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Many: challengesias LHE approaches

Critical guestions:
a Are we optimizing existing searcnes?

s Are we deingall the searches poessikle?

Models

a Lower-Scale: Supersymmetry, Little Higgs

s Higher-Scale: Strongly Interacting theeries, Extra
dimensions

EGCUS today: o extia aimensiens

s Bonus: Way tor learn about: quantim: gravity.
and strengly Interacting physics
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AtNew View: eff Weaks Secaler Paysics

Many: new: results;in physics I Iast tenryears

SOME. of the most exciting| Involve extria
dimensions e space

IntAguIng pessibIlities for our UnIVErSe: hoth
theoreticall anal expermental

Waliped geometny plays:a central rele 1n; sting
theory. teday,

Walipedigeometny has particulany interesting
Signatures: resenances!

Critical to explore: theoretical possibilities, and
exXperimental ConSeqUENCES

Lesson? Higher energies?



Branes:

Distinguish
dimensiens aleng
a prane: frem
those
PErpPendicular to it



IHigher-dimensional werd Iniwhich particles and
matter are stuck i a krane

Drawn as
y4D)

Really 3D
And really

infinite




With' Brranes, Weve: found Warped geometny
SeIULIeRS that previde:
New way: ter nide dimensiens
New: Concept off eur place In the URIverse
NEew: wWay 16, explain Weakness; of gravity,
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Need “fine-tuning” to get very different
masses

Key issue in particle physics today

One that will be resolved at LHC

Energy

10* GeV
10'8 GeV
105 GeV
10" GeV
10° GeV
10° GeV
10° GeV
(TeV)
GeV
1073 GeV

(MeV)

107 GeV
(keV)

« Planck scale —

16 orders of magnitude

— weak scale —

-— proton mass —

- electron mass -

Length

10 ¥ em

107 cm

107 em

10 em

102 em

108 em

1075 em

1072 cm

10% cm
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Barnett Newman: Broken Obelisk



eTWO branes

*Gravity will be concentrated on
Gravitybrane

But we live on a second brane:

eThe Weakbrane/TeV Brane




Smalll prelhanility: for
glraviten: te; lse near
the \Weakbrane

[fFwerlive anywhere
PUL the: Gravitybrane,
glravity: wWill'seem
Weak

Natural conseguence
of Warped geometr

ds* = gyydr™ dz" = E:':""';i:w dr*dr” — dy*




Can understand
weakness of gravity as
things being bigger
and lighter on the
Weakbrane




SO ESHIIESSHESCAIET

KIREUC termihas 2 POWErS ofi Walp: factor:
Mass: termihas 4

ResulitIs mass rescalead

I fact War) factor: ISHike: confermal factor

So...IIt modes; localized near lieV. brane
EXPECt TTeV meass

flurns out te be: true for all modes; near
e\ brane



Search fier new particles!
= EVepviglirle] rlgelf Weeld orelnle selatllel rletve FaV prlzisgs
palticles
Caliiny memenRtum; IRl extra dinensions
Looks like mass! in 4 dimensiens

LHC will-have the right energy. to search for
conseguences of this theory.



WilISSE2aICiarSeoIn:
aideiFadienCollicerair CERN

«Collide together two proton beams: make new: particles



EXpermental Signais
TeV-scale Graviton Resonances!

“1 Protons collide

Produce a Kaluza-
Klein particle

Which [Decays ﬁ
Definrte mass
SpPectrum and
“spin”’-2 %




Obhservable KK modes

In RS1, KK spectrum Very: distinctive
eV, 2 TeV, 3 TEV (reugh) spectrum

eV scale modes localized! on weak brane
IHave “warped” gravitational interaction

So) 1/T7eV scale’ graviton; interaction with
StandardiViodel particles (not: 1/Vs)

Muchr strenger: than gravitationalil



w5 1000
Vs {GeV}

Fignre 4: The eross section for ' e ™ — g including the exchange of a KK tower of gravitons in
the Randall-Sundrom model with mey = 500 GeV. The eurves corvespond to /AW P = in the range
(.01 — (L05.




lffyou preducera KK mede: off the: gravition
NOL just missingl energy!

Moede decays Inside detector—just like most other heavy
particles we hope to diSCOVEr

MeansiWe' canl recenstruct mass, spin (We hopel)
Weuld e first genuine signature: off guantums gravity.
Graviton Iiself toe weakly: interacting ter detect directiy,
INOL true for its KK medes!



Davoudiasl, Hewett, Rizzo




graviton has;spin 2
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RSA gives clean TeV-KK-graviten signal

One of first things: LHE could fina

SpIn-2 anad gap In spectrum; definite ndicatien of
Waliped extra-aimensienal gecnmetry

Could also exist lets ofi strongly iInteracting lreV-=
scale: phaysics te complement this measurement



e faned Motes

fioccinti e Hierarenv.a




\/ariations ofi RS1.:

matter in bulk or 6n Prane??

erkeyAeailes gainekEN bl kEniatte);
BOSSI9IE

> Size of fiiith dimension; extremely: smalll (enly,
apeut S0 times fundamental scale—
expoenentialfnierarchy)

- Veans: coupling wen't be tooe diltied/weak
> You enly need Higgs onl the \Weakbrane te

adaress the Rierarchy.

Problem only for the Higgs scalar: gauge hosen
andl fermioen masses are protected



Because: 5D cut-ofitis Planck scale
v Allews for unification!

Allewsifer interesting model-pullding:

7 EErmien mMasses; fliem Waveilnction; everlap
withr Higgs field (en\Weakbrane)

We'll see that bulk scenarios have
cligilnleive slejrieiitlfes



Might expect nentrviall profiles
Masses depend on everap with IHiggs

Expect light fermiens localized near
Planck/Glrravity’ brane

Fop near \Weakbrane: SInce It's Reavy.




BUlkERS

Varation off RSL: fermions and gauge
BESENS N bulk

[Hierarchy Just like: before
BUit flaver, unification pessikilities



RIChEr Spectrum

KK mMedEes of

s \Veak DeSeRS

s Gluons

s Fermions

x As Well'as gravitons

BUL...lower Production Cress Section for Graviton

Plus; decays: prmarily: inte: teps
a Changes search strategies; diramatically,



Planck
brane

Gluon KK

wavefunciton Te
brafe




Eightr guarks: are: localizedr away: firem
IHIgQs

x Hence away. firom TieV. brane
x N Drell-Yan preduction frem guarks

Gluens are spread througheut the: bulk
x Coupling ter graviton velume-suppressed
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w/Liam
Fitzpatrick,Jared
Kaplan, Liantao
Wang
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See also Ag

Davoudiasl,
Figure 1: Cross section of KK-graviton production. Soni
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Figure 1: Branching Ratios for graviton decay to scalars and quarks.
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Figure 1: Relative mass spectra in units of ke %™ of the KK excitations of the fermion
ficlds as a function of their bulk mass parameter 1, as well as for the graviton and the gauge

boson fields as described in the text.




Planck
brane

Gluon KK

wavefunciton Te
brafe




Gluen KK mede' coupling te) light guarks:Is
MUCH BIGYEr thar graviten

s Gluen KKEmoede wave flinction’ peakead at eV,
prane

s BUE relatively: flat i lsulk

Alser expect gluen KK mode: lighter By
factor 1.5

Einally ne 14/
ViUChNa@Er reachfer gilen KKSmede



Understand from dual point of view in terms of gluon KK
mixing-vector meson dominance

Note only gluon production from quarks.

At tree level, gluon coupling vanishes.



Gluon wave function



ow+1 Ji(z02) + ap Yi(z)2)
|J1(zf) + afYi(zd))
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Total cross-section for production of the first KK gluon. as a function of KKK mass




w/Ben Lillie,
Liantao Wang

LT b
, -

109 |

10710 }

1000 2000 3000 4000 5000 6000 7000 8000
My (GeV)

See also Agashe, Belyaev,
Krupovnickas, Perez, Virzi



K

107

10°°

—
P W P EL L

e LY

P e by o

107§

i
o e —————
[ -
d
o i i By
PN SN
A

-8 1 1 T HH

0

1000 2000 3000 4000 500 6000 7000 8000
M, (GeV)

: Invariant mass distribution of the decay products for several masses of the KK gluon.
“BG7 1s QCD dijet production. All jets are

umes all ## events are fully collimated.






Efficient teprjet identification; reguireds
especially e neavier KKglueRs

Could be:

s [op Jet mass measurement
s Detailea substructure ofi Jets
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Figure 9: tf invariant mass distribution for signal plus some background assuming various values
of the t-tagging fake rate for a resonance at 2 (left) and 5 (right) TeV,



AlSerElectroweak Sector
Neuitral:

s Agashie;, Daveudias!, Gepalakrishna, Ham,
Huang, Perez, Si, Seni

SU(2) xSU(2)-xU(L) framework
[Decays o) tops, bettems dominate

Bt alse decays to)leng W, Z, Higgses
2. TeV at 100 fior



Chaleed EVWSECLo)

Agashie, Kepalakrishna, Ham, Huang, Seni

Ohsenved tep/hottom: final state aveids
reducible background (gluen KK @CD)

AlSe accessible leptonic Moedes
s (Leng W, Z)
2. eV 100 i



SUImMIMaIRASe el

Weak:scale physics should e testable at LHC
Including RSI, Whatever the implementation
Best signature: spin-2' resenance: and mass; gap
I Bulk; gluen KK moede: will' e Important
[Decays Inte teps chitical

Challenge Is 1o maximize energy. reach

BUt ope oK pinning this down






Small-higher-dimensienal black heles?
SInce GeEGMELNIC Cross section

M~TeV=>~100 pb cross section

Not suppressed by gauge couplings or phase space factors



Claimrwas multiparticle: final state

Sphencally distrikuted: particles in all
directions

Characteristic of Hawking radiatien

k“ ?
L &

1k
=i
. -




w/Patrick
Meade

LHC unlikely te make classical black holes
states that decay Withrhigh multplicity: via
IHaWKIng radiatien

flheshoeld abeve Vi

Not all'energy trapped behind hernzen :
INEelasticity,



Vigy=IV]

m AS advertised, not even convention
Independent

2/ (M/2)<R<

s Vore striingent Version of alkove

5 ADDI(n=6) Mg, =4 —almoest at expermental
limit

s RS Mg =16NM-—IF taken serously, Bhs already
out of reach



SmalllDACK reaction on temperature
e / e

I\/Iodel de
mass Vs.

Individua

8] <<1; weak constraint that is readily satisfied

pendent constraint on black hele
oane tension.

degree of freedem should canry

smalll fraction; ol mass: (n=+3) Ii<M

Black hoele Ilfetlme PIGQEN than 1/I\/I

Really black hole lifetime: greaterr tham Rs

ADD: X

min>3
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Al Js rlai [es

s Petentially, much more: prolifically: produced 2
POy finalistates

a Uncalculable, but distinctiverexpermental
signatures; that willtdistinguishi amoeng mMedes

s Might: teach Us, aneuls guanilim. gravity.



2 Quantites
m Differential Cross) Section
s R {ells s anout angular distrbution

x Key peint Is guantum; gravity: events much
jaKrder scattering than Standard Vedel @CD




Figure 6: In the upper plots do /dM;;(units of pb/GeV) vs M;;(TeV') is plotted for the case
of SM QCD background, and a n=6 ADD model “black hole” behavior with Mp=1.,2.3.4
TeV and r,,;, = 1 in the lefthand plot and a RS1 black hole behavior waith M = 1,2 3.4 TeV
and r,:, = 1 in the righthand plot. For other values of @,,;, the curves simply start at the
corresponding dijet mass. In the lower two plots the R, is plotted for the same parameters.




Figure 8: In the upper plots do /dM;;(units of pb/GeV) vs M;;(TeV') is plotted for the case
of SM QCD background(thicker curve), and a toy stringy behavior with M =1 TeV in the
letthand plot with ~ = .1,.3 and M.=3 TeV 1n the righthand plot with ~ = .1, .3, .6. In the

lower two plots the R, is plotted for the same parameters.




Black hoelesinet: as spectacular” as

advertisead
BUI

Lots of Infermatien abeut quantun: gravity,
pured In 2-=21

Initialfincreaserin: rate el more: central
PrOCESSES alWay/s BCCUIS

“Black hole”, string resoenances, different
forms for string, Z* all distinctive



EVery time we've explered smaller or larger
lengtirscales, we've fieund new: pPRenemensa,

New connections

s Could be KK modes
a Could lbe “compesiteness effiects™
s Could lee other moedels...

Viere Connections are there—we Just have to
find them

Secrets of the universe: are about te unravel



Hidden riches In the universe

WEE-
™ —
-- T. e -I .
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