breaking scale e.g.Warped MSSM  [TG, Pomarol 00]

X

UV IR

X
SUSY 

breaking

Aµ , !

!, H
!!, !H

! SUSY = ! UV e! !kR
∼ O(TeV)

Naturally explains SUSY breaking scale!



AdS/CFT correspondence

AdS/CFT dictionary

5D AdS Large N, strongly 
coupled 4D CFT

UV

IR

4D energy scale

UV IR

y
5th coordinate

Type IIB string theory 
on AdS5 x S5

N =4 SYM in 4D
DUAL

E

[Maldacena, 97; Gubser, Klebanov, Polyakov, 98;  Witten 98]

 [Arkani-Hamed, Randall, Porrati 00;  Rattazzi, Zaffaroni 00]

Reality Check:



UV localized 
Þeld

UV(IR) 
localized Þeld

CFT bound state

Kaluza-Klein tower

(2)

(1)

(0)

...
Tower of resonances

!∑

n =0

d2
n

p2 + m2
n

Bulk masses

Source of CFT operator O Boundary value of bulk Þeld

dimension of O 

elementary ÒsourceÓ state

IR localized 
Þeld

e.g !( x, z)
!
!
!
UV

= φ(x) L = ! (x)O

e.g. m2
! e.g. dimO = 2 +

!
4 + m2

! /k 2

IR

πR0 y

! UV e! ky
UV

IR

πR0 y

! UV e! ky
UV



Build strongly coupled 4D model using 5D warped model

  Warped dimension 
need not be real 

Dynamical EW breaking (Weinberg `76; Susskind `79)

Fermion masses: Large anomalous dimensions

Bottom line:  

new mathematical 
tool

AdS/CFT: [!] =
3
2

+ γ! ! ck ø!!

AdS/CFT: e
! 8! 2

g 2 bi ! e! !kR

MIR = e
−

8! 2

g 2 bi MP
Dynamical SUSY breaking (Witten `81)

y øΨΨΦ [y] < 0

4D interpretation:

}



5D metric 

Is this the most general KK spacing?

ÒHard wallÓ mass spectrum:

m2

n ! n2

hushi!

IR

πR0

UV

“hard wall”



5D metric 

Example: QCD

¥scale invariance broken by running coupling

¥strongly coupled (at low energies)

¥contains bound states (hadrons)

Linear Regge trajectories: m2
n

! n !





5D metric 

How to model general behaviour?

Remove hard wall

Introduce dilaton,! (z) Òsoft wallÓ
[Karch, Katz, Son, Stephanov 06]

Modify IR region!



5D metric 

The ÒSoft WallÓ

! (z) ∼ z
!

where A(z) = ! logz

ds2 = e2A (z) (dx2 + dz2) ! = ! (z)Metric:

gMN =
! MN

z2 (pure AdS5)

and

“Soft wall”

z0

UV
! (z)

! → ∞

5D action: S5 =
!

d5x
!

" g e! ! L

(z = eky /k )



5D metric 

Mass spectrum:

WKB 
approximation

m2

n ! n2−2/ ν (1 < ! < ∞)

analog 1D ÒSchrodingerÓ equation: 

V (z) ! z2(ν! 1) as z " #

nπ =
! z1

z0

dz
"

m2
n ! V (z)

Note: Linear for ! = 2

InÞnite 5th dimension BUT discrete spectrum!

(! ! 2
5 + V (z)) f n = m2

n f n



5D metric 

[Batell, TG arXiv:0801.4383]

Introduce a second scalar Þeld: 

A Dynamical Soft-Wall model

Look for solution:

T (z)

gMN =
ηMN

z2 ; ! ! z2

5D action:

Simpler to search for solutions in Einstein frame:

gMN = e4! / 3÷gMN



5D metric 

Einstein frame:

where ! =

!
8
3

! ; ÷V = e4! / 3V

[Dewolfe, Freedman, 
Gubser, Karch 99]Introduce ÒsuperpotentialÓ

Ist order 
equations

W (φ, T )

Assume what isg̃MN =
e! 2az 2

z2
! (z), T (z), ÷V ?}

corresponds to pure AdS 
metric in string frame

Equations of motion



5D metric 
Choosing + solution with a=2/3, gives (in string frame)

Solution:

Realizes KKSS form 
as dynamical solution!

! = ±
!

6az2

T = ± 6
!

az



5D metric 
where

arbitrary exponent
In general for AdS   :d+1



5D metric 

[Batell, TG, Sword, arXiv:0808.3977 [hep-ph]]

Dynamical model:

Phenomenology with a soft wall

z0

¥Use dynamical solution for EW physics

¥Add UV boundary potential:

! (z) =

!
8
3
M3/ 2(µ z)!

gMN =
1

(kz)2 e! 4

3
(µz )ν

ηMN

M, k, µ3 scales:

SUV = !
∫

d4x
"

! gUV λUV (φ, T )



Planck mass:

UV boundary conditions:

(i)

undetermined

(assuming µ/k ! 1)

(ii)

µ Introduce another scalar Þeld
S(z) ! M 3/2(µz)!

M 2
P !

M 3

2k

No natural hierarchical solution for! > 1



Graviton ßuctuations:(! = 2)

Graviton KK modes:

where

m2
n ! 8µ2(n + 1) n = 1 , 2 . . .



Graviton wavefunctions:(µ/k = 10! 3)



5D metric 

Bulk Þelds:

¥Gauge Þelds --- similar to graviton case

Unlike RS, zero mode 
is UV localized!

Gauge KK modes: m2
n ! 4µ2n n = 1 , 2 . . .



Recall--embed 4D fermions into 5D: 

...
...

(0)

(1)

(2)

...
...

(0)

(1)

(2)

e+ L e+ R e
−Re! L

! eR (x, z)ΨeL (x, z)

! e(x) =
!

e+ L

e+ R

"

4D:

5D:

¥Fermions



5D metric 

Yukawa interaction

SY ukawa = !
∫

d5x
"

! g e! Φ
[

m(z) øΨL (x, z)ΨR (x, z) + h.c.
]

where

But,
Cannot treat Yukawa 

interaction as a perturbation
h(z) ! z2

Need to solve system exactly!

H (z) = and m(z) ≡
λ5
√

2k
h(z)



5D metric 

Special case:

But,

M L = M R = c k h(z) = ! k3/ 2µ2z2

KK modes:

Requires 
diagonalisation:



5D metric 

Obtain:

with boundary conditions:

Solution: m2
0 ! µ2

! µ
k

" ! 1+2 |c|

Mass hierarchy for|c| > 1/ 2



Universal coupling!

Fermion coupling to KK gauge bosons:



Electroweak model

z0

XSU(2)L ! U(1)Y

SM fermions X

SU(2)L ! SU(2)R ! U(1)X H (z)
SU(2)L ! SU(2)R " SU(2)V



Higgs dynamics:

where m2
H(z) = k2(α(α ! 4) ! 2αµ2z2)

V (H ) = m2
H (z)Tr |H |2

}

could arise from T 2|H |2

Background solution: h(z) = c0z!

Energy density: H (h = c0zα) < H (h = 0) provided ! 0 > 0

with

Higgs ßuctuation
m2

0 ! 2! k2/ log(k/µ )

Physical Higgs mode
(! ! 1)



Electroweak constraints
e.g. α = 1 m2

H (z) = ! 3k2 ! 2µ2z2

S parameter: S !

S < 0.2 (k = 1000 TeV)µ ! 0.5 TeV

KK gauge boson masses of order TeV scale

Note: For k=Mp obtain KK gauge boson masses of order 300-500 GeV!

T parameter: T = 0 (custodial symmetry)



Questions/Future work

¥Scalar ßuctuations of gravitational solution

¥Effective 5D coupling grows in IR                     
---combine soft and hard wall

¥Construct complete three generation model

¥LHC signatures

¥                    ÒunparticlesÓ

¥......

ν < 1



Conclusions

¥AdS/CFT correspondence allows quantitative 
study of strongly-coupled gauge theories

¥Dynamical soft-wall model generalizes usual 
hard-wall scenarios

¥Allows more general mass spectra and 
possible new signatures at LHC 


