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Introduction The LHC era has begun!

The crucial question: What is the origin of mass?

But, why ismg < Mg7 [feaew

[Guralnik, Hagen, Kibble "64; Englert, Brout "64; Higgs 64|

(! =UVcuto")

Standard Model |::>

. lmg =
quantum corrections

Cancellation or No cancellation

Img =1%—-1°+ ., Al TeV

e.g. supersymmetry, global symmetry e.g. strong dynamics, low-scale string theory

or just bne-tuned!
(M ! Mp)

e.g. string theory Landscape!



Warped Extra Dimensio B> Explain hierarchies

UV IR

OSlice of A4S OO

[Randall, Sundrum 99]

K = AdS curvature scale

5D metric :  ds® =€ 2V da? + dy?



¥ Hierarchy problem: Higgs magsaai, sundrum o9

UV IR

» My ! gy = O(TeV)



¥ Fermion masses.. electron, topre, Pomarol 00]

1 0) e(%! Cc)Ky

C = bulk mass parameter

UV IR

o M A i
St =  dizdz " g Wep ! "Dy U+ M, @U

THCk



¥ SUSY-breaking scal@.warped MSSNtc, Pomarol 00

UV IR

| susy =! uv€ "~ O(TeV)

Naturally explains SUSY breaking scale!



Reality Check:  AdS/CFT correspondenc

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

Type 1IB string theory ~ |
on AdS5 x S5 DUAL N =4 SYMin 4D

AdS/CFT d|Ct|Onary [Arkani-Hamed, Randall, Porrati 00; Rattazzi, Zaffaroni 00]

Large N, strongly
5D AaS “ coupled 4D CFT

UV

y

o IR

5th coordinate

Uv IR




Boundary value of bulk Peld Source of CFT operatoQ

eg !( :I:,z)!UV = ¢(x) L=1(x)O
Bulk masses dimension of0
e.g. M{ e.g. imO =2+ 44 m2/k2
] IR
jove” UV localized \ ,
: beld elementary OsourceO state

IR localized
beld CFT bound state
Kaluza-Klein tower Tower of resonances
@ - ! d?
@ nEO: p? + mg

(0)



Warped dimension mp W mathematical
need not be real tool

4D interpretation:

W Dynamical EW breaking (Weinberg "76; Susskind "79) g2
| Mir =€ 9°v Mp
W Dynamical SUSY breaking (Witten "81)

| B2 ||
AdS/ICFT: € 925 | ¢ KR
YW Fermion masses: Large anomalous dimensions y@\I!(I) —>» [y|< 0

AdS/CFT: []= :—;+% | ckW

Bottom line:
Build strongly coupled 4D model using 5D warped model




OHard wallO mass spectrum:

uv IR
“hard wall”
2 2
—> m2! n
0 TR

Is this the most general KK spacingRushi!



Example: QCD

¥scale iInvariance broken by running coupli
¥strongly coupled (at low energies)

¥ contains bound states (hadrons)

—> Linear Regge trajectories] m= ! n |
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How to model general behaviour?
—> Modify IR region!

—> Remove hard wall

—> Introduce dilaton,! (Z) Osoft wall®
[Karch, Katz, Son, Stephanov 06]



The OSoft WallO

5D action: Ss= & "ge'lL
Metric: ds? = A dx?+dz?) ! =1 (2) (z=¢€YK)
where A(z)="! logz |:> OMN = - MK (pure AdS)

and 1 (2) ~ 2




Mass spectrum:

—> analog 1D OSchrodingerO equation:

(M 1E+ V(2)f" = maf"

-z

WKB nm = dz m2! V(2)
approximation

Note: Linear for! =2

InPnite 5th dimension BUT discrete spectrum!



A Dynamical Soft-Wall model

[Batell, TG arXiv:0801.4383]

TIMN . 2

Look for solution: gun = —5—; Z

Introduce a second scalar beldk (z)

5D action:

S = HE' / dﬁﬂj‘\f‘—_‘g |:€—E¢I' (R + 49'&{"”8_,1{ (I)a_,n,_r(b

1 :
_Eg'ﬂ"f"n'" a_lqpra_,n\r'T — Lr{(I) T}) + E_q)ﬁmescm}

Simpler to search for solutions in Einstein frame:

_ A3
Oun = € MmN



Einstein frame:

S = M® f &P/ —g [ﬁ — %ﬁ"” N o ¢0nd — éﬁ’” NouTonT — V(e T)

il

! . v":e4!/3v

wl oo

where ! =

Equations of motion

[Dewolfe, Freedman,
Gubser, Karch 99]

> % Ist order
T .
Introduce Osuperpotential®/ (¢, T) mp equations
A = W,
P
¢ = 63@‘
W
T' = 6——
gl 2az’ _ .
ASSUME gun — whatis ! (2),7(z), V"
Zv

corresponds to pure AdS
metric in string frame



Solution:

s . TZ ; B . _ . {}fJ | 2
Vi(,T) = —eT* /18 4 262720/V6 _ 19 [33""3‘:‘ — 2 (1 + ﬁ) ﬁ@f’vﬁ]

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

b(2) = 22, «— |
T(z) = +2V62, Realizes KKSS form
NMN as dynamical solution!
guMnN = 2 PA—
V(®,T) = e ***V_(4,T)




In general for AdS

arbitrary exponent

¥
b(2) = 27,
T(z) = £4y1+1/v2"7?,
~ NMN
agun = 2

V. ((I’ T) _ E—d‘l';“'i:d— 1) T:}_ (U, Tj

2 2
Y7 ! L"'I T 207, N . - - -
Vi(e,T) = 5 (TET /(4(1+1/w)(d-1)) ? E:F,z@_fx/z(d_l,:)

. 2
—d(d—1) | (v + 1)eT/EHMED) _ (g 4 ¢ oF/\/2a-1)
v2(d—1)



Phenomenology with a soft wall

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

¥Use dynamical solution for EW physics

¥Add UV boundary potential: Suv =! /d“xu ! guv Auv (¢, T)

Dynamical model:

8
§M3/2(/'L Z)!

1 e %(MZ)”77

1 (2) =
OuN = k2)?

MN

3 scales:M, k, i

£0



Planck mass: [MZ! —— (assuming p/k! 1)

UV boundary conditions:

(i) Aovi(e.T) = 6[W(d, To) + 0sW (o, To)(& — do) + IrW (o, To)(T — To) + - ..

j—

|:: > =k / 3_%o " =k 1 1y o
PRV EIEe B a1+ 1 Jv M3/?

—>» No natural hierarchical solution fot > 1

(i) Avv(e,T)=6W(s.T)

E:> M undetermined —» Introduce another scalar peld
S(z)! M3¥?(pz)’



Graviton Ructuationd! =2)

E

ds? = ¢ 24() | (v + by, 2)) dat'da” + d2°]
S = M? fr:f‘g;r:w—gﬂ — M? f 5z =34 (—iﬂﬁhwﬂﬁhw — }16‘5471#”85&””)
Graviton KK modes:  p,,(z,2) = 3" #2, () (=)
n=0

where —E’ASth (z)) 4+ m? _E*Afh_[ =0,

I::> ms 1 8u4(n+1) n=1,2...




Graviton wavefunctions: (wk = 10' 3)
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Bulk belds:

¥ Gauge belds --- similar to graviton case

fz)
! I'.
l 5 | III'-.Il fC == lﬂ TE‘\F

\ - -
-

05| / e e Unlike RS, zero mode
v e e is UV localized!




¥ermions

Recall--embed 4D fermions into 5

5D: Uer (2, 2) l er (7, 2)
(2) (2)
(1) (1)
(0) =—— —azsEEEzEEEEw (0) =—— aesarzesaas
CrL €1 L e+ R e_R

AD:  le)= O



Yukawa interaction
SY ukawa = | /d5 _g m(z)@L(X Z)Vr(X,2)+ h. C}

where M@= %2( 1) and m@) = 72 h()

Cannot treat Yukawa
h(z)! z° |:: > . .
But, (2) 2 Interaction as a perturbation

Need to solve system exactly!



Special case: M. = Mg = ck

KK modes:

But,

Requires

diagonalisation:

o
e = L U@

o0

Vhe(r.2) = Zul':“':' W0z

h(z) = | k3/2,LL222



Obtain:  [axe40r4m)ou(s) = £mugte (2
[‘:]5 + E_A{*'Hr o m}] QE:I:'[:} — :I:'mngﬁq:{zj

with boundary conditions:

ar + = E0py
[35 + e (M + m]] a5 + = ;[85 + e (M — m]]gﬂi
. _ NIRRT
Solution: mg ! p? 7

=> Mass hierarchy fofc| > 1/2



Fermion coupling to KK gauge bosons:

5 = igs / a’E‘;rﬂ.,f—g e~ T [TLET“;'AA,w\IFL + (L — R]]

g"le
4 -

Universal coupling!




Electroweak model

1 ; 1 ; 1 :
_ - —& a alMN i Zlﬂ- i Zlﬂ-J'I-f N i . rMN
5 = ] d”a —e [ — __1_2"["11-1'1"'." L — _1—2 MN — ﬁ;’i MN X

gz Ty dg

— Tr| Dy H|* — V[H]] — ] A =grve Vv (H),

SU2)L ! SU@2)r! U(1)x

SU@2). ! U(l)YT



Higgs dynamics: v(H) = m (z)Tr |H |3

where m%(2) = k*(a(a! 4)! 2ap®z?)
——

could arise from T 2 |H |2

hiz

"'\_\_,_-'

(3 {i') h(z) = coZ’

Background solution (7)) =

fm\

with  Vov(H) = 2% (T H[? - )’
Energy density: H(h=cyz*) < H(h=0) provided ! o> C

Higgs Ructuation I::> Physical Higgs mode
~ 21 k?/ log(k/p ) (! 1)



Electroweak constraints

€.g. a=1 mi (z) = ! 3k*! 2u?z°
T parameter: T=0 (custodial symmetry)
Yo 2
S parameter: S| - a1}

392(loglk/p) —~/2) p?

S<02 => pu! 05TeV  (k=1000TeV)
KK gauge boson masses of order TeV scale

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



Questions/Future work

¥ Scalar Ructuations of gravitational solutio

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

¥Construct complete three generation mod
¥ LHC signatures

¥, <1 —> OunparticlesO



Conclusions

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

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

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



