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Case Study: Warped Penguins

Flavor in Warped Extra Dimensions 
& why you should care

SUSY
not today



SUSY
a theory with flavor

a theory of flavor
Extra Dimensions

strong coupling
… XD in disguise

not “a model,” a theory paradigm for flavor



Extra Dimension

gravitybrane
graviton

Figure 4: Cartoon pictures of a (3+1) dimensional brane in a compact 5D space. (left) The brane
(red line) as a subspace. Gravity propagates in the entire space ‘diluting’ its field lines relative to
forces localized on the brane. (right) sm processes localized on the brane, now with an additional
dimension drawn, emitting a graviton into the bulk.

Allowing the fields to be brane-localized buys us quite a lot. It allows us to separate particle
physics from gravity. One can, for example, force the sm fields to be truly four-dimensional
objects that are stuck to a (3+1)-dimensional brane. This avoids the bound on the size of the
extra dimension in (3.23), since that relied on the sm propagating in the bulk.

With this in mind, one could allow the volume of the extra dimensions to actually be quite
large. This idea was explored by Arkani-Hamed, Dimopoulos, and Dvali in the add or large
extra dimension scenario [69]. If this were feasible, then (3.20) gives a new way to address the
Hierarchy problem. The large volume factor allows the fundamental scale of nature to be much
smaller than the observed Planck mass, M⇤ ⌧ MPl. If, for example, M⇤ ⇠ 1 tev, then there is
no Hierarchy problem. Gravity appears to be weaker at short distances because its flux is diluted
by the extra dimensions. As one accesses scales smaller than R, however, one notices that gravity
actually propagates in (4+n) dimensions. A cartoon of the braneworld scenario is shown in Fig. 4.

How large can this extra dimension be? Doing a rough matching and using Voln = rn in (3.20)
gives

R =
1

M⇤

✓

MPl

M⇤

◆2/n

. (3.24)

Pushing the fundamental scale to M⇤ ⇠ tev requires

R = 1032/n tev�1 = 2 · 10�17 1032/n cm, (3.25)

using GeV�1 = 2 · 10�14 cm. We make the important caveat that this is specifically for the ADD

model. Considering di↵erent numbers of extra dimensions,

• n = 1. For a single extra dimension we have R = 1015 cm, which is roughly the size of the
solar system and is quickly ruled out.

• n = 2. Two extra dimensions brings us down to R ⇡ 0.1 cm, which is barely ruled out by
gravitational Cavendish experiments.

• n = 3. Three extra dimensions pushes us down to R < 10�6 cm.
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“bulk” particles have 
Kaluza-Klein excitations



“Old” Randall-Sundrum
UV Brane IR Brane (has SM)

warp factor

graviton

z=R z=R’
warping solves  

hierarchy



Evolution of RS �
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Realistic Randall-Sundrum

UV IR
Higgs

Gauge Boson

QL, tR

Light fermions

this is basically a waveguide

+ Kaluza Klein tower



a theory of flavor
Extra Dimensions

strong coupling
… XD in disguise



holographic principle
I have a theory of XD…

Ok. What does it predict?

well, you have a tower 
of [KK] resonances…

We already found that. 

It’s called QCD.

Tim

Bill





RS = compositeness
Gravitational background 
enforces scale symmetry 

In this way, the 5th dimension 
geometerizes RG scaling and 
interpolates between 
“partons” and “hadrons” 

so: RS is shorthand for 
composite Higgs + all the 
junk that comes along with it  
you don’t have to “believe” in 5D  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Figure 6: Cartoon of the ads/cft correspondence. The isometries of the extra dimensional space
enforce the conformal symmetry of the 4D theory. Moving in the z direction corresponds to a
renormalization group transformation (rescaling) of the 4D theory.

‘geometrizes’ the renormalization group flow of the 4D theory. One then interprets the physics on
the uv brane as a 4D conformal theory that sets the boundary conditions for the 5D fields. Slices
of constant z describe the rg evolution of this theory at lower energies, µ ⇠ 1/z. Because the
higher-dimensional theory encodes information about the behavior of a lower-dimensional theory
on its boundary, this identification is known as the holographic interpretation of warped extra
dimensions. This interpretation is sketched in Fig. 6.

3.9.1 Plausibility check from an experimentalist’s perspective

As a very rough check of why this would be plausible, consider the types of spectra one expects
from an extra dimensional theory versus a strongly coupled 4D theory. In other words, consider
the first thing that an experimentalists might want to check about either theory. The theory with
an extra dimension predicts a tower of Kaluza-Klein excitations for each particle. The strongly
coupled gauge theory predicts a similar tower of bound states such as the various meson resonances
in qcd. From the experimentalist’s point of view, these two theories are qualitatively very similar.

3.9.2 Sketch of a more formal description

We can better motivate the holographic interpretation by appealing to more formal arguments.
One of the most powerful developments in theoretical physics over the past two decades is the
ads/cft correspondence—more generally, the holographic principle or the gauge/gravity
correspondence [80, 92–94]. The conjecture states that type iib string theory on ads5 ⇥ S5 is
equivalent to 4D N = 4 superconformal SU(N) theory on Minkowski space in the large N limit:

ads5 ⇥ S5 () N = 4 super Yang-Mills. (3.49)
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UV IR
Higgs

Gauge Boson

QL, tR

Light fermions

elementary 
(partons)

composite 
(hadrons)

partial-compositeness 
e.g. ρ-photon mixing

mostly fundamental 
e.g. electron w/rt QCD

mostly composite 
e.g. pions, nucleons

solves hierarchy	

ΛUV=ΛQCD

theory of a composite Higgs

RS = compositeness



UV IR
Higgs

Gauge Boson

QL, tR

Light fermionsRS is a shorthand	

for strong dynamics	


beyond the SM



RS as a theory of flavor

UV IR
Higgs

Gauge Boson

QL, tR

Light fermions

Yukawas live here



Anarchic Flavor
• Assume 5D Yukawas are  

anarchic (no hierarchy) 

• SM Yukawas appear 
hierarchic due to overlaps:  
4D topL-topR-Higgs coupling depends 
on the 5D Yukawa and the wavefunction overlap 
Composite Higgs parlance: “conformal flavor” or “flavor from renormalization” 

• Leptons are light because they’re ‘fundamental’ 

• Can even explain neutrino masses and mixing  

UV IR
Higgs

Gauge Boson

QL, tR

Light fermions



Anarchic Flavor

UV IR
Higgs

Gauge Boson

QL, tR

Light fermions y(4D)
ij = fiYijfj

fi encodes wavefunction 
at the IR brane 
i.e. degree of compositeness

5D parameter 
O(1) and anarchic

Other parameter: MKK, related to size of XD 
smaller XD → larger KK scale → decoupled KK excitations



Sources of LFV
• Tree level LFV 

Gauge bosons resonances  
e.g. Z’ (Kaluza-Klein Z boson)  
Breaks plane wave orthogonality 
(analog of Fourier transform)  
 
Even SM Z has small FCNC 
EWSB affects boundary conditions 

• Loop level LFV  
Penguin diagrams 
SM fields + 5D excitations

UV IR
Higgs

Gauge Boson

QL, tR

Light fermions

H0, G0
Z Z Z

H0, G0
Z5 Z5 Z5

Figure 2: Neutral boson diagrams contributing to the a coe�cient defined in (4.3). Fermion
arrows denote the zero mode chirality, i.e. the SU(2) representation. External legs whose arrows
do not point outward have an implicit external mass insertion. Dotted lines represent the fifth
component of a bulk gauge field. Analytic forms for these diagrams are given in Appendix C.

will show below that b is typically suppressed relative to a but can, in principle, take a range of
values between b = �0.5 and 0.5. For simplicity we may use the case b = 0 as a representative
and plausible example, in which case the bound on the anarchic Yukawa scale is

Y⇤  0.12 |a|� 1
2 . (4.14)

In Section 5.4 we quantify the extent to which the b term may a↵ect this bound. Combined with
the lower bounds on Y⇤ from tree-level processes in Section 3, this bound typically introduces a
tension in the preferred value of Y⇤ depending on the value of a. In other words, it can force one
to either increase the KK scale or introduce additional symmetry structure into the 5D Yukawa
matrices which can reduce a in (4.3) or force a cancellation in (4.13).

5 Calculation of µ ! e� in a warped extra dimension

In principle, there are a large number of diagrams contributing to the a and b coe�cients even when
only considering the leading terms in a mass insertion expansion. These are depicted in Figs. 2–4.
Fortunately, many of these diagrams are naturally suppressed and the dominant contribution to
each coe�cient is given by the two diagrams shown in Fig. 5. Analytic expressions for the leading
and next-to-leading diagrams are given in Appendix C along with an estimate of the size of each
contribution.

The flavor structure of the diagrams contributing to the b coe�cient is aligned with the fermion
zero-mode mass matrix [4, 14, 12]. The rotation of the external states to mass eigenstates thus
suppresses these diagrams up to the bulk mass (c) dependence of internal propagators which point
in a di↵erent direction in flavor space and are not aligned. Since KK modes do not carry very
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Tree vs Loop

tree-level LFV
loop-level LFV

Calculate as usual much more subtle!
• finite? 
• 5D covariance? 

yes!
yes!

… worth a Ph.D



Tree vs Loop
H0, G0

Z Z Z

H0, G0
Z5 Z5 Z5
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arrows denote the zero mode chirality, i.e. the SU(2) representation. External legs whose arrows
do not point outward have an implicit external mass insertion. Dotted lines represent the fifth
component of a bulk gauge field. Analytic forms for these diagrams are given in Appendix C.
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This makes sense: positive power of coupling,  
negative power of the 5D scale 
Bounds? Can either make 5D Yukawa small or make KK scale heavy.



Tree vs Loop

Inverse power of Y

e

µ

Z , Z

e

e

UV IR
Higgs

Gauge Boson

QL, tR

Light fermions
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y(4D)
ij = fiYijfj

increase Y, push profile to UV 
less overlap with FCNC part of Z 
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do not point outward have an implicit external mass insertion. Dotted lines represent the fifth
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subtlety: large flavor space
Leading order diagrams

H±
H±

‹ N
YE Y †NYN

ZLµ
Ei

Lj Ee
Ee

YE Y †E YE

Z

Le

Le

Eµ

YE

Three coe�cients (aH , aZ , b) with arbitrary relative signs
Defined aY 3

ú =
q

k,¸ ak¸YikY †k¸Y¸j and bYú =
q

k,¸(UL)ikbk¸Yk¸(U†R)¸j

So, ‘just calculate’ these: (many details in paper)
• 5D position/momentum space: external zero modes
• Mass insertion approximation, but sum over all KK modes
• Gauge invariance: only identify (p + pÕ)µ coe�cient

Flip Tanedo pt267@cornell.edu Warped Penguins: the Empire Strikes Back 14/25
14/25

Tanedo, seminar slides 2011



Representative Bounds
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complimentary 
tree vs loop 
bounds 
!
can really test 
anarchic flavor!
paradigm 
!
Not “just another model” 
!
Warped Extra Dimensions 
Composite/Little/etc. Higgs 
… even SUSY versions


