Physics Beyond the Standard Model?

Shrihari Gopalakrishna

W

% -
'530 o’
&tical ¥

Institute of Mathematical Sciences (IMSc), Chennai

IX EHEP SERC School 2013
IIT Madras

Dec 2013



Motivation for BSM Physics

Observational
@ What is the observed Dark Matter?
@ What generates the neutrino masses?
@ What generates the Baryon Asymmetry of the Universe (BAU)?

Theoretical
@ SM hierarchy problem (Higgs sector): Mew < Mp;
@ SM flavor problem: me < m;
@ Explained by new dynamics?
Extra dimensions (Warped (AdS), Flat)
Supersymmetry

Strong dynamics
Little Higgs



Outline (Supersymmetry)

@ Supersymmetry (SUSY) Basics

e SUSY invariant theory
@ SUSY breaking

@ Minimal Supersymmetric Standard Model (MSSM)
@ SUSY preserving Lagrangian and soft-breaking terms
o R-parity
@ Superpartner Mixing
@ Implications

o Dark Matter
o 125 GeV Higgs



Outline (Extra Dimensions)

@ Aspects of Extra Dimensional Theories

o Large Extra Dimensions (LED) (aka ADD)
@ Universal Extra Dimensions (UED)
e Warped Extra Dimensions (WED)

@ Kaluza-Klein (KK) expansion

@ LHC Signatures



Outline (Dark Matter)

@ BSM DM Candidates
@ DM Detection
@ Direct detection

o Indirect detection
e At colliders
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Basics

SUPERSYMMETRY

Reviews: [Wess & Bagger] [Martin] [Drees]
[Drees, Godbole, Roy] [Baer, Tata]

%
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Basics

Supersymmetry (SUSY)

Symmetry: Fermions < Bosons
QIPYy=|V) ; QIV)=|®)

Q. is a spinorial charge

Reviews: [Wess & Bagger]

SUSY algebra:
{Qa @3} =20 ,Pu
{Qa,Qs} = {OQ,OB} =0
[P*, Qal = [P*,Qs] =0
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Basics

SUSY invariant theory

Under a SUSY transformation

e =V281)
8¢t =iV20MEDmP + V2EF
6¢F =iV2E5™ O

S¢Amn =i [(€0"OmA + E5"0mA) — (n <> m)]
SeA =iED + 0™ EAmn
8¢D =6 OmA — £ OmA




Supersymmetry
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Basics

SUSY invariant theory

Under a SUSY transformation

e =V2¢¢ S Amn =i [(£07OmA + E6"0mA) — (n <> m)]
8¢t =iV20MEDmP + V2EF Se A =iED + o™ EAmn
8¢ F =iV2£5™ Omtp 8¢D =6 OmA — £ OmA

A SUSY invariant action: S = [ d*x L

£ =|Dui” = o, D" — gV2 (67 T*wix + X" 41 T

_ (1 () OW(¢1)
2 0909« 0¢;

oo pu 1 — yat =
g R =5 2 led Tigs" —iA" 3,D" ),

2

Vv + h.C.) — '

W(¢;) : Superpotential, a holomorphic function of the fields



Supersymmetry

[eJele]

Basics

Consequences

Solution to gauge hierarchy problem

ir.tR AT
h h | |
TS T i =0
V2 h —i¥ h
A2 divergence cancelled [Romesh Kaul, ‘81, '82] [Witten]

(Similarly W=, Z divergences cancelled by 5\)



Supersymmetry

[eJele]

Basics

Consequences

Solution to gauge hierarchy problem

ir.tR AT
h h | |
TS T i =0
V2 h —i¥ h
A2 divergence cancelled [Romesh Kaul, ‘81, '82] [Witten]

(Similarly W=, Z divergences cancelled by 5\)

@ Lightest SUSY Particle (LSP) stable dark matter (if R, conserved)

@ Gauge Coupling Unification - SUSY SO(10) GUT
Includes vg = Neutrino mass via seesaw



Supersymmetry
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SUSY breaking

SUSY breaking

@ Exact SUSY = My =My ; My= My

@ So experiment = SUSY must be broken
@ SUSY broken if and only if (0|H|0) > 0

@ Spontaneous SUSY breaking

@ O’Raifeartaigh F-term breaking
@ Fayet-lliopoulos D-term breaking

@ STr(M?)=0 == cannot break SUSY spontaneously using SM
superfield
@ Hidden sector breaking Mediation Communicated to SM
Spectrum depends on Mediation type + RGE
@ |In effective low-energy theory

o Explicit soft-breaking terms, i.e., with dimensionful parameters
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MSSM

MSSM

The Minimal Supersymmetric Standard Model (MSSM)

Reviews: [Martin] [Drees] [Drees,Godbole,Roy] [Baer, Tata]
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MSSM

MSSM fields

To every SM particle, add a superpartner (spin differs by 1/2)

Matter fields (Chiral Superfields)

’ ‘ (SU(3), SUR))yy | Components ‘

. . 7] u
Q (3216 @oar)i a= (5 )ia= ()
ue (3. 1)_2/3 (Bg, ug, Fu)
D (3,113 (%, dg. Fp)
L (1,212 (@ e, Fr) s b= (ZLL):éL: (Zt)
E€ (1,1)1 (e, ek FE)
(N€) (1,1)0 (Pr, vRs FN)
Gauge fields
(Vector Superfields) Higgs fields (Chiral Superfields)
’ Components ‘ ’ ‘ (SU(B),SU(2))U(1) Components ‘
. - hr - B
UE) | (@& Ds) | | M (1212 (s Fir)  ho = (1) b= ()
u y
su(2 W,,, W, D 7 K " B
@) | Wu 2) Hq (1,2)_1/2 (hd: ha, Fry) i ha = (hi> i hg = (Ei o d
~ d d
u() (Bu, B, D1)
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MSSM

MSSM Superpotential

Write most general W consistent with SU(3). ® SU(2). ® U(1)y

© W = USy,QHu — DygQHy — EyelHy + pHuHg + (N<ynLH,)
@ Wa; = LH, + LE°L+ QD°L ; Wag = UDcD¢

© Wai + Wag induce proton decay : 7, ~ 107" for i ~ 1 TeV
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MSSM

00@0000000

MSSM Superpotential

Write most general W consistent with SU(3). ® SU(2). ® U(1)y
@ W =U%QHy — DYqQHy — EyeLHy + pHuHqg + (N€ynLH,)
@ Wap =LH,+ LEL+ QDL ; Wag = U°DD¢

© Wai + Wag induce proton decay : 7, ~ 107" for i ~ 1 TeV

So impose Matter Parity Ry = (—1)38~1 to forbid AL and AB terms
For components = R-parity R, = (—1)3B-0+%
Ro(particle) = +1 ,  Ry(sparticle) = —1

Consequence : The Lightest SUSY Particle (LSP) is stable

@ Cosmologically stable Dark Matter
@ Missing Energy at Colliders
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MSSM

Soft SUSY breaking

Effective parametrization with explicit soft-SUSY-breaking terms

Ly 5 D —QT b Q — thmiig — dimidg — LT mil — &l m?er — (FLM20R)
- %Mléé - %I\/IQWV\N/ - %Mgg + h.c.
— (°AuQH, + d°AsQHq + 6 A LHy — (VAL LH.) + h.c.
— miy, HiHy — miy, HiHg — (BuHuHg + h.c.)



Supersymmetry

MSSM

000@000000

Soft SUSY breaking

Effective parametrization with explicit soft-SUSY-breaking terms

Loy s D —QTmaQ — tlmlig — dimids — LT L — 8k m2eg — (UM% iR)
I - oW — Lmagz 1 hec
2 2 2
— (°AuQH, + d°AsQHq + 6 A LHy — (VAL LH.) + h.c.
— miy, HiHy — miy, HiHg — (BuHuHg + h.c.)

UV SUSY breaking and mediation dynamics will set these parameters
@ Eg: Gravity Mediation (MSUGRA, CMSSM)

o Inputs fg ,My/5, Ao, tan 3, sign(p) at GUT scale
o TeV scale values determined by RGE
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MSSM

Electroweak symmetry breaking (EWSB)

0 Vd Vi

Physical Higgses: h°, H°, A°, H™
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MSSM

0000e00000

Electroweak symmetry breaking (EWSB)

<Hu>:\%(‘9u); <Hd>:%<‘g>; v =2+ V3 tan§ = 3
Physical Higgses: h°, H°, A°, H™

V = (Il +my ) hul?+(|ul?+m ) ha > = (buhuha+h.c.)+ 5 (8% +&)(|hul® — [ ha|*)?
Minimization and EWSB
sin(28) = 25,

miy, +mpy, +21nl?

> _ o
Imhy —mhy | 2 2

2 _ _ _ 2
and mz_im my, = my 2|l
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MSSM

0000e00000

Electroweak symmetry breaking (EWSB)

<Hu>:\%(‘9u); <Hd>:%<‘g>; v =2+ V3 tan§ = 3
Physical Higgses: h°, H°, A°, H™

V = (Il +my ) hul?+(|ul?+m ) ha > = (buhuha+h.c.)+ 5 (8% +&)(|hul® — [ ha|*)?
Minimization and EWSB
sin(28) = 25,

miy, +mpy, +21nl?

> _ o
Imhy —mhy | 2 2

and m% = Vi my, = my, - 2| u)?
@ So we need ® (SUSY preserving param) ~ m? (SUSY br param)! Why?
e This is called the p-problem



Supersymmetry

MSSM

00000e0000

125 GeV Higgs

At 1-loop [Haber, Hempfling, Hoang ,1997]
2 4 M M 2 2
2 o 2 2 3g; my M My Xt __ X
mj, & m7 cos”(283) + gy In . + e 1 Tormg 77y

where X = At — pcot 8

@ my = 125 GeV needs sizable loop contribution
o Hard! Needs large my my or large X?
302m? s ms X2 X2
o But dm? ~ 5T [In( t12t2) + oot (1 — et
u 872my, my my Mty Mg M,
So fine-tuning necessary to keep mzz correct (cf previous EWSB relation)
“Little hierarchy problem”
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Neutralino mixing

Neutralino: Neutral EW gauginos (B, W3, I:IS, I:IS) : Majorana

states
My 0 —cgswmz sgswmgz B
oo e~ 0 M cgewmz —sgcwm w3
_1 3 [0 0 2 pewmz sewmz /)
£> 2 (B W= Hy d) —Ccgswmz cgecwmyz 0 —u HS
sgswmz —sgcwmz —u 0 I:Ig
B et
. .. . w3 X .
Diagonalizing this | ~, | — >~<§ : the mass eigenstates
I:Iu Xg
H3 Xa
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MSSM

Chargino mixing

Chargino: Charged EW gauginos (\N/Vi, l:li), WE = Wy + Vi
. i+ . -+
Form Dirac states W' = vad i Ht = ’ji‘;
w H;

£o- (Wﬁ) (MXPL + ’V’lPR) (Y;,VI) + hee.
where My, = (ﬁcé‘:’zﬂ . \/ESinHB mw>

Vas ot
Diagonalizing this (H+) — (;ﬁ) : the mass eigenstates
2
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MSSM

00000000 e0

Scalar mixing

Eg. stop sector (%, tg)

52 2 * * z
o mi +mi+ A (vuAe — p* cot S my) t
£ - (T i) ((VuAt—u* cotBmy) kg + m?+ Ag tr

where A = (T3 — Qs2,) cos(28) m2

, . . ([t t .
Diagonalizing this ({) — <%1> : the mass eigenstates
R 2
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MSSM

Flavor Probes

FCNC (Mixing, Rare decays) and Precision probes
@ Kaon observable, B-factories (BaBar, Belle)
@ (g—2)., EDM, ...

Flavor Problem

@ In general /j; can have arbitrary flavor structure and phases
(MSSM has 9 new phases + 1 CKM phase)

o FCNC & EDM experiments severely constrain these
o some deeper reason (in SUSY br mediation)?
@ Minimal Flavor Violation (MFV)
@ Only CKM phase

@ Need experimental guidance



Extra Dimension

EXTRA DIMENSION(S)
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Extra Dimension

Large Extra Dimensions (LED, ADD)

[Arkani-Hamed, Dimopoulos, Dvali (ADD), 1998]

n (compact) space extra dims with Radius R
(in addition to the usual 341 dims)
Example: 5-D : (x*,y)

Extra
Dim

@ Only fundamental scale M. ~ 1 TeV
M2, = MZ"V,  Vy~R"

xH
@ Gravity in bulk, SM on brane
S= fd4X d”y |:£Bulk + 6(Z) ﬁBrane]

@ Gravitational potential modified to
V(r) ~1/rmt1

Gravity

Our 4D
Brane



Extra Dimension

Large Extra Dimensions (LED, ADD)

[Arkani-Hamed, Dimopoulos, Dvali (ADD), 1998]

n (compact) space extra dims with Radius R
(in addition to the usual 341 dims)

@ Only fundamental scale M. ~ 1 TeV
M2, = MZ"V,  Vy~R"

@ Gravity in bulk, SM on brane
S=[d'xdy [ﬁBulk + 4(y) ﬁBrane]

@ Gravitational potential modified to
V(r) ~1/rmt1

Some implications

@ forn=1,R=10"m
@ excluded by solar system tests!

@ forn=2, R~ 100um
@ Cavendish type experiments limit M, > 4 TeV

Example: 5-D : (x*,y)
Extra
Dim

xM

Gravity

Our 4D
Brane



Extra Dimension

Universal Extra Dimensions (UED)

[Appelquist, Cheng, Dobrescu] [Cheng, Matchev, Schmaltz] [Datta, Kong, Matchev]
All SM fields propagate in Extra Dimension(s)
@ No solution to the hierarchy problem
@ KK parity conserved

@ Relaxed constraints since no tree level contribution to EW precision obs

(] MKK Z 400 GeV

o LKP stable!
o Dark Matter [Servant, Tait]
@ Missing energy at Colliders



Extra Dimension

Warped Extra Dimensions (WED, RS)

SM in background 5D warped AdS space [Randall, Sundrum 99]
ds? = e 2 ¥(n,,, dx*dx”) + dy?

Z» orbifold fixed points:

7

@ Planck (UV) Brane

@ TeV (IR) Brane

R : radius of Ex. Dim.

k : AdS curvature scale (k < Mpy)

Hierarchy prob soln:

@ IR localized Higgs : Mew ~ ke *™R . Choose kR ~ 34

@ CFT dual is a composite Higgs model



Extra Dimension

Explaining SM (gauge & mass) hierarchies (WED)
Bulk Fermions explain SM mass hierarchy [Gherghetta, Pomarol 00][Grossman, Neubert 00]
S6) 5 [d*xdy {cw kW(x,y)W(x,y)}

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

fo

0.2 0.4 0.6 0.8 lu<y)

RS-GIM keeps FCNC under control

For details, see our review: [Davoudiasl, SG, Ponton, Santiago, New

J.Phys.12:075011,2010. arXiv:0908.1968 [hep-ph]] e
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AdS/CFT

AdS/CFT Correspondence

AdS/CFT Correspondence [Maldacena, 1997]

@ A classical supergravity theory in AdSs x Ss at weak coupling is dual to a
4D large-N CFT at strong coupling
@ The CFT is at the boundary of AdS [Witten 1998; Gubser, Klebanov, Polyakov 1998]

Zerr[o] = e TAds[o]

S D [ d*x Ocer(x) po(x) I ads[@] supergravity eff. action

2
Eg: (O(x1) O(x)) = %%m o(y, x) is a solution of the EOM (dI' = 0)
with Zcer given by the RHS for given bndry value ¢o(x) = ¢(y = yo, x)
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AdS/CFT

4D Duals of Warped Models

[Arkani-Hamed, Porrati, Randall, 2000; Rattazzi, Zaffaroni, 2001]

@ Dual of Randall-Sundrum model RS1 (SM on IR Brane)

@ Planck brane = UV Cutoff; Dynamical gravity in the 4D CFT
@ TeV (IR) brane = IR Cutoff; Conformal invariance broken below a TeV

@ All SM fields are composites of the CFT
@ Dual of Warped Models with Bulk SM

@ UV localized fields are elementary
@ IR localized fields (Higgs) are composite

@ 4D dual is Composite Higgs model [Georgi, Kaplan 1984]
@ Shares many features with Walking Extended Technicolor

@ Partial Compositeness

@ AdS dual is weakly coupled and hence calculable!

@ KK states are dual to composite resonances



Extra Dimension
[ 1]

KK Decomposition

Kaluza-Klein (KK) expansion

Eg: 5-Dimensional theory : Bulk fields : &(x,y) = {Au, ¢, ¥,, ..}
S=[d'xdy£® ; £E > Mgt oye — m? oo

5
5sG) =0 — Euler-Lagrange Equations of Motion (EOM) : %é) =0n




Extra Dimension
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KK Decomposition

Kaluza-Klein (KK) expansion

Eg: 5-Dimensional theory : Bulk fields : &(x,y) = {Au, ¢, ¥,, ..}
S=[d'xdy£® ; £E > Mgt oye — m? oo

5c(5) 5.(05)

5sG) =0 — Euler-Lagrange Equations of Motion (EOM) : 55— = Oy S50

KK expansion: expand in a complete set of states f,(y)

d(x,y) =>72 ¢(”)(x) f(")(y) with [ dy f"(y) FM(y) = Spm
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KK Decomposition

Kaluza-Klein (KK) expansion

Eg: 5-Dimensional theory : Bulk fields : &(x,y) = {Au, ¢, ¥,, ..}
S=[d'xdy£® ; £E > Mgt oye — m? oo

5 5
5sG) =0 — Euler-Lagrange Equations of Motion (EOM) : 5§é) =0n gé:,\(/,l

KK expansion: expand in a complete set of states f,(y)

d(x,y) =>72 ¢(”)(x) f(")(y) with [ dy f"(y) FM(y) = Spm

Plug into EOM, y dependent piece is [—8§ + I\A/I?o] finy(y) = m2fa(y)
The solution is f,)(y) = Nine"’""y ;o Mp= 5

Plug in the KK expansion into 5D action and integrate over y

S=[d* [Z:i—oo (8“(25(")*8#(1)(") _ m,2,¢(")*¢(”)>]

Is the equivalent 4D theory
with an infinite tower of states (the KK states) &
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KK Decomposition

Equivalent 4D theory (with interactions)

Similar procedure for interactions also

SO 5% [ dtx m2geln 4+ gfMpnymab 1+ G oy H
(M KK tower with mass m, Denote ¢1) = ¢/;
(for WED)

m1; = Mgk ~TeV

Some 4D couplings
. (00 A
@ Yukawas: 239 = xsp [ dy £7L £7R £
@ Gauge couplings: g — g [dy ¥ £ £



Extra Dimension
oe

KK Decomposition

Equivalent 4D theory (with interactions)

Similar procedure for interactions also

s@ D Z fd4x m%(z)(")(z)(") + gigm/)w(n)w(’")A(’) + )‘t(lan) w(L")wi?m) H
#(" KK tower with mass m, Denote ¢(1) = ¢/;
(for WED)

m1; = Mgk ~TeV

Some 4D couplings
@ Yukawas: A% = xsp [ dy £7L £7R £H

@ Gauge couplings: g — g [dy ¥ £ £

In summary
@ 5D (compact) field <> “Infinite” tower of 4D fields
@ Look for this tower at the LHC

Example:

2nd KK
Ist KK
SM




Details of the Models
°

UED

UED Spectrum

o All KK states degenerate at leading order

e Loop corrections split this

650 650
(v)
"2
600 |- g - 800
= u be
g d b,
=
550 [ - 550
o
A0 B —_— Ty,
T
———e ——T
500 - - 500

[Cheng, Matchev, Schmaltz]

LHC SUSY < UED Confusion! [Cheng,-Matchev, Schmaltz: 2002]



Details of the Models
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Warped Extra Dimensions

4-D KK couplings in WED

E=VkntR=~5

Compare to SM couplings:
] § enhanced: thRA/, hhA/, ¢¢A/ (Equivalence Theorem = ¢ <> Ap)
o l/f suppressed: wlight d)light A/Jr+ Note: wlight w/ight AL+ =0

@ SM strength:  t t A



Details of the Models
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Warped Extra Dimensions

4-D KK couplings in WED

E=VkntR=~5

Compare to SM couplings:
] f enhanced: thRA/, hhA/, ¢¢A/ (Equivalence Theorem = ¢ <> Ap)
o l/f suppressed: wlight d)/ight A/Jr+ Note: wlight w/ight AL+ =0

@ SM strength:  t t A

Effective coupling (Eg: Z’):

£ 5 Py gy* [teAl ut+ ez (TE - SavTQ) IZy p+ &z (T?? - S/QTV) IZx, u}wL,R
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Warped Extra Dimensions

Challenge | : Precision EW Constraints in WED

AN
Precision Electroweak Constraints (S, T, Zbb)

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

o T parameter ~ (- )?(k7R) [Csaki, Erlich, Terning 02]

@ S parameter also (kwR) enhanced

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

[Agashe, Delgado, May, Sundrum 03]

@ T parameter - Protected
@ S parameter - k;R for light bulk fermions

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

@ Zbb coupling - Protected
@ Precision EW constraints = Mgy 22 — 3 TeV

[Carena, Ponton, Santiago, Wagner 06,07] [Bouchart, Moreau-08] [Djouadi, Moreau, Richard 06]
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Warped Extra Dimensions

WED 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 (W, W)
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Warped Extra Dimensions

WED 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 (W, W)

Gauge Symmetry breaking:

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

e SU(2). x U()y — UL)em



Details of the Models
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Warped Extra Dimensions

Fermion representation : Zbb not protected

[Agashe, Delgado, May, Sundrum ‘03]
@ Complete SU(2)g multiplet : Doublet tg (DT) model
° Qu=1(2,1)16 = (t, bs)

d)fR = (172)1/6 = (tR7 b/)
Yor = (1,2)1/6 = (t', br)

@ “Project-out” b’, t’ zero-modes by (—, +) B.C.
o New ¢y : b, t/

@ b <+ b’ mixing
e Zbb coupling shifted

@ So LEP constraint quite severe



Details of the Models
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Warped Extra Dimensions

Fermion representation : Zbb protected

t
o QL = (27 2)2/3: <bLL ic,) [Agashe, Contino, DaRold, Pomarol ‘06]

o Zb. b, protected by custodial SU(2),1r ® Prg invariance
Wt by, Zt t, not protected, so shifts
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Warped Extra Dimensions

Fermion representation : Zbb protected

t
o QL = (27 2)2/3: <bLL ic,) [Agashe, Contino, DaRold, Pomarol ‘06]

o Zb. b, protected by custodial SU(2),1r ® Prg invariance
Wt by, Zt t, not protected, so shifts

Two tr possibilities:
© Singlet tg (ST): (1, 1)2/3 = tr New v @ x, t/
© Triplet tg (TT) :
’ 1" R X/ i X”
(173)2/3 @ (37 1)2/3 = th @¢tR: < \/,5 tr > o| V2 ",
b - 7
Vel b -t
New v @ x, t/, x/, b', X", t”, b”
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Warped Extra Dimensions

Flavor structure

[Agashe, Perez, Soni, 04]
LOVIr*D,W + MWW + 2P HU'W + hc.

@ Basis choice: Mj; diagonal = M;

o All flavor violation from y,-f-’D
o KK decompose and go to mass basis
o = g Uy WV  off-diagonal in flavor
(due to non-degenerate ' i.e. M)
@ 5D fermion W is vector-like

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



Details of the Models
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Warped Extra Dimensions

FCNC couplings

hfgw(o)w(o) : diagonal

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

{Z(o), ZX(O)} P)Y(o) : almost diagonal (non-diagonal due to EWSB effect)
h0y(oy : diagonal (only source of mass is (h) = v)

hﬁ‘;w(o)w(o) . off-diagonal
{A(l),g(l)} Y)Y (o) - off-diagonal (i=1,2 almost diagonal)
{Z(l), ZX(l)} ’l/)(o)’l,/)(o) . ofF—diagonaI

hioy Yy : 0

{A(O),g(o)} w(o)w(l) : 0 (unbroken gauge symmetry)
{Z(o),ZX(O)} 1/1(0)1/J(1) . off-diagonal (EWSB effect)
hoyy : off-diagonal (since My, is extra source of mass)

(o) <> Y1) mixing due to EWSB 7&}



Details of the Models
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Warped Extra Dimensions

FCCC couplings

+ i . i
e WL(o)w(o)l/’fO) : & Vekm

° {Wﬁl)a W;ﬁl)} Yo%) : & Vaoo [y fufy]

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

° Wi : & Vou [fuwm fufym]



Details of the Models
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Warped Extra Dimensions

Challenge Il : Flavor Constraints in WED

@ K°K° mixing:
o Tree-level FCNC vertex gi;yd s v ( [g(l)od 9] & OS s] ) vy
5]

@ b— sy

o No tree-level contribution to helicity flip dipole operator
@ So l-loop with g1y bsyy OR ot bsq)

@ bsl™~, b—sss, Ko navp:

o Tree level FCNC vertex Zsd

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]

[SG, A.lyer, S.Vempati Ongoing]
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LHC Signatures

LED KK Graviton @ LHC

[Giudice, Rattazzi, Wells 1998][Hewett 1998] [Han, Lykken, Zhang 1998]

Look for KK Gravitons (h{) : Missing energy (MET)

@ Small KK spacing : sum over huge number of states
@ Cutoff dependence

@ Final state Gravitons : pp — v h("™, j ("

@ Virtual Gravitons : pp — h(" — ¢te—, ...
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LHC Signatures

LED LHC Limit pp — A} — ¢+¢-

TABLE VIII. Observed 95% C.L. lower limits on Ms (in units
of TeV), including systematic uncertainties, for ADD signal
in the GRW, Hewett and HLZ formalisms with K factors of
1.6 and 1.7 applied to the signal for the dilepton and diphoton
channels, respectively. Separate results are provided for the
different choices of flat priors: 1/MZ and 1/M§.

Channel Prior GRW Hewett HLZ
n=3 n=4 n=5 n=6 n=7
ee 1/M2 295 2,63 3.51 2.95 2.66 2.48 2.34
I/RISS 282 267 3.08 2.82 2.68 2.59 2.52
Jipt 1/M3 3.07 274 3.65 3.07 2.77 2.58 2.44

1/ME 2.82 267 3.08 2.82 2.68 2.50 2.52
ce +pp 1/ME 327 202 3.88 3.27 205 2.75 2.60
1/ME 3.00 202 3.37 3.00 2.04 2.84 2.76
ce+pp 1/ME 351 314 418 351 3.17 2.95 2.79
+oyy 1/ME 330 320 3.60 3.30 3.22 3.11 3.02

[

ATLAS : 1211.1150 : 7TeV, 5 b1 »
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LHC Signatures

WED KK Graviton

[Agashe et al, 07] [Fitzpatrick et al, 07]
m, = xpke K™ x, = 3.83,7.02, ...
LD — CffG Tocﬁh(”) A= /\_/Ipefkwr
@ 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 10071

gg — hY) — 77 — 40
e SM in Bulk (flavor)

o light fermion couplings
highly suppressed

e gauge field couplings
ﬁ suppressed

e Decays dominantly to
t, h, Viong various 7~ ; SM dashed

[Agashe, Davoudiasl, Perez, Soni, 2007] @

o[(g99)™, (qa)™->22] (fb) N<2 cut
100
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LHC Signatures

KK Gluon

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

My = xoke KT x, ~2.45,557,...  Width [ =~ ¥

LHC: g — g(l) — tt
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LHC Signatures

KK Gluon

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

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

LHC: gg — g(l) — tt

60— timass distributi
£ —*— total reconstructed
co total partonic -

so- ---- Wijets background r B S
E SM prediction r

40—

—_—

# events / 200 GeV / 100 b
@
8

200
£ . total reconstructed

10— 3. F - total partonic
E i $ee A SM prediction

Y= ST el S 3 T P AP A AU IO N T I A I
2000 2500 3000 3500 4000 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600

tinvariant mass / GeV m/GeV
2 Ny—N_

N.IN N, forward going ¢ wrt k;

Pir

%
LHC reach: About 4 TeV with 100 b1
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LHC Signatures

WED Z’ channels summary

[Agashe, Davoudiasl, SG, Han, Huang, Perez, Si, Soni - arXiv:0709.0007 [hep-ph]]
(Latevi L3Tev) in b1

epp—2Z = WHW-

@ Fully leptonic : W — v ; W — v £ : (100; 1000) b1
@ Semi leptonic : W — v ; W — (jJ) £ : (100; 1000) bt

epp—~2 —Zh

@ mp=120GeV : Z - ¢t¢~ ; h— bb £ : (200; 1000) fb~!
e m,=150GeV : Z — (jj); h— WTr W~ — (jj) v £ : (75 300) b1

o pp—Z = 0tL~ £ (1000; =) b
® BRy ~ 1073 Tiny!
e pp—Z —tt, bb

o KK gluon “pollution” [Djouadi, Moreau, Singh 07]
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LHC Signatures

+
W' Channels summary

[Agashe, SG, Han, Huang, Soni, 08: arXiv:0810.1497]
(L27evi L3Tev) in b1

o W'E 5 th:
@ Leptonic £ : (100; 1000) b1

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

o W* 5 ZW:
o Fully leptonic £ : (100; 1000) fb~*
o Semi leptonic £ :(300; —) !
o W'T 5 Wh: £ : (100; 300) fb~!

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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LHC Signatures

LHC KK-gluon search

= 10 T T
= —e— Obs. 95% CL upper limit  J
= ka0 T Exp. 95% CL upper limit
1 I Exp. 1o uncertainty
¥ Exp. 20 uncertainty
= == KK gluon (LO)
@
o 1
X o
=]
[ s=7Tev
107 __J' Ldt=47fb* '
[ ATLAS Top Template Tagger §
MR B R IR
1 1.2 1.4 1.6 1.8 2

9, Mass [TeV]

ATLAS JHEP01(2013) 116 : Limit (7 TeV, 4.7 fb~1): Mkx > 1.6 TeV @95% CL
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LHC Signatures

WED KK Fermions @ LHC

@ SM fermions : (4,+) BC — zero-mode
@ "“Exotic” fermions : (—,+) BC — No zero-mode

o 1%t KK vectorlike fermion

2.00 . . . . . .
: s gt 1.50
@ Typical ctg, ¢t : (—,+) top-partners “light oo
¢ : Fermion bulk mass parameter 0.70
S| %050
[Choi, Kim, 2002] [Agashe, Delgado, May, Sundrum, 03] =l s 030
[Agashe, Perez, Soni, 04] [Agashe, Servant 04] 0‘20
) 0.15
@ Look for it at the LHC 0.10

-04 -02 00 02 04 06 08 1.0
c
[Dennis et al, ‘07] [Carena et al, ‘07] [Contino, Servant, ‘08]
[Atre et al, ‘09, ‘11] [Aguilar-Saavedra, ‘09] [Mrazek, Wulzer, ‘09]
[SG, Moreau, Singh, ‘10] [SG, Mandal, Mitra, Tibrewala, ‘11] [SG, Mandal, Mitra, Moreau : '13]

o



LHC Signatures

CMS Resonances Limits (Moriond 2013)

LHC Phenomenology
0000000080

Z'ssMl

Z' SSM tau tau

Z', ttbar, hadronic, width=1.2%
£, dijet

Z', tibar, lep+jet, width=1.2%
Z'SSM I {fbb=0.2)

G, dijet

G, ttbar, hadronic

G jot+MET k/M = 0.2
GwkM=0.1

G, Z(NZiqq), kKM=0.1

W iv

W dijet

W —td

W= WZ(lsptonic)

WHR — 1b

WH, MNR=MWR/2

WHKK p =10 TeV

pTC, nTG > 700 GeV

String Ball M, MD=2.1, Ms=1.7, gs=0.4
String Resonancas (qg)

58 Resonance (ga)

8 Rasonance (gg/bb), fob=1
Eo0 diquarks (gq)
Axigluon/Caloren (ggbar)
gluino, 3jet, RPV

neutra
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LHC Signatures

ATLAS Extra Dimensions Limits (Moriond 2013)

AS Exotice Saarches* - 95% CL Lower Limits (Status: HCP 2012)

Large ED (ADD) : monojet + E,

T T T 77T T T T T T T 11T T T T T
=47t 7 TeV H210.4401) 437TeW M 16=2)

Large ED (ADD) : monophoton + £, . [L=461b".7 Te¥ n209.4525) 131w M (G=2) ATLAS
srge ED (ADD] : ciphoton & dileston m ., |L=471"7 tev jat 150 @tew M, (HLZ 6-3 NLO)
UED : dighoton + £, ... [(=4ah" 7 fav a1l AS-CONF212672] 1817av Compart scale R Prolimirary
s'r[‘ ED - dilzpton.m, [t=a9s0m’ 71y [12e9.2535 ey W, -R'
RE1 :diphoten & dilepton. m., . |t=d790 0" 7 7:v [1210.028] 2207y Giaviion mass (k/Mg = 0.1)
RS1: 27 resonanca, my , [t=tam 7 v panaorasy 245 Gev. Graviton mass (k/M,, = 0.1) 3
N tt[BRRESCIz,r\')\d"-‘\;'t reaIOI a:w-:e‘ iy, |L=A7 10,7 Tav p20a.2s63) 1237V Graviton mass (ki = 0.1 Lt = (1.0 - 13.0) &’
5g_ - =0.925) :tt - l4jots.m - |isar il s tev jAILAS-CONF2012-138] 19Tev g, mass B
DD BH (M,,, M,=3) - S5 dimuon, N wn |i=431"7 to jsir4acah ama M, 55 fs=7.8Tev
ADD BH (M, /M ,=3) leptans + jels. X0 |i=101" 7 feV 1204 4545) 16TV M, (5=6)
Quantum black I_'c\c lect F’Em? L=a7 i, 7 Tev p2101718) antev A, (6-6)
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Dark Matter

Observations tell us

3 [T T T
No Big Bang
2k J
Supernovae
1 J
Q
pands foreVe__J
0 -
Clusters ,
%,
2, @
1r * ]
- 9,
By, N\
cove b b b bl B
0 1 2 3

Qu

Dari nargy:
%

Fres Hydrogen
o



Dark Matter

Observations tell us

3 [T T T
No Big Bang
2k J
Supernovae
1 J
Q
Freatydregen
vt
expands forvel__|
0
Clusters %,
2, R Davk Enargy:
-1r ) ‘ ] e
By, N\
cove b b b bl B
0 1 2 3

QM
@ Flat on large scales

@ Expansion is Accelerating

@ 95% is unknown dark matter + dark energy

o What is it?? »



Dark Matter

Observations tell us

3 [T T T
No Big Bang
Hesey Ciements:
a0
2k J
Supernovae
1 J
Q
Freatydregen
expands forvel__|
0
|
Clusters %
2, R Davk Enargy:
-1r ) ‘ ] e
By, N\
cove b b b bl B
0 1 2 3

QM
@ Flat on large scales

@ Expansion is Accelerating

@ 95% is unknown dark matter + dark energy

@ What is it?? The DARK SIDE rules! ‘@



Dark Matter

What is the dark sector?

@ Dark Matter

@ Astrophysical objects? (Disfavoured)
@ MAssive Compact Halo Objects (MACHO) or Black Holes or ...

o Particle dark matter? More on this...

@ Hot or Warm or Cold Dark Matter (CDM)



Dark Matter

What is the dark sector?

@ Dark Matter

@ Astrophysical objects? (Disfavoured)
@ MAssive Compact Halo Objects (MACHO) or Black Holes or ...

o Particle dark matter? More on this...

@ Hot or Warm or Cold Dark Matter (CDM)

e Dark energy
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Particle DM Candidates

Particle DM Requirements

@ Should be around for a long long long time ...

o Absolutely stable : Conserved quantum number

@ e, p are stable, but not “dark”! So not possible
@ Active v, disfavored. Sterile vg, possible
@ BSM particle with Z; symmetry

@ Decays, but with very very very long life-time

@ \Very very very tiny coupling to other SM states
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Particle DM Candidates

Particle Dark Matter

@ Thermal Relic

@ In thermal equilibrium in early universe
o Details of its origin do NOT matter

@ So most studied
@ Nonthermal Relic

o Never in thermal equilibrium
@ Details of its origin do matter
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Particle DM Candidates

Particle DM Possibilities

@ LSP - Lightest Supersymmetric Particle

o X9 Neutralino (SUSY partner of neutral gauge boson)
@ ¥ Sneutrino (SUSY partner of neutrino)

SuperWIMP - Gravitino (SUSY partner of graviton)

E-WIMP - Right-handed sneutrino (partner of neutrino)
WIMPzilla - Extremely massive particle

LKP - Lightest Kaluza-Klein Particle - Extra space dimensions
LTP - Lightest T-odd Particle - Little-higgs theory with Z
Hidden sector DM
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Particle DM Candidates

Particle DM Possibilities

@ LSP - Lightest Supersymmetric Particle

o X9 Neutralino (SUSY partner of neutral gauge boson)
@ ¥ Sneutrino (SUSY partner of neutrino)

SuperWIMP - Gravitino (SUSY partner of graviton)

E-WIMP - Right-handed sneutrino (partner of neutrino)
WIMPzilla - Extremely massive particle

LKP - Lightest Kaluza-Klein Particle - Extra space dimensions
LTP - Lightest T-odd Particle - Little-higgs theory with Z
Hidden sector DM

Your candidate here
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atter

Computing the Relic Density

Thermal Relic

Thermal history of the Universe
Big Bang — Inflation — DM freeze-out— BBN —~ decouples — Today

Hubble rate:
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Computing the Relic Density

Boltzmann Equation

d
el —3Hn — (ov)g (n2 - ngq) —{ov)¢g (nng — negny eq) + Cr
Thermal equilibrium if

(ov)g nzy > 3H ; (ov) e ng > 3H

Freeze-out

001

Increasing <o,v>

100 1000

xem/T (time =) [Kolb & Turner, Early Universe] o d

-~
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Some BSM DM Candidates

Weakly Interacting Massive Particle (WIMP)

WIMP Cold dark matter - New BSM particle
@ Mass: M ~ 100 GeV Q= M x4 x 10710 (%)

@ Interaction strength: g ~ grw

Example: SUSY WIMP: If conserved R,, Lightest Supersymmetric Particle
(LSP) stable

@ LSP (Eg: Neutralino) can be WIMP DM
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Some BSM DM Candidates

Weakly Interacting Massive Particle (WIMP)

WIMP Cold dark matter - New BSM particle
@ Mass: M ~ 100 GeV Q= M x4 x 10710 (%)

@ Interaction strength: g ~ grw

Example: SUSY WIMP: If conserved R,, Lightest Supersymmetric Particle
(LSP) stable

@ LSP (Eg: Neutralino) can be WIMP DM

@ Precisely the scale being explored at colliders!

o DM at present colliders? (LHC connection)
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Some BSM DM Candidates

Hidden sector DM

Extend the SM to: SM x U(1)x

@ U(1)x sector : GaugeBoson(X,), Scalar(®n), Fermion(t))
@ If stable, can be DM

SM <« U(1)x communication

LD -« ‘¢5M‘2‘¢H|2 + g X}LVBMV




Dark Matter
ocoe

Some BSM DM Candidates

Hidden Sector Relic Density

Self-annihilation

Eaaausss
NoBigBang
\ o 2
_ X osu
o e S
'
" CH B cMB
T 95
) 54 . oot
2 —29 ev—2 Clubers o
Qoh” =10 X\ Tovy L %,
ov, . N «/\
oVl = a+ b v + O(vie) AR
(ov) =a+b/xr xf =My /T ~25 0 1 2 3

ay

Observations : Qo = 0.222 + 0.02 [PDG '08]
Channels ¥ — bb, WTW ™, ZZ , hh, tt
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DM Detection

Dark Matter Detection

@ Direct Detection

o DM directly intereacts with a detector
@ Indirect Detection

@ Look for indirect emmissions from DM
@ Collider Detection

@ DM escapes as missing momentum at colliders
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DM Detection

Direct Detection of Hidden sector

O pirperx 10* cm?
10.0
50
V

20

| o
1.0

X

| bsr 0.5
//\ 0.2
N v 0.1

M

150 200 250 300 350

My =125 GeV, k11 = 1.5,55, = 0.25
Effective hANN coupling ~ 2 x 1073 [Shifman, Vainshtein, Zakharov (1973)]

1)- Nucleon c.s.

2 22,2 2, 2
w115 AN ([P 1= 4+ myy)
8T Vye (t— m%)2

o (BN = PN) ~
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DM Detection

1 Relic Density + Direct Detection

3.0F

251

2.0

K11

15

10r

051

L L L L ‘ll' \'l.
100 200 300 400 500
My (GeV)

600 700

0.7

0.6

0.5¢

0.3

0.2

0.4r

150200 20 300 30
mp, (GeV)
[SG, S.Lee, J.Wells 2009]

100

Mw = 250G6V, mp = 12OGeV, R11 = 2.0, Shp = 0.257 K3p = ]., my = 1TeV
Shaded:

opir 210743 cm? (dark);

>10~* cm? (medium); > 10=% cm? (light)
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DM Detection

Direct Detection Experimental Limits (Old)

< DAMANa

DAMA/T
“CDMS (2011)

CDMS (2010)

104

10%
XENON100 (2010)

EDELWEISS-(2011) /
‘_3/

104

XENON100 (2012)
Buchmueller et al

WIMP-Nucleon Cross Section [cm?]

XENONIT (2017)

| L | L

6 78910 20 30 40 50 60 100 200 300 400 1000
>

WIMP Mass [GeV/c']
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DM Detection

Direct Detection Experimental Limits

T o " httpY//dmtools brown’edu
—38| Gali skell,Mandic,FilippLi

44|

(=}

[sz] (normalised to nucleon)
&

DATA listed top to bottom on plot

S
5

—section

CoGeNT, 2013, WIMP region of interest, SI

5

DAMA, 2000, Nal-0 to 4 combined, 58,000kg—days, 3sigm

S
T
|

CDMSII-Si (Silicon), ¢58 95% CL , SI (2013)

Cross

CRESST Il commissioning run (2009) extended to low mas;

XENON100, 2012, 225 live days (7650 kg~days), ST

b
=)

—
et 1y 1] ool | L
1 2 3 — LUX (2013) 85d 118kg (SI, 95% CL)
10 10 10 - —-—-
- -

WIMP Mass [GeV/c’]

@ DAMA vs. XENON/LUX puzzle
@ What's going on? @

—_
S

LUX (2014/15) 300d projection (SI, 90% CL median expect

Xenonl0T, G3 expected sensitivity (2013)
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DM Detection

DM at Colliders Il

@ Example: Supersymmetry

i br. g "
K
e X a /N
s R N o_-
I ’ in ) by
N ~N
~ N 3
N
N

@ LSP leads to “missing momentum” L
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DM Detection

Higgs decay to DM

@ Higgs decay and BR
o If my>2My : h—1tp  Invisible Decay!
o Decay channels: h — b, bb, WW , ZZ | tt

10F

0.8 0.1
x 06 x 001
o o

0.4

0.001;
0.2
0.0L as ] 1074 .
100 200 300 400 500 100 200 300 400 500
my (GeV) mp (GeV)
Mu, ~ 59GeV, Sh = 0.25, K11 = 2.0, R3¢ = 1.0, my = 1TeV @

NB: Relic density not enforced



Dark Matter

Neutrino mass

Neutrino Mass Generation

Questions
@ What is the scale of m,
@ Is the v a DIRAC or MAJORANA particle? (Is Ly good?)

@ Which mass spectrum?

m, m,
m
1
mZ
m, my— T
NORMAL INVERTED DEGENERATE

@ Is there CP violation in the lepton sector?
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Neutrino mass

Neutrino Mass Generation

Questions
@ What is the scale of m,
@ Is the v a DIRAC or MAJORANA particle? (Is Ly good?)

@ Which mass spectrum?

m, m,
m
1
mZ
m, my— T
NORMAL INVERTED DEGENERATE

@ Is there CP violation in the lepton sector?

Possible Answers
@ Dirac v : Add vg with TINY (107'?) Yukawa coupling
Type | seesaw: Add vg and a BIG (10" GeV) mass
Type Il seesaw: Add SU(2) triplet scalar £ with TINY (0.1 eV) VEV
Type 1l seesaw: Add SU(2) triplet fermion =

]
]
]
@ Extra dimensions: Add BULK vz with BRANE coupling to v L



Dark Matter

Conclusions

Conclusions

@ Standard Model has shortcomings

@ Theoretical: Gauge (& flavor) hierarchy problem
@ Observational: DM, BAU

@ Beyond the Standard Model physics can resolve these
@ Supersymmetry, Extra dimension(s), Strong dynamics, Little Higgs, ...
@ Are any of these ideas realized in Nature?

@ Desperately seeking experimental guidance
@ Experiments poised for discovery?

@ LHC7,8 constraints already nontrivial.
LHC14 high luminosity run crucial

@ DM Direct, Indirect detection

@ Flavor and precision probes
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BACKUP SLIDES



Yukawa Couplings

Yukawa Couplings
@ No Zbb protection
© DT Lyuk D At Qb + Ap QuT¢hg + hoc.

@ With Zbb protection
® ST Lyuk D A Tr[QE] tr + hoc.
O TT Ly D ATe[@uEwy, | + A Te[Quzwy, | + hec.
@ b Yukawa requires triplet bg

’ "
ty ’ tp "

’ " = X s X
(1,3)2/3 ® (3,1)2/3 = ¥, DW= | V2 :’/ ®| V2 tbu
1
w-d) \ -3

_ ’ ’ _ 7
Lvate D AbTr{QszbR] + ,\bTr[QszbR] + h.c.
b such that new w;, w;’ > 3 TeV, so ignore them



WED pp — g(l) —> tt (semi-leptonic)

IWarning!!! Very rough estimates!

® o(M,m =2TeV, VS =14TeV, knR = 35) ~ 600 fb

o L(Myy =2TeV, /S =14TeV, krR =35) = 1.2/~
@ 14TeV - 7TeV : o(g™ =2TeV) falls by a factor of 25

o L°(Myn =2TeV,V/S=7TeV, krR =35) = 30fb~!

(Assumed : Bkgnd falls with same factor)

® L% (M =2TeV,V/§=T7TeV, knR=7) = 1fb"}



Bulk EW Gauge Sector

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

Symmetry Breaking:
e By Boundary Condition (BC):
Zx(—,+) means Zx|,—0 =0; 0yZx |y=rr =0
° 5U(2)R X U(l)x — U(].)y . (WE’, W,%,X) — (WE’,B, Zx)
A—>(+7+)' Z— (+a+)' ZX - (_a+)

_ 1 3 _ . + _
° ZX_M(gRWR ng)%( a+) ) WR %( 7+)
o B= m(gxwg+ng)+(+,+) C WE S (+,4)



Bulk EW Gauge Sector

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

Symmetry Breaking:
e By Boundary Condition (BC):
Zx(—,+) means Zx|,—0 =0; 0yZx |y=rr =0
° 5U(2)R X U(l)x — U(].)y . (WE’, W,%,X) — (WE’,B, Zx)
A—>(+7+)' Z— (+a+)' ZX - (_a+)

—_ 1 3 _ - D W -
° ZX_M(gRWR ng)%( a+) ) R %( 7+)
o B= m(gxwg+ng)+(+,+) C WE S (+,4)

@ By VEV of TeV brane Higgs
° 5U(2)L X U(].)y — U(l)E/\/lZ (WE, B,Zx) — (A7Z,Zx) gy



Gauge EW KK States

Gauge Boson
@ “Zero” modes: A® 7 - yw©
o First KK modes: A®), zW, z8 5 77 w® wd
EWSB mixes :  Z® &z ; 700 & z0 . 70 o 71
WO < w® w2 e wd s wh e wd
Mass eigenstates :
@ “Zero" modes: A, 7 ; w=+
@ First KK modes: A1,21,2X1 -7 V~VL1’|ﬁ/R1 Ve



Z' Overlap Integrals

Define: ¢ = VknR =5.83

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

’ H Q? ‘ tr \other fermions
IH][ -2 +026~1 ] -2 +07¢~39 | —18 ~ 02
I 025~12 0.7¢ ~ 4.1 0

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

oL RY" {GQIA1 w8z (T2 —styTQ)ITZy, +

gz (TR —s?Ty) IZx, u} VLR %



EWSB induced Z/W* W~ coupling

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

Using Goldstone equivalence: 7

In Unitary Gauge:

w+
Wﬁf W
A 7%771: VA LLL%i

w-

Even though & - (

v _\2
MKK) suppressed ...



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




Widths & BR's (For Mz = 2TeV)

Ay Z Zx1

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

Tt 55.8 0.54 18.3 0.16 55.6 0.41

bb 0.9 8.7x1073 | 0.12 103 28.5 0.21
ou 028 [27x1073 0.2 1.7x10~3 ] 0.05 4%x10°%
dd 007 [67x107*| 025 [22x103| 0.07 |[52x10°*
Il 0.21 2x 1073 0.06 5x 1074 002 [12x10*

Wrw, | 455 0.44 088 | 7.7x1073| 50.2 0.37

Zih - - 94 0.82 2.7 0.02

Total 103.3 114.6 135.6

&




Total Widths

Z' Total Width

(Mz =2TeV] A | 2o [ Zxa | &
[ T (Gev) [[103.3]114.6 [ 135.6]




pp —~ 2 — WTW~ —/lvjj

Mer = pr; + P1, + PT

Diff c.s. [fo/GeV]

Mty = 24/PT, + miy

My and My

0.1 T T T T
2TeV Z My ——
2TeV Z' My ====---
.......... SM My -eeee
0.01 |
0.001
le-04 : L
1000 1500 2000 2500 3000 3500

4000

Mww: Mrww (GeV)



pp = Z'— WTW~ = (v jj (Boosted W — (jj))

jj opening angle S—
" ! y T 0.025 :
of e 1 Z'no Smr

SMno Smr -------

ot ] [ I H Z'Wi Smr eeeeeee |
of ] L SMwSmr e
ol 7 0.015 :
5r -
o 7 0.01
5r -
o 7 0.005 [,
Lr 4 i
o L L r—

| P .
0 005 01 0.15 0.2 0.25 0.3 0.35 0.4 045 05
28; Mgt (GeV)

j j 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 4+ ECal (2 cores?) have better resolutions [F. Paige; M. Strassler]



pp—~ 2 — WTW~ = /lviv

Diff c. s. [pb/GeV]

2 v's = cannot reconstruct event

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

1le-09

Di-lepton invariant mass

‘ :
2TeVzZ ——
3Tev Z
SM WW
SMTT -

M

Mesr = p7,, + pT,, + BT

0.001
le-04

le-05

Transverse mass

T T
2TeVZ ——
3TevZ
SM WwW
SMTT

9 L
0 1000

5000

2000
My

Mty = 24/PF,, + M,

L needed: 100 fb~! (2 TeV) ; 1000 b1 (3 TeV)

3000 4000



pp—~ 2 — WTW~ = /lviv

Cross-section (in fb) after cuts:

[2TeV [ Basiccuts [ [ne| <2 ][ Mer>1TeV | My >175TeV [ #Evts [ S/B | S/VB
Signal 0.48 0.44 031 0.26 26 09 [ 49
WW 82 52 04 0.26 26
T 77 5.6 0.045 0.026 26

[ 3 TeV H Basic cuts [ [me| <2 [ 1.5 < Mg < 2.75

25<Mr <5 [ #Ewts | S/B | S/VB

Signal 0.05 0.05 0.03 0.025 25
Www 82 52 0.08 0.04 40 0.6 3.8
TT 7.7 5.6 0.015 0.003 3

# events above is for
@ 2 TeV:100 fb!

@ 3 TeV :1000 fb—!

&



pp =2 - WTW~ = /lvjj

Cross-section (in fb) after cuts:

[ Mar | Mry, | M | # Evis | S/B | S/VB |

l Mz/ =2 TeV H PT Ne,j
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

[ Mzi =3TeV | [ [
Signal 0.37 0.24 0.24 0.12 - 120 0.17 4.6
WH1j 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—!




pp— 2 —Zh— (0~ bb (my =120 GeV)

Diff c.s. [pb/GeV]

Z h invariant mass Zpy
0.001 T T T T 0.01 T T
3 2TevZ
1e04 3TeV Z' =------ 0.001 k-,
€- SMZb - 7
5 le-04
SMZbB s
1le-05 B o le-05
X le-06
1le-06 E 1e-07
1e08 [T
1le-07 E
1le-09
1e-08 ‘ ‘ : 1e-10 ‘ ‘ ‘ -
1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500

Mz (GeV) prz (GeV)

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



pp— 2 —Zh— (0~ bb (my =120 GeV)

Cross-section (in fb) after cuts:

l Mz =2 TeV [ Basic [ pT,M [ cos Oz, [ M, b-tag [ # Evts [ S/B [ S/VE
Z' — hZ — bbi/ 0.81 0.73 0.43 0.34 0.14 27 1.1 5.3
SMZ+b 157 1.6 0.9 0.04 0.016 3
SM Z + bb 135 0.15 0.05 0.01 0.004 0.8
SM Z + g, 2720 48 22.4 1.5 0.08 15
SMZ+g 505.4 11.2 5.8 0.5 0.025 5
SM Z +c¢ 184 1.9 1.1 0.05 0.01 2
[ Mz =3TeV | l l l l l l l
Z' — hZ — bbit 0.81 0.12 0.05 0.04 0.016 16 2 5.7
SM Z+ b 157 [ 0.002 | 0.001 [ 3x10~% | 12x10°* 0.12
SM Z + bb 13.5 0.018 0.014 0.002 0.001 1
SM Z + g, 2720 1.1 0.7 0.1 0.005 5
SMZ+g 505.4 0.3 0.2 0.03 0.0015 1.5
SM Z + ¢ 183.5 | 0.03 0.02 0.002 4x10°% 0.4

# events above is for
@ 2 TeV:200 bt o
@ 3 TeV: 1000 fb—1!



pp—=2 —=Zh: Z—jj; h—>WW" —jjlv
(mh:15OGeV)

Miq, and My

- — 2 2 2 2
oot ‘ " aTevz my, — MTZh = \/pTz + mz + \/pTh + my
te0s [ 2TeV 7' My

3TeV Z' My,

3TeV Z' My

1e-06
[~
1e-07

1e-08 F

Diff c.s. [pb/GeV]

1e-09

1le-10 L L L L
1000 1500 2000 2500 3000 3500 4000
Min, . Mr (GeV)

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

Z — hZ — CEr () U) 2.4 1.6 0.88 | 0.7 | 054 54 2.5 115
SM W jj 3x10" | 355 | 12.7 [ 0.62 | 0.19 19
SMWZj 184 045 | 0.15 | 0.02 | 0.02 2
SM W W 712 0.54 02 | 0.02 | 0.01 1
[My =3 TeV_my = 150 GeV_] I I I I I I I ]
[ ZZ—>hZ—CEr(j)G) [ 026 [ 02 [ 014 [006 | — [ 18 [ 1.2 | 47 |
[ SM Wjj [ 3x10* | [ 41 Joos | — [ 15 | | |

#+ events above is for
@ 27Tev:100 bt %
@ 3Tev:300 b~ !



M, =2 TeV Basic | pr¢ | Mo | #Evts | S/B | S/VB |

Signal 0.1 0.09 | 0.06 60 0.3 7.2
SM ¢4 3% 10° | 5.4 0.2 200
SM WW 205 0.03 | 0.002 2

#+ events above is for

@ 2 Tev:1000 fb— !

Experimentally clean, but needs a LOT of luminosity



Diff c.s. [pb/GeV]

10
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ttinvariant mass
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3
% 0.001
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E 1e-05
1e-06
s s s P e e P AT
500 1000 1500 2000 2500 1000 1500 2000 2500 3000 3500 4000 4500 5000
pre (GeV) M, (GeV)
[ My =2TeV [ Basic | p7 >800 [ 1900 < My < 2100 |
[ Signal [ 17 [ 7.2 [ 5.6 |
[ SM tt [19x10° | 311 | 19.1 |
[ My =3TeV [ Basic [ py > 1250 | 2850 < My < 310 |
[ Signal [ 17 | 05 | 0.45 |
[ SM tt [ 1.9 x10° | 4.1 | 1.1 |




W' width
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BR(\X/L)* o XX) BR(\:VR‘+ - XX)
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W'* 5 tb— fubb

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)

bEVt2 —— tEvt4 ——
pT{pTtot pT{pTtot

ocoooooo0o
oRNvRrODN®

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

bEVt4

tEVt3
pTi/pTtot pTy/pTtot




W'* 5 tb— fubb

Jet Mass : ConSiz=0.4, VetoFrac=0.25 Jet Mass : ConSiz=1.0, VetoFrac=0.2 : 2 TeV
0.014 T 0.018 T
b-jet | b-jet i
0.012 tjet ==----- q 0016 t-jet ------- \ H
0.014 | o 1
0.01 B H H
0.012 H Lo i
0.008 1 oo} i i 1
0.006 . 0.008 ’ g
el 0.006
0.004 B
0.004
0.002 ":... 1 0.002
0 e 0
0 50 100 150 200 250
Jet Mass (GeV) Jet Mass (GeV)

Jet-mass cut: cone size 1.0 and 0 < jj; < 75 =0.4% of top fakes b
L needed: 100 fb~1 (2 TeV)



W'= — ZW and W h

W'= = ZWw:
o Fully leptonic — £ : 100 fb~! (2 TeV) ; 1000 fb~! (3 TeV)
o Semi leptonic —£ : 300 b~ (2 TeV) (SM W/Z + 1j large)



W'= — ZW and W h

W'= = ZWw:
o Fully leptonic — £ : 100 fb~! (2 TeV) ; 1000 fb~! (3 TeV)
o Semi leptonic —£ : 300 b~ (2 TeV) (SM W/Z + 1j large)

W= = W h:
e my~120: h— bb
o What is b-tagging eff?
e mp~150: h— W W
e Use W jet-mass to reject light jet
L needed: 100 fb~1(2TeV) ; 300 fb~! (3TeV)



Warped States

e Warped (RS) model
o Heavy EW gauge bosons : 3 neutral (Z’) & 2 charged (W'%)
o Precision electroweak observables require Mz, , Mwlj: =2 TeV

@ Makes discovery challenging at the LHC
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