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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, M,, /Mgy ~10-171

- Antoniadis, 1990: TeV~! extra dimensions and SUSY breaking.

- Weak scale superstrings, Lykken, 1996.

- Large Extra Dimensions; Arkani-Hamed, Dimopoulos, Dvali, 1998: my < Mp.

- A Warped Extra Dimension; Randall, Sundrum, 1999 my ~ e—k“*‘f;‘up; kmr. ~ 36.

CERN, Th. Colloquim 6/11/08



e SM with a Higgs: quadratic sensitivity to Arny-.
- EW precision: Agyv =10 TeV,; “little hierarchy”.
- Flavor data: Agyv 2 10% TeV: “flavor-weak hierarchy' .

- Gravity: Apy ~ Mp ~ 10 GeV: “Planck-weak’ hierarchy.

e Randall-Sundrum (RS) model (1999): Planck-weak hierarchy.

SM in 5D bulk, fermion masses through localization, warped model of flavo
Grossman & Neubert; Gherghetta & Pomarol
Possible to simultaneously address EW-Planck and EW-Flavor hierarchies

CERN, Th. Colloquim 6/11/08
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Figure 1: Warpad geometry with flavor from fermion localization. The Higes field resides on the
TeV-brane. The size of the extra dimension is mr. ~ M.

Simultaneous resolution to hierarchy and flavor puzzles

CERN, Th. Colloquim 6/11/08




WAY 2 FINANCE few Colidn 1

ME NS 8 Seelkomswente o
bt n9 B [Frmelen) ﬁwﬂw jcﬂ
Mamy o (WD) annon Ty STaetC

15 XDIM 1S WHERE
/%%/g QoL GOES !

CERN, Th. Colloquim 6/11/08



PROS & Cons

The possibilty to simultaneously address

EW-PI and EW-FI 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

CERN, Th. Colloquim 6/11/08



Gold-mines@ H&L energies

LHC:G->Z(ll) Z(I'’), WW

LHC et al: t \bar t due (G,9,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...)

CERN, Th. Colloquim 6/11/08



Ultimately an experimental
guestion

* Analogy with Guts....expedited pushing
searches for proton lifetime resulting in
improvement of bounds by ~O(10%)

CERN, Th. Colloquim 6/11/08
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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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Il. A tale of four numbers

» Tantalizing (possible) signs of a
BSM-CP-odd phase (L&S’07)

CERN, Th. Colloquim 6/11/08



I. A tale of two numbers
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Lunghi+AS,arXiv.0707.0212

'1 'IJILE I] DI.E L

Fignre 1 Unitanity triangle fit m the SM. The constraints from |Vig/Vig|, 2, AMp, /AMp,
are wecluded 1n the fit; the region allowed by ay 1s supenmposed.

CERN, Th. Colloquim 6/11/08



Continuing saga of Vub

* For past 2 years or so exclusive & inclusive
~small discrepancy:

« Exc~ (3.7 +-.2+-.5)X103

* Inc~ (4.3 +-.2+-.3)X10-3

« More recently (LP’07) Neubert suggests
source is m_Db 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

CERN, Th. Colloquim 6/11/08



Leave out Vub
Sin 2 3 = 0.82+-.09{Lunghi+AS,hep-ph/08034340}

( became possible only due significantly reduced error in Bk)

(]

FI1G. 1: Unitarity triangle fit in the SM. All constraints are
imposed at the 68% C.L.. The solid contour is obtained us-
ing the constraints from s and AMpg, /AMg,. The regions
allowed by ayx and a(s4,/425. K, are superimposed.

CERN, Th. Colloquim 6/11/08



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 { see,e.g. Becirevic, 0310072}
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TABLE I: Some expectations for AS in the cleanest modes.

Mode | QCDF+FSI[20,21] | QCDF [23] | QCDF [24] | SCET [25]

K 0.0040 0.01+0.01 | 0.014+0.02 | —0.019 +0.009
~0.010 + 0.001

oK" 0.0310 0] 0.02+0.01 | 0.02+0.01

KoK K" 0.02

CLEANEST MODES
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Itis 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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FIG. 15. Experimental cross sections at two energies
compared with a simple 1/m® continuum.



Christenson,Hicks,LLederman,Limon,Pope & Zavattini
PRD 8,2016 ‘72

8 OBSERVATION OF MUON PAIRS IN HIGH-ENERGY HADRON... 2029

mass range of 3-5 GeV/c?, there is a distinct ex-
cess of the observed cross section over the refer
ence curve. If this excess is assumed (certainly
not required) to be the production of a resolution-
broadened resonance, the cross-section-branch-
ing-ratio production ¢B would be approximately
6x107% e¢m?®, subject to the cross-section uncer-
tainties discussed above. Alternatively the exces
may be interpreted as merely a departure from
the overly simplistic (and arbitrarily normalized)
1/m® dependence. In this regard, we should re-
mark that there may be two entirely different
processes represented here: a low-@? part which
has to do with vector mesons, tail of the p,
bremsstrahlung, etc., and a core yield with a
slower mass dependence, which may be relevant
to the scaling argument discussed below.

The “heavy photon” pole that has been postu-
lated® to remove divergence difficulties in quan-

cles produced in the initial proton-uranium colli~-
sion. In principle, these secondary particles could
also create muon pairs. In this case, the observed
spectrum would represent the inseparable product
of the spectrum of the secondary particle and its
own yield of muon pairs. In exploratory research
of this kind this disadvantage is largely offset by
the fact that the variety of initial states provides

a more comp:.ete exploration of dimuon production
in hadron collisions.

2, Real Photons

Real photons produced in the target (presumably
from the decay of neutral pions) yield muon pairs
by Bethe-Heitler or Compton processes. Esti-
mates were made for the photon flux on the basis
of pion-production models,?"*2® and this method of
calculating the flux was checked against the exper-
imental data of Fidecaro ef al.’® The argument

CERN, Th. Colloquim 6/11/08



So far 3 numbers |

\
* |) Expt [e«, B-mixing, b->uev...] + Lattice WME
-> sin2[3gy, =0.78+-.04

* II)BF measurements [B -> "p" Kq]=0.674+-
0.026

* 1ll) BF measurements [B-> (¢, n',3) Kg]=0.57+-
.06

* -> Deviations 2.2(I-) - 3(I-1lI)

sigmas NO Good Reasont» Ter/oRE
Ty
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Last but quite significant #

A (B°7 KT = _37+12%
A (B SKT) =2 47+ 2.6,

o = (422D YA A
KJM%E' Lf 71’&%@%”

- O\/(\%I(%;t & (W) #/
(Noively) SM predich Ap =0 CAVEAT]
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Lunghi + AS ('07)

Acp(B™ — If_TTD:I = (i 1+

f’lr_‘rplfén—}h_ﬁ_kjl = (-—l- r-l- + +

) % (1)
)% . (2)

where the first error corresponds to uncertainties on the CKM parameters and the other three
correspond to variation of various hadronic parameters; in particular. the fourth one corre-
sponds to the nnknown power corrections. The main point 1s that the uncertainties in the two
asymmetries are highly correlated. This fact i1s reflected in the prediction for their difference;
we find:

al“]."‘_"P = *{fpl‘rB — K~ '| — *:].f'plfB — K~ TI_ J [25 + 1':‘:'0% . {3]

In evalnating the theory error for this case, we followed the analysis presented in Ref. [31] and
even allowed for some extreme scenarios (labeled S1-5S4 in Ref. [_31]] in which several inputs
are simultaneously pushed to the border of their allowed ranges. \The comparison of the Sh
prediction in Eq. (3) to the experimental determination of the samd quantity [14]

AASE — (1444 2.9)%
vields a 3.50 effect. %V‘\‘ \(\C *N,’ u

VJEQ,/ (4)
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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 o
deviations from the SM-CKM paradigm

requiring a new CP-odd hase!!
MORE Recm% @ shouds pelaled MJ& =5

Seo Ux F( 7’ R OCERN Th. Colloquim 6/11/08 ‘t\m)/ (P}\&@CO



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 witnhessing

Dawning of the age of

“Warped Quantum Flavordynamics”
SPuAL b STROVE

D YA S

CERN, Th. Colloquim 6/11/08




Numerous other possibilities
NOT ordered

« 1) another (4t") generation

« 2)2"d Higgs doublet...e.g. T2ZHDM
* 3) LR Models

 4) 2

« 5) SUSY

CERN, Th. Colloquim 6/11/08



Fermion masses through localization

Yulkawsa term in the 5-d action will take the form
5‘% — fd*;r dg/— g A—F:H(.r}‘lff‘lfﬁﬁ(@ — ), (12)

where Ag ~ 1 is a dimensionless 5-d Yukawa coupling
and TS are doublet left- and singlet right-handed 5-d
fermions, respectively. After the rescaling H — eF7="H
the 4-d action resulting from Eq.(12) is

S4 /d*;r V=G AL H ()D& (13)

where the 4-d Yukawa coupling for the corresponding
zero-mode SM fermion is given by [3]

As |:E|[1—ED+CS:|F€T"¢?T:|
_ Y 5 B =R = c
JE:PE: _l.ﬂll'l'cl_ _I.TIII'I'D

Mg = (14)

with ™% denoting the 5-d mass parameters for TS
Thus. in the quark sector. there are. in general. 9 ditfferent
values for «'s: 3 for the doublets and 6 for the singlets.
One can see that the exponential form of the effective
Yukawsa coupling Ay can accommodate a large hierarchy
of values without the need for introducing nnnaturally
small h-d parameters.

CERN, Th. Colloquim 6/11/08



Exampﬁag gf Nogs  Paramelag
C/\) CS %(é(ﬁ

: LR

. .4 O
'L\ —- S A.\

= i = <

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 coupling

CERN, Th. Colloquim 6/11/08



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

cou pllng. CERN, Th. Colloquim 6/11/08



Electroweak Precision Measurements

* These require my, >~ 3 TeV

(Agashe, Delgado, May & Sundrum,
0308036)

* But need impose custodial symmetry thru
extending to SU(2), XSU(2); XU(1)

CERN, Th. Colloquim 6/11/08



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), is
localized on the TeV brane.

CERN, Th. Colloquim 6/11/08




Possible B-Factory Signals from
WEXD with anarchic assumption

pt fouiT 01 tonceBainm G ) ;Péo'zmmg%
! LE X
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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 3 gen. in part. top quark

Such NP is quasi-aligned with the 15t 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 0804.0060;
0804.1954}

CERN, Th. Colloquim 6/11/08



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 g,
unless my, >~ 10 TeV

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

Expt.

CERN, Th. Colloquim 6/11/08



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

* Fitzpatrick, Perez and Randall, arXiV.
0710.1869

« Cacciapaglia, Csaki, Galloway, Marandella
Terning,Weller, 0709.1714

 Davoudiasl, Perez and Soni,
0802.0203

CERN, Th. Colloquim 6/11/08



DISTHNCTIVE  RPUMARKS

If(RS) AMFV -
é‘__é Cz_\\w[,&)m(D/oC(?
@0\’\30 . /)
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t->c/

Effective Lagrangian from WED

. -
= (;‘H-"R",;N‘R —I—ff-.efL’:-;n*L)ff”y.fE

Ul i RTAE
5107 22 1107 L'f“}( i ) .
MEKK

\> L/ /\@Prswﬁfjtci

f%//OTJ%/FWO
ﬁre O(1) ’

——('N N 2}
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Experimental signals @ the LHC

BR{{ — /) ~ 10" 3 led ('R )aq
MKK 0.1

At the LHC expect 108 top pairs so should be accessible.
Specifically with 100 fb-! ,upper limit on BR(t->cZ)~10- is feasible (ATLAS)
With enough statistics angular analysis would also be very informative.

%\:Q\Q WED predicts predominantly RH couplings.

CERN, Th. Colloquim 6/11/08



t->cy,glu

The dipole operators give

BR (IL — C7Y, G) ~ 10—1(].—{} <

3 TeV \2 / (Ur)os \ ( Asp \*
T K 0.1 4

At the LHC expected sensitivity for these is
BR(t->c y,G) ~ 10, 4 so not promising

CERN, Th. Colloquim 6/11/08



Comparison with the SM

e INSM & IN2HDMBR (t->c V) withV=vy , G, Z
computed long ago (Eilam, Hewett, A.S, PRD'91)

In the SM 1-loop graph is extremely GIM
suppressed as {(m,, m,, my)?/ mz? ) ->0}

+ .
7\ =%, 6, &

L s d

) ]
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MoDEL \m M‘qwuwi D\\,WQJ o

Constraints on top FCNC operators

CLi Crc Crr Chi CTr Crr Crr
direct bound an a.0 6.3 6.3 6.3 6.3 a.0
LH{ sensitivity 0.20) 0.20 0.15 (.15 (.15 (.15 0.20
B 5 Xoy, Xoft | [-0.07, 0.036] [__?1{:&]2’ E%ﬁ]] [-0.09,0.18 | [-0.12,024] | [-14,7] | [-10,19]
AF =2 0.07 0.014 0.14
semileptonic [0.3,1.7]
best. bound 0.07 0.014 0.15 0.24 1.7 6.3 2.0
A for C;= 1 (min) 3.9 Tev 8.3 TeV 2.6 TeV 2.0 TeV 0.8TeV | 0.4TeV |0.3 TeV
Bt = cZ) (max) | 7.1x10°° 3.5 x10°7 34x107% | B4x107% [45x107*|5.6 x107F| 0.14
B(t = ¢) (max) 1.8x107% | 48x107% |2.3x107% 3.2 x107?
LHC Window Closed” Closed” Ajar Ajar Upen Open Open

[Fox, ZL, Papucci, Perez, Schwartz, arXiv:0704.1482]

® P factory data constrain some of the operators beyond the LHC reach

® |[ffopl

il Ty ~ I O T e o~ Tl = = g e o ~
[...-'I"'JI:....' ={=1=] : | |' I(* o D 1dULD IS .E.!'f_!‘-..l'.l";..l:' LT

1N probe the NP responsii
| B
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Implications of tc(u)NC for the LC

e*e ->tc: A unique, clean signal may be possible.

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 (4" family).......
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ete>tc@ the LC

%45»\97&‘%@%} N ,DL'L

th — Ctt?(aﬁ%tc _I— b%tc)(a!%ee + b%ee)

: 2
(1 — m% /s)4Tm e ]

(-&Jr-&_—}“circﬂ) q 2
Rtﬂ o (,‘l‘t, —}"‘,%L.{.‘I‘L.{-_) th - yt yf[l T 3%’1*}

R is around 2X10- for Ecm~200GeV and
Increases to ~ 2x10+at higher energies
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Forward-Backward Asymmetry in
e*e" ->t c, a key prediction of WEXD

For unpolarized beams:

2 CFB AZtc bZth A7 ee bZee
2 2 2 2
(a’ZtC + bth:) (a’Zee + bZee)

Arp (€+€_

L4 oo Swwe )
L+ [ore /B 3]

L —

Az is ~7% @ low energies and increases with energy to ~11%; higher with pol.
beams. A distinctive feature of WED is that it predicts Agg positive due
to dominance of RH coupling.
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ete" ->tc: 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
(g 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
ttis 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, E; 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. (Ug),; 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 T, 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
Seans DIFFCULTE LHC
* In RS direct KK-exchanges can endow

-CP-odd phase(s) to flavor-daigonal
Processes.
» This can lead to top-quark edm: QJ:[OOIQ

2

N 2
d, ~ 1071 (3 e ) (A”D> e-cln
MK 4

At the LC with the parameters mentioned, using e*e-->t (b W*) t(b W-)
edm form-factors >~ 1020 e-cmm seem accessible.

{See Atwood, Bar-Shalom,Eilam,+AS, PR'01}
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‘CP-Problem’ in WEXD scenarios

(i1) With regard to the CP-odd phases a concern
im the RS1 type scenario i1s that i fact one natu-
rally expects neutron electric dipole moment (NEIDNI)
of O (107 *"e-cm) which exceeds existing experimental
bounds by about O(10); therefore there iz a CP “prob-
levn™ [11]. However, there can be significant differences
in the size of the CP? phases since the ones that enter the
NEDM are from differemt sectors D, U . Uy, 2, than
the ones which are relevant to this paper (which mostly
arise fromm U, U7y ).

In WEXD (as in many other BSM scenarios), nedm is expected to be
close to current exptal bounds (~10-2e-cm) & >> SM (<10-3% 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)
* |s their a ChPT analogue of RS
* A nice example of such a LEET is T2HDM
« So the correspondence is

RS <-> perhaps ETC/TC/nhypercolor...<->T2HDM
(STRONG DYNAMZe)
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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

The charged Higgs boson interactions with the quark sector are governed
by the Lagrangian

__ 4 = Vome A did] — ~edd: + Vi Asdid1 - ~<Vd. | + h.e
L= 32 M H ["1_,1”?--'-'-5-!'1'11'[3“ ys)d; + Vijmg, Agu; (1 + ,,1}.*1_?] + h.e.,

;; represents the appropriate

where g is the usual SU(2) coupling constant and 1
CKM element. In model I, A, = cot 3 and A; = —cot 3, while in model II,

Ay, = cot 3 and A; = tan 3, where tan 3 = vy/v; is the ratio of vev

Part of SUSY
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T2HDM: 2HiggsDM for the top quark

[see Das,Kao('96);Kirers,Wu,AS('99)...]

« 2"d doublet couples only to top (&
1t doublet

to all else), so that with V,/V, >>1,
natural way to get a very heavy top

T2HDM Possibly disproves SUSY?
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Ly=—L, P Elg— O, Fdr— O, H G1Vu
- QL 52(—}1(2)?/{}?_'_ H-C-,

Here ¢, are the two Higgs doublets; E, F and G are 3
X 3 Yukawa matrices giving masses respectively to the
charged letptons, the down and up type quarks; I} =

diag(1,1,0) and I'*) = diag(0,0,1) are the two orthog- ' 0 \/du/
( K )

onal projectors onto the 1st two and third family respec-
tively. Or and L; are the usual left-handed quark and ;b P[S
lepton doublets. D “\(\ \ﬂ\’z{ﬁ

(b) T2HDM should be viewed as LEET that parametrizes

through the yukawa interactions some high energy dy-
\(‘(\ 2
namics which generates the top quark mass as well as
the weak scale... &PV W\

(c) In addition to largish tan 3 the model has restrictive FCNC %SZ/«/

(since it belongs to type IIl) amongst only the up-type
e
m——



H* phenomenology in T2HDM

H* interactions with U, and D,
gihe taﬂﬁ( ¢ %d [_I% ¢ % LESV';Q 3 géﬁ 1:%)
VIO \ Vot Bfeq-+eatVig Vit e +calVen Vot? B

EXTENSIVE ANALYSIS: LILNGHI +AS 57

IMPPARANETERS mars, tan . & = [elese g AN

CLEAN INPUT PROCESSES

|Vub/vcb| AMB /AMBC” Uy Ky €K B — X&’T: B — 1v
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LUNCHHAS 5]
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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

31 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.

w1 Fitaptnde
I~ go();(oswcc\‘)w | G;e(\o/tice/ﬂ/

CERN, Th. Colloquim 6/11/08

L



RS-signals @LHC



KK”V&UQ Whcges

3, (k) 5 m, =1, per 1§
AN |

vhere for gange felds 2, = 245, 5.0, 8.70,. .. and for the graviton ;rG =383, TOL10.17,...

EW @T:? meg BT'@V &WT\)M% 03
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Complementary study: Single top production at LHC
(Aquino, Burdman & Eboli, PRL98,131601,'07)

pp — G’Em — 1

/

-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



Process | — (11)|c — (12)|c — (13)
pp—tj | 148 fb | 103 fb | 103 fb
pp — Wijl 243 tb | 42.0 fb | 21.0 fb
pp — Wbb| 11.1 fb | 4.07 tb | 3.19 b
pp — tb | 1.53 fb | 0.70 fb | 0.61 fb
pp—tt | 444t | 15.1 b | 14.2 b

Wag tfusion| 32.0tb | 523 b | 5.23 tb

A0S \
u@mo) 0
TABLE II: Signal and background cross sections for a KK
gluon of M 1y = 1 TeV, after the successive application of the
cuts defined in (11), (12) and (13). Efficiencies and b tagging

eqe s . +te _
probabilities are already included. Here we used\ Uy = 1.
CERN, Th. Colloquim 6/11/08




Process |0 — (11)|oc — (12)|oc — (13)
pp —t3 | 5.10tb | 2.18 tb | 2.18 {tb
pp — Wigl 254 1tb | 3.79 b | 0.95 fb
pp — Whbb| 0.97 fb | 0.45 tb | 0.06 {b
pp — tb | 0.04 tb | 0.02 tb | 0.02 tb
pp —tt | 1.60 fb | 0.29 b | 0.24 tb
Wg tusion| 1.20 tb | 0.10 tb | 0.10 tb

TABLE I1I: Signal and background cross sections for a KK
gluon of M1y = 2 TeV. Efficiencies and b tagging probabil-
ities are already included. Here we used U;I =1

CERN, Th. Colloquim 6/11/08



Mg [TeV]|30f6~100f6~ {3000
1 0.24 | 0.18 0.14
2 0.65 | 0.50 0.36

. . T . rt . . . .
TABLE IV: Reach in Uy for various integrated luminosities.
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KKGluon  loy 1)/ 67205

- 5 = 5 : —_— ra o F
Kaustubh Agashe!, Alexander Belyvaev?, Tadas Krupovnickas®, Gilad Perez! and Joseph Virzi®

O
e B Br(KKG —s tt)
S = - - _r
. - |
-1_ \
10 £ ‘L
S S~ _BrKKG-bB) _
_q
10 E_ i“\,‘
- N Br(KKG — qq)
10 -3 ] ] lll | ] ] ] | ] ] 1 | ] ] 1
200 400 600 800 1000

My (GeV)

FIG. 2: The branching ratios of the KK gluon as a function
of its mass.
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co(pp — KKG) (fb)
S
! """'ImI L

1 1 1 1 1 | | | | 1 | 1 1 1 1 | 1 1 1 1
1000 2000 3000 4000 5000

M, (GeV)

FIG. 1: The total cross section of KK gluon production at
the LHC as a function of its mass (Mxxa).
CERN, Th. Colloquim 6/11/08
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FIG. 3: The total decay width of KK gluon as a function of
its mass



do PR A AT
10t dm_ (pp—tt—bblvij)

m tt
> 4
0 . det= 100 b
=2
S q0°
2 L
= -
m b
.E — Sigmal + Background
H ..ml —

: Background

i 1 1 1 1 | | | 1 1 I 1 1 1 1 | | 1 1 1 I 1 | | --I'- |

1000 1500 2000 2500 <000 3500
m_/ GeV

i §

FIG. 4: Invariant tf mass distribution for Mo = 3TeV
production at the LHC. The solid curve presents sig-
nal+background distribution, while the dashed curve presents
the tt SM background, based on partonic level analysis.
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&0 t t mass distribution

= —— total reconstructed
e total partonic
= i W+jets background
= L e SM prediction
= 40— :
= L
it L F
m & I.l
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ttinvariant mass / GeV

FIG. 5: Invariant tf mass distribution for 3 TeV KKG, fo-
cusing on the area near the peak. The error bars corre-
spond to statistical uncertainties and represent our particle
level analysis. The dotted line stands for the SM predic-
tion. The dashed-dotted line shows the W5 background.
The dashed line shows the signal+background from Sherpa’s
partonic level analysis.
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FIG. 6: Prr(my) for Mgrxe = 3TeV: The error bars corre-
spond to statistical uncertainties and represent particle level
analysis. The dotted line stands for the SM prediction. The
dashed line shows the signal+background from Sherpa’s par-

tonic level analysis.
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KK-Graviton: A Unique
signal of RS

CERN, Th. Colloquim 6/11/08



KK gravition -> Decays

CRAVITo S k,p\k

o), Ww, (2 22 (1) hh()

SM fields | Cyg,, |Partial decay widths for n=1 graviton
oo (gluons) m negligible
WrWrr | 2¢/p (cx§)?m§ /4807
Z171 | 2c/p [f-;frf }2-;;3.?;596[];7
tptp c/ N r:;r'f ]Q-H.J.EfBQ{] T
h h 2c/ 1 (cx$)2m$ /960

Antipin, Atwood & A.S., arXiV:0711.3175

C= ho|m
fi= Ay - TN
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FIG. 1 (color online). The cross sections (integrated over one
width) for gg — ZZ via KK gravitons (solid lines) and the
corresponding SM background (dashed lines). We show the cross
sections for ¢ = k/Mp = 0.5, 1, 1.5, 2 (from bottom to top). See
the text for an explanation of the upper limit on ¢. The shaded
region shows where we expect the KK graviton mass to be in the
simplest models according to relation in Eq. (3) and the limit on

gauge KK mass from precision tests. AgaShe Davoudiasl|
Perez & A.S.arXiv:0701.186

ol (gg)™, (gq)™->22] (fb) 1n<2 cut
100

10

1

0.1
0.01
0.001
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G->ZZ: Agashe et al

Es/300fp™ n<2 cut

my {Tel)

1.5 2 2.5 3 3.5 4 4.5 &

(color online).  The total number of expected events for
relv leptonic decay mode for £ pairs from KK graviton
using 300 fb~! with 5 < 2. See also Fig. (1).

‘B n<2 cut,

N

for 300fb!

1.5 2 2.5 3

FIG. 5 (color online).

CERN, Th. Colloquim 6/11/08
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Same as Fig. 4, but with 5 < 2.



Agashe et al

TABLE 1. The mass of the first KK graviton for which the
number of signal events 1s 10 at the LHC, for various choices of
¢. See the text for an explanation of the upper limit on ¢. The
significance S/+/B of each result is also given. These numbers
correspond to 300 fb~! of integrated luminosity.

c=k/Mp 0.5 1.0 1.5 2.0
m% (TeV) <1.5 1.6 1.9 2.2
S//B o 7.0 6.1 6.1

TABLE II. Same as Table I, except for the iSLH;JWith 3 ab~!
of integrated luminosity.

c=k/Mp 0.5 1.0 1.5 2.0
m& (TeV) 1.9 2.3 2.6 2.9
S/B 6.1 4.3 4.3 4.3

SLHC JEO)YED

CER , Th. Colloquim 6/11/08
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applied for e=1 (red) and ¢=2 (blue) values, (b) Corresponding number of events for 300

fh=t.

TABLE III: Semileptonic mode signal cross-sections [in fb] and S/B ratics along with W

after |m| <1 cut and integrated in mg + Te window.

2 TeV Cuts|# of events/300 fb—1]3/B 8/ v B
Signal 1 [e=1] 1.7 510 104 23
W+ 1 jet background [o=1][ 1.64 402
Signal 2 [e=1] 2.0 G0 13.3] 90
WW background [-=1] [0.15 45
Signal 2 [e=2] 7.8 2340 7.8 135
WW background [o=2] 1.0 300
3.5 TeV Cuts # of events/300 b [S/B|S/E
Signal 1 [e=1] 0.01 3 0.33] 1
W + 1 jet background [e=1]| 0.03 9
Signal 2 [e=1] 0.02 6 2.9 4.1
WW background [e=1]  [0.007 2.1
Signal 2 [e=2] 0.07 21 14| 5.4
WW background [-=2] [ 0.05 15

+ 1 jet and WW SM backgrounds. Signal 1 and the corresponding W 4 1 jet background
results were obtained after euts in Eqs 7.8 were imposed and mg & T'g/2 integration
regicn was chosen. Signal 2 and eorresponding WW background results were abtained
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KK-Z'(W)
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Decay modes| W' | Z7
WrLH 0.47| -
Wr Wiy, - 10.08
Wizt 0.36] -
/L H - 10.81
tt - 10.11
th 0.17

[\ AL STOTES
I\ O).E(A)g

C() WP LG i Qxé\(\)c 0\\;mvfo (C(f QGP)W@

DY Q_d\/ ONe. -
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D)
" Sera e X ovic Do cons ) KK%[/; N
= HIGHLY coumATED [ 4ol

T’l]Jl{‘ 3 pp — {iEr + 1 jet cross-section (in fh) for Mz =2 and 3 TeV, and background, with cuts
applied successivelv. The number of events is shown for £ = 100 fh~! for 2 TeV, and 1000 fh~! for
3 TeV.

Mz =2 TeV P ¢4 M, £f _-"ll.!r-]"ww M jet | 7 Evts | S/B | S/v B
Signal 4.5 2.40) 2.37 1.6 1.25 125 030 [ 6.0
W+1j 1.5 % 10° [31x10% | 2236 105 | 3.15 315
WW 1.2 % 10° 226 2.9 0.13 0.1 10

Mz = 3 TeV
Signal 0.37 0.24 (.24 0.12 - 120 0.17 4.6
W+1j 1.5 % 10° | 3.1 = 10% | 88.5 0.68 - 6RO
WW 1.2 % 10° 226 1.3 0.01 - 10

Shrihari Gopalakrishina et al;arXiv:0709.0007
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Prospects for gold-plated
modes(Z'->Il)

CERN, Th. Colloquim 6/11/08



Table 1: Partial widths and decay branching ratios for Mz = 2 TeV.

Ay Zq Zx1

T(GeV) BR [(GeV) BR * BR

tt 55.8 0.54 18.3 0.16 0.41

his 0.9 8.7 % 1070 0.12 0= 0.21
i 0.28 |27 %1077 0.2 1.7 % 107° 4% 1074
dd 0.07 |67 x 1071 0.25 |22x 107 5.2 % 1071
ite— 0.21 2w 1073 0.06 5% 1074 1.2 % 1071

WW, | 455 0.44 0.88 [7.7x 1077 0.37

Zih _ _ 94 (.82 0.02

Total 103.3 114.6

CERN, Th. Colloquim 6/11/08




Table 2: pp — €707 Fr cross-section (in fb) for the signal with Mz = 2, 3 TeV and the WW
and 77 backgrounds, with ents applied successively (M,yp and My are in TeV). The number of
events and statistical significance are shown for 100 fh~? (Mz: =2 TeV) and 1000 b1 (3 TeV),
respectively.

2 TeV || Basic cuts | || < 2 Mopp =1 TeV My =175 TeV | # Evts | §/B | S/vEB
Signal 0.48 (.44 0.31 0.26 26 0.9 4.9
WWw 82 52 0.4 (.26 26
TT T 5.6 0.045 0.026 2.6
3 TeV || Basic cuts | |ng| < 2 | 1.5 < Mepp < 275 | 26 < My <5 | # Evts | 5/B | 5/v B
Signal 0.05 0.05 (.03 0.025 25
W 82 52 0.0= (.04 40 0.6 3.8
TT T 5.6 0.015 0.003 3

CERN, Th. Colloquim 6/11/08
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Strong C'P, Up-Quark Mass, and the Randall-Sundrum Microscope

Hooman Davoudiasl® and Amarif H'{}]iT
Department of Physics, Brookhaven National Laboratory, Upton, NY 11973, USA

The fermion mass hierarchy can be obtained with O(1) parameters in the Randall-Sundrum (RS)
nmrhl via exponential bulk profiles. In ]'t'ti-u]' ~a tiny up quark mass my < MeV does not
require a chiral symmetry or fine-tuning in this setup. 1herelore, the RS madel can provide a

/\

natur dl geometric resolution of the strong CP problem, while addressing the hierarchy and flavor
puzzles. In simple vealizations, this hypothesis can be tested at future colliders, like the LHC, by
measuring the spectrum of level-1 Kaluza-Klem (KK) quarks. In this sense, these KK states act as

a “microscope” for probing light fermion masses.
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Is m, =0 ruled out(by the lattice)?

W
. C. Aubin et al (MILC) PRD'04 V‘i@ S%ﬁjﬂ
+ m,/ my =0.43(0)(1)(8) > €

\/QW Sysv
ScedTaIsM [ \miTeD To Aﬁm%ﬁ
[ ND ChAy

QSN NLO”  fyit NNLD
Y R TED STAGGERED
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COuarks = e Mg (SN ) (GeV ) .rri-z‘: = -"'.ri-rL‘:}“:
o p — 14
i 0.5 | I | B.5 = 10 | 1. 0.
e 0T 1.8 = 10—
Fise 0.5 .55 1.2 e
— (.11
. — s Y
(.6 L e 1.0),
lfl.-' —1’_?{- l.]. ||.\ 1.1’ )_,J

NN N
-~

TABILE I: Sample values for a realistic set of SMN bare guark
mass=sc=. he doublet and singlet profile parameters are ode-
noted by o™ and &%) respectivelyv. To get the top mass. =@
S—-cd Yukawa coupling AL — 4.8 has been assumed:; all other
A5 1. The resulting =ero-1mode SN guark masses are given
it CaeN . The last colinitmn is the ratio of the level-1 (IDouablet,

Singlet ) WK guark masses to that of the KIK gluon (gange bho-
=011, With e, st to a small value that resolves thhe SO 2100
the level-1 singlet w-guark WK state is nearly 509 heavier
than any other of its connterparts. Nass splittings fromn B -
fermion Yukawa couplings have been ignored here.,

QDLL\SE LR SIGNATUKE
1V Kk =7 H+ 4
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Prospects for Direct Verifiction
of a warped nature

Davoudiasl, Rizzo, AS, 07

CERN, Th. Colloquim 6/11/08
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FIG. 2: Same as the last fisure but now for different values of /s and taking the first gluon KK
and fermion KK masses to be degenerate at 3 TeV. From bottom to top the histograms correspond

to /s = 14, 21, 28 and 60 TeV, respectively.
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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 m,,,
appreciably

CERN, Th. Colloquim 6/11/08



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

L RS=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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LRS Phenomenology and Golden Modes I

IR ~ g4V krem.

* gkK|lUuv ~ g4/ Vkrew, gKK
Courtesy HD

(i) Broad KK states become narrower by y.

(ii) Width into light states (ete—,uw,...) enhanced by y — BR~ y2.
(i) o(fif; = KK — fifi) x (KK — f;f;)BR(KK — fi.f;)

(i) & (ii) & (iii)) = 8 ~y3 and B ~ 1/y (over the width): /B ~ y*.
LRS, y=6 = & — 0O(100)S ; &/B— O(1000)S/B!
Mzi~4TeVand L =100 b~ !: Z/ —¢T¢—, L =e, p.

Compare with RS: M, ~2 TeV and L = 1000 fb~1.  Agashe er a1 2007

Revived prospects for golden modes!



constraint RS|LRS

T parameter 31 3
S parameter 31 3
Z — bb 3| 3
€K 81 3

S/Bfor Z' — 1717(0.3| 60

TABLE II: Summarized comparison of constraints between
the RS and the LRS scenarios. For simplicity and definiteness,
the Higgs is assumed to be on the [R-brane. The numbers
corresponds to lower bounds on gauge KK masses, in TeV.
Here, we assume a custodial symmetry for the T" parameter; a
left-right Z» symmetry is imposed to protect the Zbb coupling,
unless denoted by ™.
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t->cZ ,(D°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 betweent 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-°---good

prospects for LHC.

Correspondingly potential for D® mixing and CP
remain in LRS as in RS
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Summary & Outlook

WEXD a fascinating possibilty for BSM:
Address EW-PI and/or EW-FI 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-> ¢ Z..., G (graviton perhaps the most unique signature)->ZZ,WW,tt
and significant suppression to light fermions (I 1)

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