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@ SM hierarchy problem: Mgy, < Mp;
@ SM flavor problem: m, < m;
@ Explained by new dynamics?

Extra dimensions (Warped (AdS), Flat)
Supersymmetry

Strong dynamics

o Little Higgs

@ AdS/CFT correspondence [Maldacena 97]

—

o 5-D gravity theory in AdS S ./

4-D conformal field theory
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Talk Outline

@ Introduction to Warped-space (Randall-Sundrum) scenario

@ SU(3)gep x SU(2)L x SU(2)g x U(1)x bulk gauge group
@ Phenomenological Implications

@ Collider signals
@ Flavor aspects

@ Signals of Kaluza-Klein (KK) particles at the LHC

@ Gravitonkg ; Gluonky Wi , ZKK; Fermionkyk
@ Little RS (LRS) : Z/ — ¢t ¢~

@ Angular correlation in W& — tb
@ Recent LHC Results
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Warped Model

SM in background 5D warped AdS space [Randall, Sundrum 99]
ds? = e 2V (n,, dx"dx”) + dy?
Z, orbifold fixed points:

@ Planck (UV) Brane
@ TeV (IR) Brane

7

R : radius of Ex. Dim.
k : AdS curvature scale (k < M)

Hierarchy prob soln:
@ IR localized Higgs :  Mgw ~ ke *™R . Choose krR ~ 34

@ CFT dual is a composite Higgs model
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Explaining SM mass hierarchy

Bulk Fermions explain SM mass hierarchy [Gherghetta, Pomarol 00][Grossman, Neubert 00]

s6) 5 fd4x dy {cw kW(x,y) \U(x,y)}

Fermion bulk mass (cy, parameter) controls f¥(y) localization

RS-GIM keeps FCNC under control
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AN
Precision Electroweak Constraints (S, T, Zbb)

@ Bulk gauge symm - SU(2). x U(1) (SM %, H on TeV Brane)

° T parameter ~ (- )2(k7R) [Csaki, Erlich, Terning 02]

@ S parameter also (kwR) enhanced

@ AdS bulk gauge symm SU(2)r < CFT Custodial Symm

[Agashe, Delgado, May, Sundrum 03]

@ T parameter - Protected
@ S parameter - ﬁ for light bulk fermions
@ Problem: Zbb shifted

@ 3rd gen quarks (2,2) [Agashe, Contino, DaRold, Pomarol 06]

@ Zbb coupling - Protected
@ Precision EW constraints = Mgk 2 2 — 3 TeV

[Carena, Ponton, Santiago, Wagner 06,07] [Bouchart, Moreau-08] [Djouadi, Moreau, Richard 06]
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Bulk Gauge Group

[Agashe, Delgado, May, Sundrum 03]
Bulk gauge group : SU(3)qcp ® SU(2)L ® SU(2)r ® U(1)x
@ 8 gluons
@ 3 neutral EW (W3, W3, X)
@ 2 charged EW (W5, W)
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Bulk Gauge Group

[Agashe, Delgado, May, Sundrum 03]
Bulk gauge group : SU(3)qcp ® SU(2)L ® SU(2)r ® U(1)x
@ 8 gluons
@ 3 neutral EW (W3, W3, X)
@ 2 charged EW (W5, W)

Gauge Symmetry breaking:

@ By Boundary Condition (BC): A_4(x,y) BC: Alyg = 0; 8yAly—rp =0
o SU(Z)R X U(].)X — U(l)y
@ By VEV of TeV brane Higgs Higgs = = (2,2)

° SU(2)L x U(l)y — U(L)em
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Fermion reps (Model 1)

[Agashe, Delgado, May, Sundrum 03]

e Complete SU(2)g multiplet
o Qu=(2,1)16 = (t, br)
o Qi = (1 2

1
)1/6 = (tr, bR)
o Quz =(1,2)1/6 = (tr, br)

@ “Project-out” b', t' zero-modes by (—, +) B.C.
@ b <+ b’ mixing
o Zbb coupling shifted!

@ So severe constraints (LEP)
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Fermion reps (Model I1)

[Agashe, Contino, DaRold, Pomarol 06]
Custodial protection for Zb; b; coupling

Impose custodial SU(2);+r ® P g invariance

Fermions:
° o-ea-( 1 $)

Xk X5

tg : (1,1) OR (1,3)® (3,1)= tr (&) t,? H bg: (1,1) OR (1,3) ® (3,1)
A o
] ZbLFL coupling protected! Note: Wt by, Zt; t; not protected, so expect shifts
New “exotic” fermions i, Ti, Xk br, ...

@ No zero-mode. (7, +) BC - Mw/ < Mps [Agashe, Servant 04]

@ Promising LHC signatures
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Kaluza-Klein (KK) expansion

[See for example: Gherghetta, Pomarol, 2000]

/d x/dy\/ |: FMN+ \8M¢| +IlU-y DM\U+m¢\¢\ +/mwlll\ll]

EOM:
(270" 0,0, + &*7 B5(e ™7 85) — Mg | @(x,y) = 0

Kaluza-Klein expansion

o(xt,y) = (o)
Orthonormality relation:
1 R
— dy e £ (y)fm(y) = 6
R ly n(y)fm(y) = 6nm
EOM implies
{—e5065(e75085) + I\/)Ii] fn = ezamzf
Solution is
so /2 m m
fuly) = J—"”+me—”e”]
) = 5 [Ja () + balmn) Ya( e

&M KK tower with mass my,. Equivalent 4D theory
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Kaluza-Klein (KK) tower

Kaluza-Klein (KK) decomposition
@ 5D (compact) field <> Infinite tower of 4D fields
@ Look for this tower

e at the LHC
e in FCNCs

Example LHC:

2nd KK
Ist KK
SM

Look for heavy Kaluza-Klein (KK) states : KK h&ly), g,(}), Wﬁl), Zlil), b&l),

LEP precision electroweak constraints = W‘(Ll), Z‘(Ll) 2 2TeV
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Explaining Flavor in a Warped extra dimension

Bulk fermions explain standard model (SM) Mass hierarchy puzzle

Fermion profiles controlled by bulk mass (¢, )

E(\Eu)k D Vgl {cLk ¥ + crk YRR + (As YrYLH + hc.)}

Vo) = e O 4 ng o ST
' V2mRNy - 07 2rkR(1/2 - ¢)

0.2 0.4 0.6 0.8 1
rescaled u(y) —

FCNC under control
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4-D KK couplings

0.2 0.4 0.6 0.8 1 u(y)

Integrate S® over y — equivalent 4D theory

D = [dix 3 m2pmn 1 gl ymym A0 2 0 m) gy
#(M KK tower with mass m, ; Denote (1) = ¢/; my = mgx ~TeV

Compute overlap integral over y to get 4D couplings
@ Yukawas: )\(00) = Xsp [ dy fom fowR H

@ Gauge couplings: giODOI) =gsp [ dy fow fow A
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4-D couplings

E=VknR=~5

Compare to SM couplings:
o § enhanced: thRA/, hhA/, ¢¢A/ (Equivalence Theorem = (b <~ A[_)
o l/f suppressed: wlight '(/)light AfH_ Note: ’l/J/,'ght wlight Al_+ = 0

@ SM strength: tit A
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4-D couplings

E=VknR=~5

Compare to SM couplings:
o § enhanced: thRA/, hhA/, ¢¢A/ (Equivalence Theorem = (b <~ A[_)
o l/f suppressed: wlight '(/)light AfH_ Note: ’l/J/,'ght wlight Al_+ = 0

@ SM strength: tit A

Effective coupling (Eg: z'):

£ 5 Py gy [eQIAl wt ez (TL3 -y TQ) IZy .+ gy (T,% - SlzTy) IZx, u]wm
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Flavor structure

[Agashe, Perez, Soni, 04]

L5 WITFD + My UV 4 y22 HEW 4 hc.

@ Basis choice: Mj; diagonal = M;

o All flavor violation from y,-f?D
o KK decompose and go to mass basis

o = gﬁlén) W;Ek)W{m) off-diagonal in flavor
(due to non-degenerate ' i.e. M')
@ 5D fermion W is vector-like

e M,; is independent of (H) = v
o But zero-mode made chiral (SM)
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FCNC couplings

hggw(o)w(o) : diagonal

{A(o),g(o)} P)Y(o) : diagonal (unbroken gauge symmetry)

{Z(o), ZX(O)} Y)Y(o) : almost diagonal (non-diagonal due to EWSB effect)
hyho) : diagonal (only source of mass is (h) = v)

i Yoyt : off-diagonal
{Aw), 80} Yoy : off-diagonal (i=1,2 almost diagonal)
{Z), Zx1) } Y(0)tb(o) : off-diagonal

(]

hioy Y¥a : 0

{A(o),g(o)} Y)Yy : 0 (unbroken gauge symmetry)
{Z(o),ZX(O)} 1/1(0)’(/J(1) . off-diagonal (EWSB effect)
hya) : off-diagonal (since M, is extra source of mass)

(o) <+ P mixing due to EWSB
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FCCC couplings

£ i i
° WL(oﬁ/’(o)wéo) © & Vekm

{ L(1) Wi }1/) & Vo [y fyfy)

o [...] suppressed for i = 1,2; (Not suppr for b, ti, tg)

o W§0)¢(O)w(1) g Voor [fw(l) fwfw(l)]
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KK states at the LHC

e A (KK Graviton) gg — hY — tf
L =300 fb_l LHC reach is about 2 TeV [Agashe, Davoudiasl, Perez, Soni 07]
[Fitzpatrick, Kaplan, Randall, Wang 07]

M (KK Gl g—g" —tt

g ( uon) qq — g — tt

L =100 fb_l LHC reach is 4 TeV [Agashe, Belyaev, Krupovnickas,Perez,Virzi 06]

[Lillie, Randall, Wang, 07] [Lillie, Shu, Tait 07]

(1)

o ZN W'F (Zik=Z', W =W qG — Z', W' — XX

[Agashe, Davoudiasl, SG, Han, Huang, Perez, Si, Soni 0709.0007 & 0810.1497]

@ M (KK Fermion)

[Agashe, Servant 04][Dennis et al 07][Contino, Servant 08][SG et al ongoing]

@ Radion

Review: [Davoudiasl, SG, Ponton, Santiago, New J.Phys.12:075011,2010. arXiv:0908.1968 [hep-ph]]
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Example FCNC processes

@ K°K® mixing:
o Tree-level FCNC vertex g;)d s VLdJr ( [g(l)dd} 0 ) %
0 [awss]
@ b— sy

@ No tree-level contribution to helicity flip dipole operator
@ So 1-loop with g(l) bs OR ¢bs®

@ b—osl™, b—sss, K-omvb:

o Tree level FCNC vertex Zsd, Zbs
Bound : mgk 2 few TeV [Agashe et al][Buras et al][Neubert et al][Csaki et al]

Relaxed with flavor alignment : MFV, NMFV, flavor symmetries, ...
[Fitzpatrick et al][Agashe et al]
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[Agashe et al, 07] [Fitzpatrick et al, 07]
mp = x,ke ™" x, = 3.83,7.02, ...
Lo CffG Taﬁh(”) A= /\_/Ipefkﬂr
@ SM on IR brane
o CDF & DO bounds : m; > 300 — 900 GeV for ML,, =0.01-0.1
o ATLAS & CMS reach : 3.5 TeV with 100/b}

gg — hY) — 77 — 4
@ SM in Bulk (flavor)

o light fermion couplings
highly suppressed

° gauge field couplings
km suppressed

o Decays dominantly to
t, h, Viong various ML,, ; SM dashed

[Agashe, Davoudiasl, Perez, Soni, 2007]

ol(99)™, (qa)*'->22] (£5) N<2 cut
00
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KK Gluon

[Agashe et al, 06] [Lillie et al, 07]

My = xoke KT x, ~2.45,557,...  Width [ =~ ¥
gWtt : parity violating couplings!

LHC: gqg — g(l) — tt
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KK Gluon

[Agashe et al, 06] [Lillie et al, 07]

My = Xpke K™ x, ~2.45 557, ... Width~ M

gWtt : parity violating couplings!

LHC: gqg — g(l) — tt

60 t mass distributi
E —*— total reconstructed
E e total partonic e

S0 A% -~ Wajets background r e %
F SM prediction osk

40— F

#events / 200 GeV / 100 b
8N g
8 8

* total reconstructed

3

} [ - total partonic
s SM prediction
e ol L 2 P T A RPN PSR WS W WA W
2000 2500 3000 3500 4000 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600
my/ Ge

Pr= 2N +%* N, forward going ¢ wrt k;

LHC reach: About 4 TeV with 100 b1
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LHC KK-gluon search

CMS Preliminary, 886 pb™ atys = 7 TeV

~ 1P :
= Combined type 1+1 & 1+2 5
F Observed (95% CL) 3
| B Expected (95% CL) 7
+ 1o Expected
10 + 26 Expected

KK Gluon, Agashe et al
=« Topcolor Z', 3.0% width, Harris et al
Topcolor Z', 1.2% width, Harris et al

T HHIII;

-

o RN
Vet Ll

2 25
tf Invariant Mass (TeV/c?

A

Upper Limit 6, x BR(Z' — tt) (pb
o

—_— W

CMS Limit: Mgy > 1.5TeV @95% CL
(with 886 pb~! at \/s = 7TeV) [Sunanda Banerjee's talk @ WHEPP-12]
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[Agashe, Davoudiasl, SG, Han, Huang, Perez, Si, Soni - arXiv:0709.0007 [hep-ph]]

v WW;;

7! w= 7! AN

7' Total Width

Loy o [ o [ & [ ]

’ I (GeV) H 103.3 ‘ 114.6 ‘ 135.6 ‘

5000

3000
Mz (GeV)
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A, Branching Fractions 7, Branching Fractions Zy, Branching Fractions
1o T T T ”
Htt ————— [ - - — — — ——
1071 H e
n
102 |- -
1078 |- - 1078 - 108 |
ot I | I 0 Ll | I Lot L. | |
o0 2000 3000 000 000 2000 3000 000 5000 1000 2000 3000 1000 5000
M, (GeV) My, (Gev) My, (Gev)

LHC signatures
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q

Z/

Shrihari Gopalakrishna

Total Z' Cross Section at LHC

L B

N
9&&

P I I B S

1000 2000 3000 4000

Mz (GeV)
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7 s WW —=/lvjj
pp JJ
Mer = pr; + pr, + P My, =2,/PF, + myy

My and My

0.1

o
o
=

0.001

Diff c.s. [fb/GeV]

le-04 -
1000 1500 2000 2500 3000 3500 4000
Myww: Mrww (GeV)

Shrihari Gopalakrishna Warped extra dimensions and LHC signatures



pp . Z/ . W+ W-— — [V_]J (BOOSted W — (_U))

ji opening angle Jet-mass
10 T T T T T 0.025 T T
9l 2Tevz —— | Z' no Smr
SMno Smr -------
8r 1 002 |- i Zw/smr 1
r b i SMw/smr -
6 B 0.015 H B
51 i
4+ B 0.01 —
3k i
2+ E 0.005 |-, E
b ] h
0 | | | | | — >
0 005 0.1 0.15 0.2 0.25 0.3 0.35 04 045 0.5 0 50 100 150 200

26; M (GeV)

j Jj Collimation implies forming myy, nontrivial : use jet-mass
In our study: Jet-mass after Parton shower in Pythia

[Thanks to Frank Paige for discussions]
To account for (HCal) expt. uncert.
Smearing by 0E = 80%/VE ; 6n,5¢ = 0.05

Tracker + ECal (2 cores?) have better resolutions [F. Paige; M. Strassler]
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Z' channels summary

(L27evi L3Tev) in b1
e pp—Z — WrW-

@ Fully leptonic : W — v ; W — v £ : (100; 1000) bt
@ Semi leptonic : W — tv; W — (jj) £ : (100; 1000) fb~*

epp—~2 —Zh

® mp=120GeV : Z —»¢t¢~ ; h— bb £+ (200; 1000) fb~
e m,=150GeV : Z — (jj); h— WT W~ = (jj) v L : (75 300) b1

o pp—Z =0Tl
@ BRy; ~ 1073 Tiny!

£ :(1000; —) b1

e pp—Z —tt, bb

] KK gIUOn “p0||ution” [Djouadi, Moreau, Singh 07]
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Little RS (LRS) (Z' — ¢+¢7)

Vary kTR : (kﬂ'R)[_RS < (kﬂ'R)RS =35 [Davoudiasl, Perez, Soni 08]
@ Mgy ~ke R o RS: k<M, ; LRS: k< My
@ RS as a theory of flavor! (give-up solution to hierarchy problem)
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Little RS (LRS) (Z' — ¢+¢7)

Vary kTR : (kﬂ'R)[_RS < (kﬂ'R)RS =35 [Davoudiasl, Perez, Soni 08]
@ Mgy ~ke R o RS: k<M, ; LRS: k< My
@ RS as a theory of flavor! (give-up solution to hierarchy problem)

pp— Z'1rs — (10~ [Davoudiasl, SG, Soni 09; arXiv:0908.1131]
0.050 5.00
o L
= 0,010 E oo
0.005 0.0

Bkgnd, /s=10TeV S~

10 15 20 25 30 35
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. —
Little RS (LRS) (Z/ — ¢+¢7)
Vary kTR : (kﬂ'R)[_RS < (kﬂ'R)RS =35 [Davoudiasl, Perez, Soni 08]
@ Mgy ~ke R o RS: k<M, ; LRS: k< My
@ RS as a theory of flavor! (give-up solution to hierarchy problem)
pp — ZILRS — €+€7 [Davoudiasl, SG, Soni 09; arXiv:0908.1131]
0.050 300
1.00
0020 2 050
& 0010 <
= & 010
0.005 0.05
10* =
5. e
1000 kﬂ'_"-j'" g
To0f T 1001
£ 0 e 1 5
g C g
1 J=10Tev
0.1
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
Mz Mz
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LHC Data (Z' — ¢

2 T
g 10 ATLAS « Data 2011
ai
@ 10° j ., Didbosen
= =
1ot Ldt=1.08fo e
10° \5=7TeV
10°
10|
1
10"
102
80 100 200 500 1000 2000
m,, [GeV]
7 AR AN ARI AR A SRS
= ATLAS - Expected limit —
° N5=7TeV Expected 1o
Z- Expected 20
r — Observed imit

otbal
02 04 06 08 1 12 14 16

18 - 2‘
m[Tev]

Gopalakrishna

ATLAS

Events

det:l.Zl "
\5=7TeV

T
© Data 2011
20y

Sbiboson
[

1000 2000

my, [GeV]

-

-+~ Expected limit
Expected 1o
Expected:+ 20

— Observed limit
K, = 0.1

L L
1075264706 08 T 12

Warped extra dimensions an

L
14 16 18

2
m [TeV]
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ross section

[Agashe, SG, Han, Huang, Soni, 08: arXiv:0810.1497]

Total W' Cross Section at LHC

103

T T

102

o (fb)

100 —
1071 &) 3
@ 7

- R R R R
1000 2000 3000 4000 5000

W' Mass (GeV)
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W'* width and BR

BR(V.VLJ* ~XX)
)

Widih [Gev]

i 100 000 200 00 W0 400 450 SO o

My [Gev]

0.001 0.001

i

L )

0001 L L L
1000 1500 2000 2500 3000 3500 4000 4500 5000
My [GeV]

0001 . PR
1000 1500 2000 2500 3000 3500 4000 4500 5000
My [GeV]
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+
W' channels summary

(L2 Tevi L3 Tey) in b1

o WT s th:
@ Leptonic £ : (100; 1000) fb—!

@ tt becomes (reducible) bkgnd since collimated t can fake a b-jet
Jet-mass cut : cone size 1.0 and 0 < jiy < 75 =-0.4% of tops fake b

o WE s ZW:
o Fully leptonic £ : (100; 1000) fb—!
o Semi leptonic L£:(300; =) L
o W' — W h: £ : (100; 300) fb~1

e my~120: h— bb
@ What is b-tagging eff at large p7,?
e my~150: h— WW

@ Use W jet-mass to reject light jet
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Measuring Chirality in (pp) ud — W't — tb — ¢*tuvbb

A Model Independent Study [SG, Han, Lewis, Si, Zhou, 2010: arXiv:1008.3508]
d  tb
@ Can we measure g{'%, g,fyR?

LDy (gLPL + grPR) ¥a W’
@ Yes, encoded in top polarization!
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Measuring Chirality in (pp) ud — W't — tb — ¢*tuvbb

A Model Independent Study [SG, Han, Lewis, Si, Zhou, 2010: arXiv:1008.3508]

_ @ Can we measure g,_ R g,_ R !
LD vy (gLPL+ grPR)%a W
@ Yes, encoded in top polarization!

© Need to fix u direction:

Statistical only: On avg u carries higher momentum fraction than d
0.6 T T T T

Total

05 W w,
Eoaf Ry [ Total R
; 035] = = 4
2 [ Correct [ h ]
3 02 Direction Correct

0.1}F L Direction d

Ol L
005 1 1.5 22, /005 I 1.5 2 25
Iy !

-, direction of yy,» > 0.8 is u direction
@ 0, distribution analyzes top polarization

3 b 3 b
L ——— L e ——p
Wit = Wit ==
R i
<=<= =>=>
Ve v
< =

Analyze in top rest frame
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Measuring Chirality (Results)

150 M
w’
= ) R
€ W
1001 ]
2
S
32
S sof :
0 Il L L
-1 -0.5 0 0.5 1
cos 0 cos O
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LHC Data (W' — (v)

T =
ATLAS  Dataz010

2 2 4y
e Gy g9 cvs (b
W o ev Ciwiiooo) o 1w Ldt=36pb* — Other SM backgrounds
10¢ \E=7TeV Cowisoo 108 G=r7ev « oaa
. fLdt=36pb" Ew 10t — W (m, =10TeV)
10 . o W =1aTen
ar 1
107 Diboson N
jaco 10
10 10
1 = 1|
107 | 10"
o . - 10
10% 10 107 10
m; [GeV] M; [GeV]
g — limit Muon
z T = o596 abserved limit Electron
= L « NNLOtheory >
o 10g v 2 ——— 950 abserved imit Combined
E Obs red limit
[ Expected £ 1o o 9L B mheoretical Cross Section
Expected £ 26 il
F &
L 3}
107 E ST S et ]
E arLas 10
Fwol
FNs=7TeV, [Ldt=36pb" M
ol | I
10" 500 1000 1500 =
m [GeV] AR PR SFS RN IR PO,
800 1000 1200 1400 1600 1800 2000

W' mass (GeV)

LHC signatures
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Vector-like ¢ (KK Fermion

[Dennis et al, 2007] [Carena et al, 2007] [Contino, Servant, 2008] [Atre et al, 2009] [Aguilar-Saavedra, 2009]
[SG, Moreau, Singh, 2010] [Work In Progress]

2.00
1.50
1.00
0.70

o Custodial partner of tg “light” | om0
= s

e Look for at the LHC 0390

0.20
0.15

0.10

-04 -02 00 02 04 06 08 1.0
c
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b’ as an example

[SG, T.Mandal, S.Mitra, R.Tibrewala, arXiv:1107.4306]

e KK Fermion is Vector-like! Differences from Chrial (4-gen) b’ :
o Separate mass (Mky) independent of (H)

@ Can be arbitrarily heavy w/o Landau pole of Yukawa coupling
e In addition to b’ — tW, also b’ — bZ, bh at tree-level
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b’ as an example

[SG, T.Mandal, S.Mitra, R.Tibrewala, arXiv:1107.4306]

e KK Fermion is Vector-like! Differences from Chrial (4-gen) b’ :
o Separate mass (Mky) independent of (H)

@ Can be arbitrarily heavy w/o Landau pole of Yukawa coupling
e In addition to b’ — tW, also b’ — bZ, bh at tree-level

sl t = 100060

1000 GeV

W= bz= 1000GeV

K, bn
rd

- - L
) 3] o %) 0
500 1000 1500 2000 2500 30« 500 1000 1500 2000 2500 30( 500 1000 1500 2000 2500 3000
M, (GeV) M, (GeV) M, (GeV)
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b’ LHC Signals

Pair Production

pp — b’ — bZbZ — bjjbtt

10
~ 1000
2
L 100
10

~—_
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b’ LHC Signals

Pair Production : pp — b'b’ — bZbZ — bjjbtt
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[Csaki et al, 2001, 2007] [Gunion et al, 2004]
Fluctuations of size of extra dimension — scalar d.o.f
LD LT
@ SM on IR brane
r

£o -+ (2mpwiw ™" + M3z, 2")

r

@ SM in bulk
1 — o py 1 v 1 v
D —— + € rW,“,W - — +e|rZu,Z - — + €| rFuuF
27, | (kmR) 4A, | (kmR) aA, | (k7R)
2M2, 1 5 € eu M 1 5 €
— W~ ZMRP(krR) — — | rWIWTH — ZZ |1 — ZMIR?(kxR) — — | rZ,, 2"
S [1 - SR nr) - 5] o 2 1 SR nr) — ] 2,

@ Curvature-scalar mixing

£ D &R HTH leads to r <» h mixing
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Example LHC flavor changing processes

@ Tree-level FCNCt—+ch OR h—tc [Agashe, Contino 09]

o BR(t = ch) ~ 107"
o BR(h—tc)~5x10"3

@ Tree-level FCNC BR(t — C Z) ~ 1075 [Agashe, Perez, Soni 06]
@ Loop FCNC t — ¢~
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Conclusions

@ Warped models solve SM hierarchy and flavor problems
@ KK couplings to light fermions suppressed
@ KK couplings to heavy fermions, A;, h enhanced
@ Precision electroweak constraints imply Mk = 2 TeV
@ Requires large £ at LHC
@ Boosted W, Z, top = collimation of decay products
@ QCD bkgnd becomes significant
@ Chirality of W’ : using 0, as analyzer of top polarization
@ Little-RS (LRS) has good Z' — ¢T¢~
@ Tools used:
@ CalcHEP (help from Alaxender Belyaev)
@ Pythia (help from Steve Mrenna, Peter Skands)
@ MadGraph (help from Rikkert Frederix)
@ Bridge (help from Matt Reece)
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BACKUP SLIDES

BACKUP SLIDES
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Bulk EW Gauge Sector

Bulk EW Gauge group : SU(2). x SU(2)r x U(1)x
@ Three neutral gauge bosons: (W2, W3, X)
@ Two charged gauge bosons: (WLi, WRi)

Symmetry Breaking:

e By Boundary Condition (BC):
Z)((—, +) means Zx|y:0 =0; ayZX ‘y:ﬂ—R =0
° 5U(2)R X U(l)x — U(].)y . (WE, W,%,X) — (WE,B,Zx)
A%(+7+)' Z (+a+)’ ZX - (7a+)
o Zx= (g Wi—gxX) 5 (-h) § Wi - ()
T8k

° BE\/gle_‘_igfz?(gXWf%—i_gRX)_)(—i_»—’—) ) WLi _>(+>+)
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Bulk EW Gauge Sector

Bulk EW Gauge group : SU(2). x SU(2)r x U(1)x
@ Three neutral gauge bosons: (W2, W3, X)
@ Two charged gauge bosons: (WLi, WRi)

Symmetry Breaking:

e By Boundary Condition (BC):
Z)((—, +) means Zx|y:0 =0; ayZX ‘y:ﬂ—R =0
° 5U(2)R X U(l)x — U(].)y . (WE, W,%,X) — (WE,B,Zx)
A%(+7+)' Z (+a+)’ ZX - (7a+)
o Zx= (g Wi—gxX) 5 (-h) § Wi - ()
T8k

° BE\/gle_‘_igfz?(gXWf%—i_gRX)_)(—i_»—’—) ) WLi _>(+>+)

@ By VEV of TeV brane Higgs
° 5U(2)1_ X U(l)y — U(l)EMZ (WL?’, B,Zx) — (A7Z,Zx)
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Gauge KK States

Gauge Boson
@ “Zero" modes: A(O),Z(O) : WL(O)
o First KK modes: A®), zW, zH 5 77 w® wd
EWSB mixes :  Z® &z ; 70 & z0 . 70 o 71
WO < w® ; w2 e w s wh e wd
Mass eigenstates :
@ “Zero" modes: A, 7 ; W=
o First KK modes: Ay, 21, Zx, — 2" W, Wg — W'*
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Z' Overlap Integrals

Define: ¢ = VknR =5.83

Z' overlap with Higgs — &
Z' overlap with fermions:

’ H QI::; ‘ tr ‘ other fermions
T [ -2B o2 ~1 ] -2+ 07e~39 [ -2~ 02
- 026~ 1.2 076~ 41 0

Compared to SM
@ Z' couplings to h enhanced (also V; - Equivalence Theorem!)
@ Z’ couplings to tg enhanced
@ Z'couplings to x suppressed

bRV [eQI/h w8z (TP —syTo)TZy, +
gz (TR —s?Ty) IZx, u] VLR
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EWSB induced Z/W* W~ coupling

ZW vy vy is zero by orthogonality ...
. but induced after EWSB

Using Goldstone equivalence: 7

In Unitary Gauge:

W
&W\‘; VL(])v
’ 71{ o %%

w-

Even though & - ( o
. can be overcome by (MKK) (from long. pol. vectors)

)? suppressed ...
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[Agashe, Davoudiasl, SG, Han, Huang, Perez, Si, Soni - arXiv:0709.0007 [hep-ph]]

7 W P “h
FA = Wowy) = SH M — ([ mw i
S 7 A V7
2.2 .2 a5 2
5 gi cyyk™ M, mz
M2 20— WW,) = SLw™ Mz o (M2
( 1, £X1 L L) 1927 m4vv K X 7ch<(MZNMZXl)>
o 222
M(Z1,Zx1 — ZLh) = 1;27r Mz ; ko kmre
2 2
r(Z/ — f?) = 7(61’25[_2) (Iﬂ}%/ —+ K)i) MZ/ .
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Widths & BR's (For Mz = 2TeV)

Ay Z Zx1

r(GeV) BR r(GeV) BR r(GeV) BR

tt 55.8 0.54 18.3 0.16 55.6 0.41

bb 0.9 87x1073 ] 0.12 103 28.5 0.21
tu 028 [27x1073 0.2 1.7x 1073 ] 0.05 4%x10°*
dd 007 [67x10*%] 025 [22x103] 0.07 [52x10°*
0t 0.21 2x 1073 0.06 5x 107 0.02 |[12x107"7

Wrw, | 455 0.44 0.88 | 7.7x103 | 50.2 0.37

Z h - - 94 0.82 2.7 0.02

Total 103.3 114.6 135.6
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Total Widths

7' Total Width

ssoE T T T

T (GeV)

MR N N N N
1000 2000 3000 4000 5000

(Mz =2TeV ] A | 2o [ Zx |
| T (Gev) [ 1033 114.6 | 1356 |
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pp— 2 — WTW~ = /lviv

2 v's = cannot reconstruct event

Di-lepton invariant mass Transverse mass
0.001 T T 0.001 T T
iR 2TeVZ —— . 2TeVZ ——
1e-04 3TevZ - 1e-04 3TeV Z' -------- ]
SM WwW SM Ww -

1e-05 SMTT e ] 1e-05 SMtT -

1le-06 1le-06

le-07 le-07

Diff c. s. [pb/GeV]

1le-08 1le-08

1le-09 1le-09

0 500 1000 1500 2000 2500 0 1000 2000 3000 4000 5000
M My

Mer = p1,, + P10, + BT M1y =24/p5,, + M,

L needed: 100 fb~1 (2 TeV) ; 1000 b1 (3 TeV)
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pp— 2 — WTW~ = /lviv

Cross-section (in fb) after cuts:

[2TeV [ Basiccuts [ [ng| <2 ][ Mer>1TeV | My >175TeV [ # Evts [ S/B [ S/VB

Signal 0.48 0.44 031 0.26 26 09 [ 49
ww 82 52 0.4 0.26 26
T 7.7 5.6 0.045 0.026 2.6
[ 3TeV || Basiccuts | || <2 [ 1.5<Mer <275 | 25<Mr <5 [ #Evts | S/B | S/VB
Signal 0.05 0.05 0.03 0.025 25
WW 82 52 0.08 0.04 40 06 | 38
T 7.7 5.6 0.015 0.003 3

# events above is for
@ 2 TeV:100 fb~!
@ 3 TeV : 1000 fb—1!
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pp =~ 2 — WTW~ = (lvjj

Cross-section (in fb) after cuts:

(My=2TeV [ _pr_ | nei | Mer | Mry, | Me | #Evis [ 5/B | S/VE |
Signal 45 2.40 2.37 1.6 1.25 125 0.39 6.9
W+1j 1.5 x 10° | 3.1 x 10% | 223.6 10.5 3.15 315
WW 1.2 x 103 226 2.9 0.13 0.1 10

[(Mz =3TeV | l l l l l l l |
Signal 0.37 0.24 0.24 0.12 - 120 0.17 4.6
WH-1j 1.5 x10° | 3.1x 10* | 885 0.68 - 680
WW 1.2 x 103 226 1.3 0.01 - 10

# events above is for
@ 2 TeV:100 fb~!
@ 3 TeV : 1000 fb—1!
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Diff c.s. [pb/GeV]

Z hinvariant mass Zpy

0.001 : : 0.01 ‘ ‘
5 2Tev Z' 2TeV Z
1e04 3TeVZ' ------- 0.001 f, o E
e SMZb «eeeee ' E
SMZbB - le-04

le-05
le-06
le-07
le-08
le-09

1le-08 . le-10 =
1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500

Mz, (GeV) prz (GeV)

1le-05

1le-06

1le-07

How well can we tag high pr b's ?
For e, = 0.4, expect R; ~20 — 50; R. =5
Two b's close : ARp, ~ 0.16
L needed: 200 fb~1 (2 TeV) ; 1000 /b~ (3 TeV)

Shrihari Gopalakrishna Warped extra dimensions and LHC signatures



pp—Z' — Zh— (70~ bb (m, =120 GeV)

Cross-section (in fb) after cuts:

| Mz =2TeV [ Basic | pr,n | cosbz | M, btag | #Evts [ S/B | S/VE
Z —hZ —bbel | 081 | 073 | 043 0.34 0.14 27 11 | 53
SMZ+b 157 | 16 0.9 0.04 0.016 3
SM Z + bb 135 | 015 | 0.0 0.01 0.004 038
SMZ+gq 2720 | 48 224 15 0.08 15
SMZ+g 5054 | 112 | 538 05 0.025 5
SMZ+c 184 | 19 11 0.05 0.01 2
[ Mz =3TeV | [
Z — hZ —bbe¢ | 081 | 012 [ 0.05 0.04 0.016 16 2 57
SMZ+b 157 | 0.002 | 0.001 |3x10 * [12x10 % | 0.12
SM Z + bb 135 | 0.018 | 0.014 | 0.002 0.001 1
SMZ+gq 2720 | 11 07 01 0.005 5
SMZ+g 5054 | 03 02 0.03 0.0015 15
SMZ+c 1835 | 0.03 | 0.02 0.002 4x10° 0.4

# events above is for

@ 2 TeV:200 b1
@ 3 TeV :1000 fb—!
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pp—Z2'=-Zh: Z—=jj; h—->WW™ —jjlv

(mh 150 GeV)

M, and My
- — 2 2 2 2
1e0t ' " 2TevZ My, —— I\/,TZ;7 = \/PTZ + m3 + \/PTh + mj
Le.05 A —

1e-06

1le-07

Diff c.s. [pb/GeV]

1e-08

1le-09

1
1000 1500 2000 2500 3000 3500 4000

le-10

Min, . My (GEV)

My =2TeV my =150 GeV | Basic | pr,n | cos® | My [ M | #Evts | S/B | S/VB |

Z" — hZ — CE7 () () 2.4 1.6 088 | 0.7 [ 0.54 54 2.5 11.5
SM W jj 3x10" | 355 | 12.7 [ 0.62 | 0.19 19
SMWZj 84 045 [ 0.15 | 0.02 | 0.02 2
SM W W 712 0.54 02 [ 0.02 [ 0.01 1
[(My =3TeV_mp =150 GeV_| | | | | | | | ]
[ ZZ—>hZ—¢Er () G) [ 026 [ 02 [ 014 [006 | — [ 18 [ 1.2 | 47 |
[ SM W) [ 3x10% | [ 41 JToos [ — [ 15 ] [ |

## events above is for
@ 2Tev:100 fb !
@ 3Tev:300 bt
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pp — 2 — (T~

[ My, =2 TeV Basic [ PTE [ My [ # Evts [ S/B [ S/VB ]

Signal 0.1 0.00 | 0.06 60 0.3 42
SM €4 3x 10° | 5.4 0.2 200
SM WW 295 0.03 | 0.002 2

#+ events above is for

@ 2TeV:1000 fb— !

Experimentally clean, but needs a LOT of luminosity
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10

0.01
0.001
le-04
1le-05
1e-06
le-07
1le-08

Diff c.s. [pb/GeV]

Top pr ttinvariant mass
' ' " otevz —— ! T T T ez
3TevZ E 3Tev 4
] SMtt
B! '?: 0.01
4 % 0.001
3 4 le04
] 5 1e0s
1le-06
1le-07 L L L .
500 1000 1500 2000 2500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Pri (Gev) My (GeV)
[ My =2TeV [ Basic | py >800 [ 1900 < My < 2100 |
[ Signal [ 17 [ 7.2 [ 5.6 |
[ SM tt [19x10° | 311 | 19.1 |
[My, =3TeV | Basic_ | pr > 1250 | 2850 < My < 310 |
[ Signal [ 17 [ 056 ] 0.45 |
[ SM tf [ 1.9 x10° | 4.1 | 11 |
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1100 T T T T

1000
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100
1000 1500 2000 2500 3000 3500 4000 4500 5000
My, [GeV]
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W'*BR

0.001

0.0001 L

1000 1500 2000 2500 3000 3500 4000 4500 5000

My [GeV]

Gopalakrishna

0.001

0.0001

1000 1500 2000 2500 3000 3500 4000 4500 5000

My [GeV]

Warped extra dimensions a

LHC signatures




W'= = tbh— (ubb

Signal c.s. ~ 1fb
Bkgnd is single top + QCD W b b .... AND ...
tt : hadronically decaying top can fake a b

b-jet Event Jet Cluster (diff) t-jet Event Jet Cluster (diff)

b Evt2
pTi/pTtot pTy/pTtot

tEvt4

ococoocoooo
oRNwrODN®

b-jet Event Jet Cluster (diff) t-jet Event Jet Cluster (diff)

bEvt4
pT{pTtot pT{pTtot

tEvt3 ——
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W'= = tbh— (ubb

Jet Mass : ConSiz=0.4, VetoFrac=0.25
0.014

0.012

0.01

0.008

0.006

0.004

0.002

Jet Mass (GeV)

0.018
0.016
0.014
0.012

0.01
0.008
0.006
0.004
0.002

Jet Mass : ConSiz=1.0, VetoFrac=0.2 : 2 TeV

Jet Mass (GeV)

Jet-mass cut: cone size 1.0 and 0 < jyy < 75 =0.4% of top fakes b

L needed: 100 fb~1 (2 TeV)
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W'= 5 ZW and W h

W= ZW:
o Fully leptonic — £ : 100 b~ (2 TeV) ; 1000 fb~! (3 TeV)
@ Semi leptonic —£ : 300 b1 (2 TeV) (SM W /Z + 1; large)
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W'= 5 ZW and W h

W' - Zw:
o Fully leptonic — £ : 100 b~ (2 TeV) ; 1000 fb~! (3 TeV)
@ Semi leptonic —£ : 300 b1 (2 TeV) (SM W /Z + 1; large)
W™ — W h:
e my~120: h— bb
o What is b-tagging eff?
e my~150: h—> WW
o Use W jet-mass to reject light jet
L needed: 100 fb~1(2TeV) ; 300 fb~! (3TeV)
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e Warped (RS) model
o Heavy EW gauge bosons : 3 neutral (Z’) & 2 charged (W'¥)
o Precision electroweak observables require Mz, , MWIi =2 TeV

@ Makes discovery challenging at the LHC
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