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Since 1930's  (Kaluza- Xlein)
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The thdsig of Extra Dimensions

S Planckian”

There are many -d‘.ﬁzmn'r models with

exfra dimensions b
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Hiﬂf&rc}\lj Problem
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Corrections
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these theories |
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P'ngsir.s of 3-branes : aTrin3 theory

~ bulk graviton

frﬁé Gnuat. Theories live
3+-D on the bhraune

i Gausa pur‘l’ic.les live ot end of s’rr'm35
: STriﬁsa ¢an pop off of brane

= are nedlral with no qouge charges
= bulk gravitons

N.B, s This is a very simplified picfure ...,
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A 3-brane Universe

Ctondard Model
3 : forces stuck on 3-brav
Grovitalional fields

spread. oul over
all spocetime

fire grovitational fields diluting Yoo %uiclﬂg?
2 Exira dimensions must be Compactified

l
cecover oo ¥ 7t on the brane



Ccmpad'i ficalion

RBulk fields e.:rpnnd' inTo  Kaluza- Klein Towers

i) } Q 5-d Kinelic motion
\ : \

appears os Moss

in 4-d

= Gef Kaluza- Klein Tower stole for each
5-d revolution
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Laraé, Extra D'xmtnsjp_ns_ Arkan - Hamed,

Dimopoulos, Dvali
SLAC-Pul - Fgo0t

Mativation: Solve the hiarufr.h-ﬁ problem bﬂ removing #!

3mM felds ore constrained To
the 3-brane  (+he wald

% Gmui"tg s allowed Yo propagate

in the n extra dimensions (the bulk
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= TeV
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Constraints from Covendish-Type experiments
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CﬂnsTrn.in't-s from  Asteo/ Cnamnlnﬁlj

Cullen + Pecelstein
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NN = NN *Go can cool Supernova Yoo fapidly

o s Rua Flux Hall + Smith

Y7 2 G2 ¥¥  produces Too many Soft ¥4
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_Bulk Metric:  Linearized Quaslum Gra.vi’ra

G N hﬁglx*' %) A=0,...3+§
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Decomposition of Graviton Field- Strength Tensor
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G‘ raviton- fermion  Lnteractions

Spin 1 KK stafes @ Tua®=0

Spin O KK stales: Top=0
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Spin & KK states: Given by linearized G.R.
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Search for N Deviations n Standard processes |
D New processes !

 Graviton tnuplr.s- ) universally to everything
B via stress-energy Tensor

ﬁngu\ar distributions reveal spin-2 exchange
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Poor - Theoiet ical confroll
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Graviton 'Exchanqe

Polarized .~ Dist’btn
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Deviations in SM processe
Search for new processes
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JLH
Search Reach
at 95% CL

Vs = 1000 GeV 7.2
7 —> WW Vs = 1000 GeV 13.0 | (1 Tev)

6.0

Angular Dist’btns reveal

spin-Z exchange!

Confidence Level of fit of
spin-2 data to spin-1 e
hypothesis

Spin-2 determined almost
Up to kinematic limit !

“; ‘Je=500 Gav = T (TS WS T
- L="Srb" / -
ﬂ.i_—
: / Va=1000 Ga¥
nal- / L=200 rby'
L f'l
B |
)

ol

0.0

JLH



Large Extra Dimensions
M2, = Vs M.2*%;  Solves hierarchy if M. ~ TeV

Graviton Emission:
SM stuck to brane

: ? Gravity propagates iné;ulk
R g A Graviton appears as £
G‘iuditr.l Ru‘l‘l’uitir e ¥

Han, Lyk¥en, Zhan
M ra '|:n*.::=.'l.‘-r Fticl&hin? fes

Discovery Reach in TeV for M.

-

e'e” — y+G, Vs = 800 Gev 2 4 6
resid | LC P.=0 59 S$E 25
e Lt P =08 8.3 44 29
LC P.=08P,=08 104 §1 33
TS | pp g+ G 2 3 4 Pc:.wgt wh
T ']
eds | He 4-89 45-68 50-58|Fheckue
Hinchlitfe + YocavanT vali

—Discovery likely at LHC/LC
—LC probes theory

Spectrum varies with &
as Vs increases
= Determine M. and 8 !
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Figure 2 Total ote™ —+ v + nothing cross-section at a 1 TeV centre-of-mass energy ete-
collider. The signal from graviton production is presented as solid lines for variows numbers

i of extea dirension {§ = 2,3.4,5). The Slandard Model backgronnd for unpolacized beans

Ti

is given by the upper dash-dotted line, and the background with 90% polarization is given
by the lower dash-datted line. The signal and background sre computed with the requirs-
ment B < 450 GeV in order to eliminabe Lhe 72 — 47w contribution to the background.
The dashed line ia the Standard Madel background sublracted signal from a representative
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&Apersﬂmmﬂriu Bulk TR, Sade

Motivation ¢ Embed ADD in .s‘l'r'ms theory
Stabilize size of dimensions
N=2 SUSY in bulk breaks To N=1 SUSY on brane

Full Supermultiplel in bulk
Compactify = KK towers of gravifons AND growitines
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Supersymetric Large Extra Dimensions

» Exchange KK towers of Gravitons and Gravitinos!

» Large t-channel contribution to e'e- — e*e- from

Gravitino exchange

m- T T L] T 1 T T
[ E-L.E E-r"}Ef.E
40000 5 =500 beV
J = ROD -ﬂ;l

30000 |~ P=%0%

-
R

T —I T T T T

n
(23]

Sensitivity in excess of M. ~ 10 TeV @ s = 500 GeV

Unigue sensitive probe to a supersymmetric bulk!

LHC: Small signal in squark pair praduction
gluino production needs to be studied



Te,\f" -size txTra Dimensions

AnToniadis

The SM gees wnfo The bulk!
Many_ model building Choices

* fre SUG), SU)L, * Uhy oll in
+he bulk T Some # of clims ©

i \-\'1335 in bulk or on Yrane

* Fecrmions + fived points

*in bulk

* \ocalized ol various poinfs
on o thick bhrane

For simplicity, examine 1 exira dimensien

Compoactified on S/, Cifdiaf radius R!{:alied)
\hna



TeV-! Extra Dimensions (Fat Branes)

* Arise naturally from string theory RArfoniadis
* Mechanism to suppress proton decay fir howi - Homed,
Schmal

Gauge bosons free to propagate in R, ~ TeV
= Degenerate KK towers for v/ Z/W /g

Discovery Reach for KK y/Z (TeV): Ala Z' search

}iru‘l'( Runll  2fb! 1.1 Snowmass / LesHouches 'O\ ¢

LHC 100! 6.3 -
:wlmd{ LC s =0.5TeV 500" 13.0 LUC Tndirect Rench

LC ¥s=1.0TeV 500fb" 23.0 | RATLAS Study: M~%TeV
Polese]

LC Vs=1.5TeV 500" 31.0 :
udies JLH, Rizee
d Pheno studi il

Con XX¥XI2 bhe difﬁﬁauiﬁheel Sromw
Gur 2’1 Ritzo

LRC: Me=Y TeV § TeV

b=0 CLewn™ CL*0.3%
D=nR  CL* 3% CLvid%

L]

ce>4F |
{5=1Tev

16*
CL
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_Separdted Fermions

Fermions Con be localized of differedl poinfs in
o thick brane
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Gouge Kk
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Non- Facforizable Curved Geomefry - Waorped Space

AN S
Area of eoch grid
15 Ennuo.\
r "J :
:77 Field lines sprend out
! foster with more volume

= Drop Yo bolttom brone

Grovity appears weak on Top brane |



Localized Gravity ala  Rondal- Sundrum

SM [ TeV-hrone

Bulk = Slice of Rd S .
Two 3-brones of /% ortifod fived points

5-D, non-factorizable geometry
Solutions Yo Einsteins Eqn Lwi 4-D Poincare’]

~2%ee \ B!
d'=e" M dx™ar « 2 a9’
' OL\gl e
U.)m*p {'nﬂ'ﬂf re = Compactification
radius

where  Ag =-24m3 K
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4-D Effective RAchion:
— mll AR
e =2 (e

foe = K~ M, ~ M,

no oddifional hierarchie

P'n-j&'nr.:n'l scales
Ag = f-jmc i M,
For TeV-brone of ¢ =
Beze Mg TV 3 Kecien

Stobilized via

= h',gmn:,hﬂ generated by (voldberger « L)ise
an exponential ! :

Phene me.nnl-ua l.j guuﬁ ned h Y
a |
/A Me, ond Ag # only a free parnmﬂ“:rs!

5-D curvature
e neolechin \

‘nig er-order
curvature Yenns
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1-D  Effeclive Theory :

Linear gxpansion of ot metric

-2Kr 1€l

Gug = & (ri',ﬁ,a* 'Kh,r,p,.\ H=JT\'{:&

Expnnd info KK Yower
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Moot
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For TeV-brane :

KW
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My,

* KK excitabions are nof evenly spoced !
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Groviton emission
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KK Graviton Drell-Yan Slpec"('rum
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Constrairts fom Drell-Yan « di-jet production

1.00 :- T B g | I | g I =T 1;3 I ..-"I lhl '-;-f : T ]
- / i LGS
[ Tevatron L/ f/ 2
i AL e o
L Excluged QP W j
i .
gt - /, piis iy 2
[ f’ =
s ik 7
?; a1npt ) J_e—-._F_,ﬁ'/f Lty -
P £ ~,L/r : SR 2
n-ﬂb — el -I .-'..:-'._ 5 ] - f. TN - : —
= - 1) 1 .':'- ] l‘-' o -
,..,l .-'"'I' « ¥
: ,l"l- 2 ¥ r_.'i- ..
domic -- G
: i ;
noot '::r-ll I .. 2 !-"f. R RN i s T | i e e
-~ @50 a0 50 140003 12350
m; (GeV)
1-'nn :l T | T E) T T T T T T | T T T T I IKI_I.-I T |/I I:
:_ -~ f’; n _
=0 Likc v
[ Excluded Bl -7
023 | L |
& ¥ o
T R e -
By _ ol f
0,00 — f,; -
II..'- =
omef- G
o
0 R R I e
g a 4 6 & 7

m, (TeV)

Figure 1; Exclusion regions for resonance prodnction of Lhe fiest KX grasiton eaeiladicn
in (a] the Drell-¥an [rorrespemding o the dagonsl linea] and dijet {represented by thue
barnpy curves) channels at fhe loevislooo and (b} Drell-Yan procuction at the LHC. u} 'Lhe
salid Furves represent the resnlts for Hun 1, while the dashed, dutled curees carrespmmd Lo
Hun [T with 2, 30 b " of inlegrated lumicoeity, respectively, (b] The dashed, solid curves
corresprmd Lo 10, 100 fh~' . The excluded region lies aboee and o the lell of the curves.
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ptg\in& The SM off +he Wall

Doavoudiasd, TLH, Rizze

/

PRL'OL

. (‘muae Fields in BulK Alone

EW Dela fﬂ? >d3 Tﬂl'. &uin‘.n"\‘r.a Curvalure |
: conshron,

* Fix : Rdd Fermions in the bulk

> Totroduces 3 poromeler

mf“"’“ = yK v ~ QL)

1

Zero-mode KX fermions couple more weakly
thon  Wall Fields

= Serious reduclion n collider s:naﬂ"mi‘ru'. _
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Summary :

Larﬂe Eytra Dimensions:

G‘rn.ui+5 only in bulk.

Finely spaced KK Tower, [ Zstafes yelds ohservabitity
C&nsecbutnu.& for Cﬁ.umdiah-"hjp:., Er.p"‘l‘.

Lorae Rstro/Cosmo Constraints for n=1.

Collider Prohes: Graviten Emission | Presedt:my 2 Te
Exchange | Fuhwe: my b

Tev™' Extra Dimensions *

ngr_ Model Building Cheices |
SM in bulk
Fermions * Fixed points - M, 2 YTev

Localized - Notural supression of p dk
Bulk - Evodes Limits! W % Ubd beV

Lotalized (Gravity:

No new hierarchies |
Oirect Graviton Resenance production
LWC Prnhtﬁ pummd‘tr Space SM on wall

Deastic Ck&nﬁe n Pht‘l‘lﬂﬂtﬁﬁ\bﬂﬂ: SM otf wall
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The Physics of Extra Dimensions

Spring '98: Extra Dimensional Revolution!

Plethora of Models now exist

« Began classification of models and rasulttng phenomenology
Spowmass OB Dowoud;asl, TR, fier

Use Extra Dimensional Geometry to:

« Solve hierarchy problem

« Generate EWSB

* Generate SUSY Breaking

» Generate flavor breaking

+ Generate v masses (see-saw from the bulk)
« Suppress proton decay

v’ Grand Unification possible with power law running  Dienes

: Randa!
+ Progress on cosmological constant problem

Rash of New ldeas!

Implications for Tabletop/Flavor/Collider/Astro-
Cosmological/Precision EW Physics!

Exgt will decide




