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Outline
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• S channel physics:   old & new

• PARTICLS @ the IR: H, t, KKZ..

• CP, FCNC…

• Summary & Outlook
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Introduction & Motivation
• CRYSTAL BALL: RS/Compositeness /strong dynamics
• Provides an extremely interesting (warped) theory of 

flavor…..This is the most pressing problem….Hierarchy 
resolution comes for FREE

• Significant deviations expected in PARTICLES @ the IR  
(PAIRs) Most prominent examples: Higgs, top, …KKs

• MuC provides a clean probe… (so does LC,CLIC)
• Facilitates precision studies
• S-channel Higgs, KKZ, KKG…MuC may have advantage not 

just for H…..…
• Potentially MuC can go  up to a few TeVs…extra attraction
• Beam polarization, if possible, could be an additional asset

for overcoming backgrounds as well as for CP and other 
studies
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Crucial final states

• t t-bar pair
• t c-bar (unique FS for FCNC studies,

Others e.g bs..and such not accessible in 
HE facilities even LC or MUC because of 
huge background problems…{That’s why 
for 1 thing you need SBF’s} 

• Production and decay dynamics
• Rates, AFB, CP are excellent avenues 
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RECALL
• Naked top -> clean tedm
• Top polarimetry (also tau)
• -> decay correlations
• Analyzing power
• T_N even & odd CPV observables
• FB asymmetry
• For details: Atwood, Bar-Shalom, Eilam

&AS, Phys. Reports’ 01
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Simultaneous resolution to hierarchy and flavor puzzles
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Fermion “geography” (localization) naturally explains:

• Why they are light (or heavy)
• FCNC for light quarks are severely 

suppressed
• RS-GIM MECHANISM (Agashe, Perez,AS’04) 

flavor changing transitions though at the tree 
level (resulting from rotation from interaction 
to mass basis)are suppressed roughly to the 
same level as the  loop in SM

• Most flavor violations are driven by the top

Grosman&Neubert; Gherghetta&Pomarol; Davoudiasl, Hewett & Rizzo
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LRS
(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 ModestEXPERIMENT Has the final say
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Courtesy: Courtesy: DavoudiaslDavoudiasl

LRS phenomenology of Z’, Z’’
Explored in Davoudaisl, Gopalakrishna,AS

0908.1131
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MuC is a powerful Z’LRS(RS?) Factory

• FOR a few TeV Z’

• XS ~ 1000 fb……LRS- 106 events!
• XS ~  few fb……..RS

• If you can really get Lumi ~ 1/ab it could 
be a dream come true FACTORY!
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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,MuC…): Some items clearly more 

important/relevant  for these  (e.g. t-edm, tcz f-B 
asym…); Also s-chann H, KKz’s;  t’, L4,Nu4……

• N-edm
• D0 mixing & CP (dir & TD)
• BS (CP) ->ψφ,ψ η, φη, φφ…. 
• 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 on proton 
lifetime already by ~O(104 ) and 
possibly more in the coming years 
(DUSEL et al)
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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 possibly strong) 
hints have emerged.

• Although, taking too seriously every little deviation
can be unwise and may be counterproductive; 
disregarding or overlooking the hints can be painfully 
unwise and in fact can be more damaging {LESSON(s) 
FROM HISTORY} . Following these up in flavor  & collider
physics and in theory may be a much wiser path.

{ based in part on Enrico Lunghi + A. S. 0707.0212; 0803.4340; 0903.5059; 
&  in progress}
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<-`Leon’s shoulder
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---------------------------------------------------------------------------------------------------------------
"A special search at Dubna was carried out by E. Okonov and 
his group. They did not find a single KL π+ π- event among
600 decays into charged particles [12] (Anikira et al., JETP 
1962). At that stage the search was terminated by the 
administration of the Lab. The group was unlucky."

-Lev Okun, "The Vacuum as Seen from Moscow"
------------------------------------------------------------------------------------------------------

A lesson from history (I)

1964: BF= 2 x 10-3

A failure of imagination ? Lack of patience ?

2nd Adapted from Browder
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Summary of B-CP Anomalies
• Fitted (“SM-predicted”) value of sin 2β

vs directly measured a) via tree decays
• b) via loop decays
• Dir CP in K+π- vs K+ π0
• Bs->ψφ (esp. significant since 1. Its 

theoretically very clean. II. It essentially 
follows from others…Consequently 
very important that Fermilab follows it 
up & clarifies it with very high priority).

• Each ~2 to 3.5 σ
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Lunghi + AS, arXiv:0903.5059
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If true

• What is the most interesting theoretical 
scenario for BSM?

• What is the simplest scenario …?
WEXD

SM4
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Contrasting B-Factory Signals 
from WEXD with those from  SM

Agashe,Perez &AS, PRL’04
(Then for simplicity assumed Bd-mixing is SM )

O(1) uncertainties stressed. NOTE these are genuine PREDICTIONS

Recently many very nice extensions (Buras,Falkowski, Perez,Weiler,Neubert)et al
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HINTS
I. CPV observables are crucial; CP conserving 

processes seem to see  hardly any effect.
II.   EWP seems to have a NP component to it:
Reminiscent of the non-decoupling effects in SBGT’s
III. HIERARCHY of effects due to the “New  Physics”

is suggestive of flavor dependence.
->This is suggestive of a “4th family”
-> 2 entirely new phases..THEREFORE NOT A 

PERTURBATION for CPV..NULL TESTS of SM-CKM 
MAY FAIL A LOT…Bs->ψφ , Bd->φ Ks are  null tests 
whereas Brs show little effect.

-> 3 new mixing angles, 2 new masses: total of 7 
parameters…
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S-channel Higgs @ a MuC

C also Barger, Berger, Gunion and Han, Physics Reports ‘96

Atwood&AS,PRD’95
Barger, Berger, Gunion, Han

PRL’95
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CP violation study with transversely polarized beams @MuC

Atwood +AS, PRD’95

C also Blochinger, Carena, Ellis et al ‘02
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CP asymmetries via decay correlations (t,
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tc: a crucial final state
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t -> c Z

Effective Lagrangian from WED
Agashe,Perez,AS,PRL04

C also Aquino, Burdman, Eboli, PRL’07
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Experimental signals @ the MuC

Expect around ~104 t quarks, so most likely it’d be useful to 
Contstrain the couplings and or KKmasses but can’t be sure
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t->cZ 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 

controlled by the 5D yukawa which is unchanged in 
LRS and therefore BR(t->cZ) is again ~10-5…

Correspondingly potential for relatively high Br 
for t->cZ, CPV (and D0 mixing)  remain good in 
LRS as in RS
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t -> c γ,glu
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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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SM4 changes the tc story
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Implications of tc(u)FCNC for the MuC
• l+ l- -> 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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l+ l- -> t c: Some notable features
• fcnc searches with b s (or in general q q’ , light flavors)…At LC/MuC 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 very 
efficiently by staying at cm energies of about 200-335GeV. Then t t is NOT 
possible.

• Thus important physcs is possible even at a 
low energy starting scale

• 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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mu+ mu- -> t c @ the MuC

Rtc is around 2X10-5 for Ecm~200GeV and 
increases to ~ 2X10-4 at higher energies
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Forward-Backward Asymmetry in
l+ l- -> 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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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)

• l+ l- -> t c (with t->b W) decay  and a 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-diagonal 
processes.

• This can lead to top-quark edm:

At the LC/MuC using l+ l- -> t (b W+) t(b W-)
edm form-factors >~ 10-20 - 10-21 e-cm seem accessible (with high lumi)

See Atwood & AS, PRD’92; Bernreuther, Ma & Schroder,PLB’92
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Atwood, Bar-Shalom, Eilam & AS, Phys. Rep’01. 
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Summary
• MuC can be a very valuable “FACTORY” for 

S-channel resonance physics: Higgs, KKZ, 
KKG…

• Excellent probe for Particles @ the IR brane
• Excellent probe of the effective UV scale
• Plethora of precision studies become 

possible including top production and decay 
dynamics, CP tdm form factors, t fcnc…….

• It is a potent tool and should be vigorously 
explored
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XTRAS
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Important to Examine only DeltaF=2 observables:Leave out Vub
sin 2 β = 0.87+-.09{Lunghi+AS,hep-ph/08034340}

( became possible only due significantly reduced error in BK)

Gamiz et al;
Becirevic;

Tantalo
.

Antonio et al
(RBC-UKQCD)

0702042

2.1-2.7 σ- deviation from the directly measured values of sin 2 β
requires careful follow-up  
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C.Kelly for RBC-UKQCD @ LATTICE’09
Beijing, 7/26/09

Aubin,Laiho,VandeWater
arXiv:0905.3947
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