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Intro…
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Introduction & Theoretical Motivation
• Basic idea of XtraDim long history:
Nordstrom(1914), Kaluza(’21), Klein(’26)
Efforts to unify GR with EM

• More Recently
• String Theory since the ’80’s: consistency required 10 or 11 

dimension
• In Particle Physics since the ’90’s a recurring theme: Main 

Motivation EW-P hierarchy, MW /MP ~10-17 !
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SM in 5D bulk, fermion masses through localization, warped model of flavor
Grossman & Neubert; Gherghetta & Pomarol

Possible to simultaneously address EW-Planck and EW-Flavor hierarchies
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Simultaneous resolution to hierarchy and flavor puzzles
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PROS & Cons

• The possibilty to simultaneously address
• EW-Pl and EW-Fl puzzles renders the 

basic warp idea extremely appealing
BUT

• Specific model(s) that can be used to 
make reliable predictions are not yet there

• SEEK GENERIC CLUES & TARGETS
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Gold-mines@ H&L energies
• LHC:G->Z(ll) Z(l’l’), WW
• LHC et al: t \bar t due (G,g,Z..)KK
• LHC: Top polarization, FB-asym?
• LHC: t-> c Z…….
• t-edm
• LC(ILC,CLIC,muLC…): Some items clearly 

More important/relevant  for LC et al (e.g. t-
edm, tcz f-B asym…)

• N-edm
• D0 mixing & CP (dir & TD)
• BS (CP) ->ψφ…. 
• Bd -> (φ,η’……)KS,, γ K* ….TDCP
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Ultimately an experimental 
question

• Analogy with Guts….expedited pushing
searches for proton lifetime resulting in
improvement of bounds by ~O(104 ) 
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• While a compelling & conclusive evidence for 
breakdown of SM in flavor physics cannot be made 
at present , in the last few years several interesting 
(and perhaps strong) hints have emerged.

• Although, taking too seriously every little deviation
is not desirable and may be counterproductive;

• disregarding or overlooking the hints can be equally
unwise and in fact can be more damaging. Following 
these up in flavor  & collider physics and in theory 
may prove beneficial.

{ based in part on Enrico Lunghi + A. S. arXiv:0707.0212; 
arXiv:0803.4340}
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II. A tale of four numbers

• Tantalizing (possible) signs of a 
BSM-CP-odd phase  (L&S’07)
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I. A tale of two numbers
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Lunghi+AS,arXiv.0707.0212
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Continuing saga of Vub
• For past 2 years or so exclusive & inclusive
~small discrepancy:

• Exc ~ (3.7 +-.2+-.5)X10-3

• Inc ~ (4.3 +-.2+-.3)X10-3

• More recently (LP’07) Neubert suggests
source is m_b extraction from b s gamma;
disregarding that m_b shows incl. Vub quite
consistent i.e. 3.98+-.15+-.30 X10-3

-> Let’s try NOT use Vub
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Leave out Vub
Sin 2 β = 0.82+-.09{Lunghi+AS,hep-ph/08034340}
( became possible only due significantly reduced error in Bk)
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Significance of fit w/o Vub
• Because of reduction of error in Bk
Now non-trivial constraint on sin2beta(SM)
obtainable w/o Vub
Lattice calculation of Bk and SU3 breaking ratios(also

B’s) do NOT require any momentum injection in 
sharp contrast to semi-leptonic form factor needed 
for Vub…Also, B’s are quite insensitive to quenching 
(though BK is in full QCD) .Progonosis

for further improvements in B-parameters is
therefore quite good. 
{for BK see D. Antonio et al (RBC-UKQCD), 0702042;
For ζ see,e.g. Becirevic, 0310072}
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CLEANEST MODES
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Although, at the moment it is not a conclusive effect,
it may well become a serious blunder on the part

of our community to ignore it!
We can try learn some lessons from history.

It is extremely important to understand
that basically it is a very good test of the SM

and it should be followed vigorously to a decisive
conclusion ASAP.
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<-`Leon’s shoulder
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Christenson,Hicks,Lederman,Limon,Pope & Zavattini
PRD 8,2016 ‘72



CERN, Th. Colloquim 6/11/08

So far 3 numbers
• I) Expt [εK , B-mixing, b->ueν…] + Lattice WME

-> sin2βSM =0.78+-.04
• II)BF measurements [B -> “ψ” KS ]=0.674+-

0.026
• III) BF measurements [B-> (φ, η’,3) KS ]=0.57+-

.06

• -> Deviations  2.2(I-II) - 3(I-III) 
sigmas
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Last but quite significant #
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Lunghi + AS (’07)
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Central ROLE:Penguin & Box 
graph
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THUS

• The CKM-paradigm of CP violation 
accounts for  the observed CP patterns 
to an accuracy of about 15%!

• Remarkably in the past few years 
several B-factories results exhibit 2 -3 σ
deviations from the SM-CKM paradigm 
requiring a new CP-odd phase!!
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WHODUNIT?
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Honest answer &
• Don’t really know (too many 

possibilities…)
• But theoretically the most interesting 

possibility is that we may be witnessing
Dawning of the age of

“Warped Quantum Flavordynamics”
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Numerous other possibilities
NOT ordered
• 1) another (4th) generation 
• 2)2nd Higgs doublet…e.g. T2HDM
• 3) LR Models
• 4) Z’
• 5) SUSY
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Fermion masses through localization
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Due to the warped scale Fermion masses far below the weak scale
can be naturally obtained w/o the need for introducing any tiny 5d-yukawa couplings
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Flavor structure in  a warped framework
(Agashe,Perez,Soni,hep-

ph/0406101(PRL);0408134 (PRD)

• RS with a WARPED EXTRA DIMENSION 
(WEXD) provides an elegant solution to the HP

• In this framework, due to warped higher-
dimensional spacetime, the mass scales (i.e. 
flavors) in an effective 4D description depend on 
location in ED. Thus, e.g. the light fermions are 
localized near the Plank brane where the 
effective cut-off is much higher than TeV so that 
FCNC’s from HDO are greatly suppressed.. The 
top quark,on the other hand is localized on the 
TeV brane so that it gets a large 4D top Yukawa
coupling.
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Electroweak Precision Measurements

• These require mKK > ~ 3 TeV
(Agashe, Delgado, May & Sundrum, 
0308036)

• But need impose custodial symmetry thru 
extending to SU(2)LXSU(2)R XU(1)
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Key features of WEXD
• Amielorating the Flavor Problem. This 

provides an understanding of hierarchy 
of fermion masses w/o hierarchies in 
fundamental 5D params. Thus “solving”
the SM flavor problem.

Flavor violations Most flavor-violating 
effects arise due to the violation of RS-
GIM mechanism by the large top mass.

This originates from the fact that (t,b)L     is  
localized on the TeV brane.
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Possible B-Factory Signals from 
WEXD with anarchic assumption
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Warped models of hierarchy & 
flavor naturally lead to NMFV *

• Agashe,PPP,hep-ph/050911; Fox ,LLPS 0704.482;Agashe,PS,hep-ph/0408134

• NMFV : NP due to EWSB scale dominantly 
couples to the 3rd gen. in part. top quark

• Such NP is quasi-aligned with the 1st gens.
• And therefore despite the relative low scale of 

around a few TeV bounds from FCNC from 
them are largely evaded. 

• {* see,  however, Csaki et al 0804.006; 
0804.1954}
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Difficulties of anarchic assumption

• Anarchy: Assumption that all entries in the
5D Yukawa matrices are complex and O(1).

Induced LR currents cause conflict with εK 
unless mKK > ~ 10 TeV

Model has a CP-problem in that tends to give 
about nedm too large by ~10-20 compared to

Expt. 
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Recent warped models of hierarchy &/or  flavor
bypass difficulties of anarchic simplicity

• Fitzpatrick, Perez and Randall, arXiV. 
0710.1869

• Cacciapaglia, Csaki, Galloway, Marandella
Terning,Weiler, 0709.1714

• Davoudiasl, Perez and Soni, 
0802.0203
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t -> c Z

Effective Lagrangian from WED
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Experimental signals @ the LHC

At the LHC expect 108 top pairs so should be accessible.
Specifically with 100 fb-1 ,upper limit on BR(t->cZ)~10-5 is feasible (ATLAS)

With enough statistics angular analysis would also be very informative.
WED predicts predominantly RH couplings.
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t -> c γ,glu

At the LHC expected sensitivity for these is
BR(t->c γ,G) ~ 10-5 , -4 so not promising
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Comparison with the SM

• In SM & in 2HDM BR (t -> c V) with V= γ , G, Z
computed long ago (Eilam, Hewett, A.S, PRD’91)
In the SM 1-loop graph is extremely GIM  

suppressed as {(mb , ms , md )2 / mt
2  ) ->0 }
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Implications of tc(u)NC for the LC
• e+ e- -> t c : A unique, clean  signal  may be possible.

The importance of this reaction for searching fcnc was 1st stressed in 
Atwood, Reina & A.S, PRD’96. 

Extensively studied since then, See e.g. 
Bar-Shalom & Wudka, PRD’99 (eff. Lag); 
J.A.Aguilar-Saavedra,PLB’01 (Exptal aspects TESLA vs LHC); 
Han & Hewett, PRD’99 (eff. Lag)
Cao,Xiong & Yang, NPB’03 (SUSY)
Yue,Wang,Di & Yang,PLB’05 (littlest Higgs); 
Arhrib & Hou, JHEP’06 (4th family)…….
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e+ e- -> t c @ the LC

Rtc is around 2X10-5 for Ecm~200GeV and 
increases to ~ 2X10-4 at higher energies
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Forward-Backward Asymmetry in
e+ e- -> t c, a key prediction of WEXD

For unpolarized beams:

AFB is ~7% @ low energies and increases with energy to ~11%; higher with pol.
beams. A distinctive feature of WED is that it predicts AFB positive due 

to dominance of RH coupling.
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e+ e- -> t c: Some notable features
• fcnc searches with b s (or in general q q’ , light flavors)…At ILC these are 

extremely difficult to detect due to the overwhelming background from b b 
(q q)  X (mis) tagging efficiency….

• CONTRAST this with tc….Here fcnc reaction can be studied simply 
extremely efficiently by staying at cm energies of about 200-335GeV. Then 
t t is NOT possible.

• Thus physics of crucial importance is possible 
with a LOW ENERGY OPTION for the LC

• At such energies, due to its huge mass, Et is significantly more than Ecm/2 
….

• The opposite side is an effectively massless “charm”
jet carrying energy appreciably less than Ecm/2

• AND IT MUST NOT CONTAIN A b-jet. So lots of handles.
• Recall also top decays are very efficient analyzers of its polarization..

which can be a very helpful diagnostic of the underlying dynamix.
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Prospects for CP violation

• In general, in RS1 scenarios, the mixing 
coeffs. e.g. (UR)23 are complex ; therefore 
should expect new CP-odd phase(s)

• Top decay to b W and charm jet so FS has
several momenta (inc. W Pol.)  allowing 
construction of TN odd observables which 
can be used for extracting info on new CP-
odd phase(s) associated with WEXD
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Possibilty of top-quark edm with WEXD

• In RS direct KK-exchanges can endow
CP-odd phase(s) to flavor-daigonal
processes.

• This can lead to top-quark edm:

At the LC with the parameters mentioned, using e+ e - -> t (b W+) t(b W-)
edm form-factors >~ 10-20 e-cm seem accessible.
{See Atwood, Bar-Shalom,Eilam,+AS, PR’01}  
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‘CP-Problem’ in WEXD scenarios

In WEXD (as in many other BSM scenarios), nedm is expected to be 
close to current exptal bounds (~10-26 e-cm) & >> SM (<10-30 e-cm)
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RS models are supposed to be 
dual to models of strong dynamics

• Can we find an example 
Recall

• ADS/QCD    <-> QCD -> LEET (ChPT)
• Is their a ChPT analogue of RS
• A nice example  of such a LEET is T2HDM
• So the correspondence is
RS <-> perhaps ETC/TC/hypercolor…<->T2HDM
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T2HDM

• A LEET that shares many 
features of RS(NMFV)
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Two Higgs Doublet Models with Natural Flavor Conservation

Part of SUSY
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T2HDM: 2HiggsDM for the top quark

[see Das,Kao(’96);Kirers,Wu,AS(’99)…]

• 2nd doublet couples only to top (& 
1st doublet
to all else), so that with V2/V1 >>1, 
natural way to get a very heavy top

T2HDM Possibly disproves SUSY? 
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H+- phenomenology in T2HDM
H+- interactions with UR and  DL



CERN, Th. Colloquim 6/11/08



CERN, Th. Colloquim 6/11/08

Next to Minimal FV (NMFV)
Agashe,PPP,hep-ph/050911; Fox ,LLPS 0704.482;

Agashe,PS,hep-ph/0408134

• Large class of RS  based models of flavor naturally tend 
to flow to NMFV 

• In these NP couples dominantly only to the
3rd generation quarks and is quasi-aligned with the up 
and down Yukawa matrices

• Interestingly T2HDM shares this important charcteristic
(that top quark drives FCNC) with RS-based NMFV…

• Further strengthening the argument that T2HDM is LEET 
representative of RS model of flavor and is a nice 
concrete lab for exploring the phenomenology.
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RS-signals @LHC
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Complementary study: Single top production at LHC
(Aquino, Burdman & Eboli, PRL98,131601,’07)

S-channel production of the first KK excitation of the gluon 
with subsequent tree-level

flavor changing decays to tc and tu



CERN, Th. Colloquim 6/11/08



CERN, Th. Colloquim 6/11/08



CERN, Th. Colloquim 6/11/08



CERN, Th. Colloquim 6/11/08

KKGluon
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KK-Graviton: A Unique 
signal of RS
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KK gravition -> Decays

Antipin, Atwood & A.S., arXiV:0711.3175
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Agashe,Davoudiasl,
Perez & A.S.arXiv:0701.186
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G->ZZ: Agashe et al



CERN, Th. Colloquim 6/11/08

Agashe et al
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Antipin,
Atwood+A.S
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KK-Z’(W’)
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Shrihari Gopalakrishina et al;arXiv:0709.0007
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Shri et al
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Prospects for gold-plated 
modes(Z’->ll)
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Is mu =0 ruled out(by the lattice)?

• C. Aubin et al (MILC) PRD’04
• mu / md =0.43(0)(1)(8)
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Prospects for Direct Verifiction
of a warped nature

Davoudiasl, Rizzo, AS,’07
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“Direct verification” (i.e. 
KK-graviton and/or KK-

fermion)
at LHC will be very 

difficult unless we can 
learn to lower mKK

appreciably
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LRS@LHC
(davoudiasl,perez,AS,0802.0203)

• LRS=Little Randall-Sundrum – a WARPED THEORY Of 
FLAVOR

• While the RS construction has a compelling appeal, as it allows 
a simultaneous resolution of SM (EW-Planck) and (EW-Flavor) 
puzzles, it is premised on a very strong assumption:

• Warping extends over many orders of magnitude w/o any basic 
change in physics, from the weak scale all the way to the 
Planck scale. Surely this assumption, no matter how appealing 
needs to be put to an experimental test.

• Is it possible, e.g. that the basic warped idea is used only for
understanding EW-Flavor (~10^3 TeV) hierarchy via fermion
localization, leaving open avenues for UV completion to 
Planck?

Let’s B Modest
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Courtesy HD
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t->cZ ,(D0 mixig)  in LRS
• In RS there are 2 types of distinct contributions that 

are roughly of the same size: 
• 1) mixing of Z with Z_KK..this will be suppressed in 

LRS by y~6 compared to RS and therefore small
• 2)mixing between t_R and t_L^KK. This mixing is 

cotrolled by the 5D yukawa which is unchanged in 
LRS and therefore BR(t->cZ) is again ~10-5…good 
prospects for LHC.

• Correspondingly potential for D0 mixing and CP 
remain in LRS as in RS
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Summary & Outlook
• WEXD a fascinating possibilty for BSM:

Address EW-Pl and/or EW-Fl hierarchies (RS or LRS)
• Unfortunately, for now, explicit, robust models for

reliable numerical predictions not available
• Generic tests still possible
• Typically flow to NMFV with FCNC driven by the top
• and/or (t,b) …RS framework provides natural understanding of severe 

suppression of FCNC in light quarks though models are dual to strong 
binding

LE tests:    Typically yield enhanced D^0 mixing with or w/o CP,
(Bd-> “phi” Ks, K* gamma, Bs->psi phi …) TDCP, nedm very good probes

HE tests: t-> c Z…, G (graviton perhaps the most unique signature)->ZZ,WW,tt
and significant suppression to light fermions (l l)

Z’ -> WW, ZH, tt, again suppressed l l
Z’-> l l powerful monitor of UV scale : is it Planck, Fl, or whatever else


