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Abstract: Strong gauge dynamics can be given a holographic description in terms of a warped extra dimension. In particular, Randall-Sundrum
models with bulk fields are dual to Standard Model partial compositeness. We identify a holographic basis of 4D fields that allows for a quantitative
description of the elementary/composite mixing in these theories.
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5D Warped Dimension = 4D Strong Dynamics

AdS /CFT duality: Extra dimension is a calculational tool
Randall-Sundrum models —= Standard Model partial compositeness

How to quantify elementary 'composite mixing?

— Understand structure and phenomenology of 4D dual theory

Answer: The Holegraphic Basis:

2
b(x.y) =2 (2)9°(y) + ) _ Flrr()g"(y)
n=—1
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Qutline

Context: The hierarchy problem

Randall-Sundrum models and geometrical hierachies
AdS/CFT and Holography

The Kaluza-Klein Basis

The Holographic Basis

Elementary /composite content of SM fields

Application: Flavor Changing Neutral Current suppression
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Big Question : How do particles get mass?
We think there is a Higgs boson waiting for us at the LHC
but ... Hierarchy Problem - Higgs mass sensitive to quantum effects
m%: ggs = mﬁ +eA?
Suppose no new physics until Planck scale, A ~ 1019 GeV:

[ IU-‘}GE'Y]‘E = I’?}.ﬁ + (10 L':'Geﬁf 2

—— bare mass mgp finely tuned

Ugly?

C 129007
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A “radical” solution

Warped extra dimension

e Warped geometry
Energy scales depend on location

e Planck/Weak scale hierarchy:

—E--‘i eak T —1-{P€_TE-H

k~O(Mp). wkR ~ O(30)

e R can be naturally stabilized

9 ) ; 5 9
ds® = e ¥y, doetde” + dy-

UV Brane
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Standard Model in the bulk

Bavoudiasl, Hewett. Rizzo "8%: Pomarcl 99

srassman, MNeubert U9

08 Gherghetta, Pomaral 00

_RanE =t al

Theory of Flavor!

e Natural Yukawa hierarchies

e FCNC suppressed

Penmeter YRLC 1172607
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Bulk fields

Scalar field with tuned bulk and boundary masses
5. 0 Lo g2 1 ;950 Dpgr N -
S=J dzv/—9 —Ht yd)- — ;ﬂfi’ &= — bk®= (d(y) — oy — TH))

Tuning:
vid+a

ib—1)ky

e Tuning allows for a localized zero mode: F°(y) ~ ¢
— Holographic interpretation depends on b

e special values for b mimic bulk graviton and gauge boson

Fenmeter YRC 11729707
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Theorv of Flavor!

e Natural Yukawa hierarchies

e FCNC suppressed

Fenmeter YRC 11./20/407

w

Page 9/56




Pl. pdf - Adobe Reader

Edit Wiew Dowment Tools Window Help

= E‘*'é*ﬁﬁv Plim @ @ [o5%]- - o BN :

Bulk fields

Scalar field with tuned bulk and boundary masses

. e j 1 ; . i . :
9 = /{i'ﬁr.u-'—g l:—;*li?’_u‘l’.li — ;ﬂk‘)fﬁl — bk®? (o uy) —dly —7R))

Tuning:
b=2 vi+a

Fl.b—llky

e Tuning allows for a localized zero mode: f2(y) ~ e
— Holographic interpretation depends on b

e special values for b mimic bulk graviton and gauge boson

Penmeter YRC 11/26707
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Standard Model in the bulk

Rizzo "8%: Pomarcl 09

Theory of Flavor!

e Natural Yukawa hierarchies

e FCNC suppressed

FPenmeter YRC 1126707
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Bulk fields

Scalar field with tuned bulk and boundary masses

'

" o — | 5 1 : N : :
S = / &z —g [—;e NP)* — ;ak-"cir? — bk®?(5(y) — 8(y — 7 R) ;]

Tuning:
v L+ a

ib—1)ky

e Tuning allows for a localized zero mode: f(y) ~ ¢
— Holographic interpretation depends on b

e special values for b mimic bulk graviten and gauge boson

Penmeter YRL 112007
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AdS/CFT duality

is for our purposes . . .

Weakly coupled gravity dual Strongly coupled gauge
in warped 5D = theory (CFT) in 4D"

* Large N. gauge theory
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“Dictionary”

| 5D 4D
| bulk field ®(xr.y) - CFT operator O(x)
| BC ®(x.yo) = volx) - source: opl(r)O(x)

| bulk mass ——  dimension A of O

Bulk gauge field global symmetry current

P o
'j_u

Aulz.1y)

m5y =0 — Ay=3
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AdS/CFT duality

is for our purposes . . .

Weakly coupled gravity dual Strongly coupled gauge
in warped 5D —  theory (CFT) in 4D"

* Large N. gauge theory
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“Dictionary”

5D 4D
bulk field ®(r. y) - CFT operator O(r)
BC ®&(x,yp) = polx) - source: oglr)O(x)
bulk mass —  dimension A of O

Bulk gauge field global symmetry current

T
S

Az y)

5

m5 =0 : - Ar=3

YRC 1120767
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Holography for RS1 Arkani-Hamed, Porrati, Randal

Rattazzi. Zatfaroni "00

IR Brane

(]
L

TeV

Scale of
CFT Breaking

Conformal

Zero mode ~ source field (elementary)
K CFT bound states (composites)

but wait . ..

Mixing through operator og(xr)O(x)

— Mass eigenstates are elementary /composite mixtures
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A “conservative’ solution

Compositeness (Strong gauge dynamics)

e Quantum Chromodynamics:

— SU(3).,i0r: quarks and gluons
— Confinement at Agcp ~ 200MeV
— We observe composite particles,

= z. Pion

Could the Hizzs (or something like it) be composite, with A ~ TeV

e lechnicolor Veinberg: Susskind

e Composite Higgs Kaplan Gears
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The “Holographic Recipe”

Step 1: Evaluate bulk action for arbitrarv boundary conditon
D(x. yy) = polx) to obtain I'(wg)

—-

Step 2: Take functional derivatives to compute correlation

functions of CFT operators

¥ B - . N
(oo ([ 40) ) ~Fpewl-ro
CFT o it

2T ) = Vi () T (25

o1 { h} Yy ( k
.p,.‘r.i.:H)

Joa (B) Yo (B2) = Yoo () Joos (25

Interpret (OO (p)
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Operator Dimension

A=24+vVid+a=2+|b—2

b<lorb>3
— irrelevant mixing

b<3
- relevant mixing

Peameter YRC 11,/28,/07
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The “Holographic Recipe”

3:

Evaluate bulk action for arbitrary boundary conditon
P(x, yp) = wolx) to obtain T'(2g)

Take functional derivatives to compute correlation
functions of CFT operators

5= 5=
: _-':<'E'Xp (—f.-?'éj:n‘#?) > = =—_.a‘:“{P[ l_ij-HlJ
9% crT  9¥0

o

Jo1 (3B) Yoy ("”‘“L ) —¥ 4 F5) Ja (#)
o b}}h_l( ;“R) LR [ }Jh_l( ‘T&H)

:.‘—f'p

Interpret (OQO)(p)
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Operator Dimension

b<lorb>3
— irrelevant mixing

1<b<3
— relevant mixing

Penmeter YRC 112007

Relevant mixing
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Two branches in dual theory

o b<2:
- source field op(x) massless
- zero mode primarily elementary
- Nearly all RS phenomenological examples are described
by b < 2 (fermions too!)

e bh>2:

- source field on(x) massive M, ~ k
- zero mode primarily composite
- Higgs; perhaps tr in some maodels

Fenmeter YRC 11°2¢/07
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Operator Dimension

b<lorb>3

— irrelevant mixing

1l<b<3

— relevant mixing

Perimeter YRC 112007

A=24vyA44+a=2+|b—2
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Two branches in dual theory

o bh<2:
- source field on(x) massless
- zero mode primarily elementary
- Nearly all RS phenomenological examples are described
by b < 2 (fermions too!)

e h>2:

- source field on(x) massive My ~ k
- zero mode primarily composite
- Higgs; perhaps g in some models
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Partial compositeness of SM fields

uv IR

e UV localized = mostly elementary

e IR localized = mostly composite

Can we quantify source/CFT (elementary /composite) mixing?

Page 26/56
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Kaluza-Klein mass eigenbasis
KK decomposition:
S BC: (++)
& r. y) = Z A (2 "f.n{j_i.f.].
1 ['L}", == biﬂ}fﬂ [.yI’LJ.-TR — t:l'

Localized massless mode:

(b—1)ky

oy ~e —c € bh< x

The fields ©"(x) are the mass eigenstates

- Spectrum:

Jo-1 () Yoi (mT

FPenmeter YRC 1120707
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Two branches in dual theory

o b<2:
- source field zn(x) massless
- zero mode primarily elementary
- Nearly all RS phenomenological examples are described
by b < 2 (fermions too!)

o his2:

- source field op(x) massive My ~ k
- zero mode primarily composite
- Higgs; perhaps tr in some models

Fenmeter YRT 1120407
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The “Holographic Recipe”

Step 3:

Penmeter YRC 1L1/26/707

Evaluate bulk action for arbitrary boundary conditon
Pz, yy) = polx) to obtain I'(p)

Take functional derivatives to compute correlation
functions of CFT operators

2= (-/49)) e

o

o1 (B) Yy (2252

1arrkR

Joa (B) You (125

r

Interpret (QO)(p)
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Kaluza-Klein mass eigenbasis
KK decomposition:
= ()
b(r.y) = Z o™ (x) " (y).
=1 ['LJL-',, = bL’}fﬂ {Q’!‘L-J R =\

Localized massless mode:

f"}{_y? - Elr_:—hﬁ-‘-y_ _ac <« b< x

The fields 0" () are the mass eigenstates

- Spectrum:

o () ot (2

Penmeter YRC 112007
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Holographic basis

Basic idea:

Expand the bulk field directly in terms of a source field 2% (x) |
and composite CFT states of pp(x):

>
®(x.y) =% (x)g°(y) + Z-;E—Ffl_-r}g”fy?

n=I1

e Leads to kinetic and mass mixing in 4D effective theory

o Mass eigenstates will be a mixture of o%(z) and &+ (x)

Fenmeter YRC 11./28/07
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Source profile ¢°(y)

g~ (y) can be determined from mass of source

0 for b<?2
M2 =
—lib—f]{b—glﬁ_‘j for b =2

el®—1)ky for b<2

el3—)ky for b>2

Fenmeter YRC 11720507
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Source profiles mimic operator dimensions:

A=2+|2—

- Indicates when mixing is relevant, marginal, or irrelevant

Fenmeter YRC 11/26/707
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Source profile ¢°(y)

g°(y) can be determined from mass of source

for b<?2

Ab—2{b—3)k2 for b>2

Penmeter YRLC 11/20407
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Source profiles mimic operator dimensions:

- Indicates when mixing is relevant, marginal, or irrelevant

Penmeter YRC 112007
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CFT composite profiles ¢”(vy)

CFT spectrum cbtained from poles in 2-point function:

M.\ o M,e™*" . M., M, e™ - :
e 2 s () i (3) 3 () =

Note different from KK spectrum!
Identical to the spectrum obtained with the following BC for ¢ (y):
p==3)

g"(y)
i)

(05 — bk)g"(y)

TR
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Effective 4D Lagrangian in the holographic basis

L =320 —32"M>F,

o A sy | P ey
= G w07 ! el B8 O ik

where

P

L

{ M2 13
3 '
p My
,u."j;j‘ {0
13 0

\

Notice kinetic mixing - nonorthogonal basis

)

>n and p; computed from wavefunction overlap integrals

Diagonalization leads to KK basis

Penmeter YRC 1126707
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Graviton 5,

= — k1
Fly) ~e™

b=0; A =4 — irrelevant mixing

B
h 1

e 4D graviton k), (x) ~ elementary source ; compositeness negligible

e KK modes are purely composite
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Gauge field 4,

- 1
,
y) = —
f‘ & v TR

b=1; A =3 — marginal mixing

1 —0.19 0.13
—0.95 —0.03

0.01 —0.99

e massless eigenstate A" (z) is primarily elementary

e KK modes are purely composite

A

LCFT)
—;ilul

) {1 (CFT)
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Right-handed top 75

all I ok
T (y) =e'z7 %" my. = ck

—0.7;: A = 1.T — relevant mixing

09796 -~ —1 =~z ~ )
—0.1816 ~0 ~ =1 ~ 0
0.0514 ~ 0 ~0 ~—1

0.0471 ~ 0 ~ 0 ~ 0

e massless eigenstate () roughly equal mixture of source CFT

e KK modes contain elementary component
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Gauge interactions g},

Contain SM fermions

Key point: composites contain no zero mode

Fenmeter YRC 11,2007
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e 3-source vertex dominates
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Gauge interactions g}

Contain SM fermions

Key point: composites contain no zero mode
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e 3-source vertex dominates

Fenmeter YRC 11/26/07
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RS GIM mechanism

For light fermions. ¢ > 1/2, 3-source vertex dominates:

KK gauge boson couplings are approx. universal for light fermions

— FCNCs suppressed
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Gauge interactions ¢!

Contain SM fermions

O DXOXOXOXD]

'. -l'-i".t'l gtk e

Key point: composites contain no zero mode

Penmeter YRC 112007
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=l = E

e 3-source vertex dominates
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RS GIM mechanism

For light fermions. ¢ > 1/2. 3-source vertex dominates:

KK gauge boson couplings are approx. universal for light fermions

— FCNCs suppressed

Fenmeter YRC 112607

Page 48/56




Pl pdf - Adobe Reader

Edit ‘Wiewr Domment Tools ‘Window Help

=2 & G =iz B ®Ewm- o Lr-i :

e 3-source vertex dominates

Fenmeter YRC 1172007
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KK gauge boson couplings are approx. universal for light fermions

— FCNCs suppressed
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-~ ) ~ 0
—0.1816 ) ~ —1 ~ 0
0.0514 ] ~0 ~—1

0.0471 ~ 0 ~ 0

e massless eigenstate t%(z) roughly equal mixture of source 'CFT

e KK modes contain elementary component
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e 3-source vertex dominates

C 1E/29/07
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RS GIM mechanism

For light fermions. ¢ > 1/2. 3-source vertex dominates:

KK gauge boson couplings are approx. universal for light fermions

— FCNCs suppressed

Penmeter YRC 11/20/07
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Conclusions

Holographic basis: bulk field expanded in source and CFT resonances
Quantitatively describe elementary/composite mixing in warped duals
Explain warped physics in terms of strong gauge dynamics

Things to do:

Other applications: Higgsless models, warped SUSY, Gauge-Higzs
models (QCD?)

— Loop diagrams
- important for EWPT. gauge coupling unification etc.
Brane localized kinetic terms - could modify composite content
More general geometries?

Penmeter YRC 11720407

Page 54/56




Pl pdf - Adobe Reader

Edit Wiew Dowmment Tools Window Help

i

& @ B 6/2m 8 ® o5 Eﬂi =

Holographic basis

|
| Basic idea:

| Expand the bulk field directly in terms of a source field 27 (x)

and composite CFT states oF gl Z):

| _ =
| ®(z.y) =%(x)g%(y) + Z-,:;;—Frl_r:-g"iyn

The fields ©"(x) are the mass eigenstates

- Spectrum:
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Partial compositeness of SM fields

uv

e UV localized = mostly elementary

e IR localized — mostly composite

Can we quantify source/CFT (elementary /composite) mixing?

FPenmeter YRC 1120407
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