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Extra dimensions of spa
e: old ideaT. Kaluza (1921) and O. Klein (1926):attempt to unify the only known for
es at the time, gravity andele
tromagnetismSin
e then, uni�
ation aspe
t is still at the heart of 
onstru
tionswith extra dimensions1980's: strongest motivation.Theories that pretend to be most fundamental (superstring theory,M-theory) are 
onsistent in (9+1)- or (10+1)-dimensionalspa
e-time. They either 
annot be de�ned at all, or have pathologiesin other dimensions.Despite long history, theories with extra dimensions is still a verylively areaNo 
onsensus on how extra dimensions look like.This talk: several popular s
enarios



Why don't we see extra dimensions?Two proposals (or 
ombination thereof)Original Kaluza�Klein: extra dimenions are 
ompa
t

R extra

x, y, z



Quantum me
hani
s: angular momentum of rotation along extradimension(s) is quantized,

L = 0, ±h̄, ±2h̄, . . .

=⇒ Energy of this rotation

E = 0,
h̄c
R

, 2·
h̄c
R

, . . .

h̄ = c = 1 in what followsSmall R ⇐⇒ large E.Ex
ept for L = 0 ⇐⇒ no motion along extra dimensions,no feel of them.We have not yet rea
hed energy thresholdof motion along extra dimensions



Extra dimensions will open up at E > 1/RSignature: Kaluza�Klein partners of known parti
lesWe do not see the motion along extra dimensions. For us, states ofdi�erent angular momenta l look like di�erent parti
les.KK parti
le at rest w.r.t. us: no motion along our 3 dimensions,rotation along extra dimensions

=⇒ energy at rest in 3d sense = l/R =⇒

Ml =
l
RHeavy ele
trons, photons, quarks, ...Regular pattern of their massesKaluza�Klein partners are 
hara
teristi
 of most of theories withextra dimensions. Their properties vary from model to model.



Conservation of angular momentum along extra dimensions
=⇒ lightest Kaluza�Klein parti
les stable

Maybe we have already dis
overed them?



Dark matter in the UniverseUnknown form of matter �lling the Universe, in
luding this hall.Mass density 5 times greater than that of usual matter.Has the same gravitational intera
tions as ordinary matter. Clumpsin galaxies, 
lusters of galaxies. (Almost?) no other intera
tions.

Mass and usual matter separated in spa
e!



Dark matter: ele
tri
ally neutral, heavy, stable parti
les.No 
andidates in the zoo of known parti
les:stable are:ele
tron, proton, but ele
tri
ally 
hargedphoton, neutrinos: ele
tri
ally neutral, but too light

Dark matter parti
les: Kaluza�Klein partners of photon or neutrino?Crazy enough ...

NB: the lowest Kaluza�Klein partner is not ne
essarily stable, asextra dimensions need not be symmetri
.



Uni�
ation

Photon = graviton, but with spin partially oriented along extradimensions
graviton in extra dimensions,

spin 2,along or opposite dire
tion of motiongraviton in 3 dimensions,

spin proje
tion on our spa
e
2×1/2 = 1

=⇒ photon Probably too naive ...



Why don't we see extra dimensions?Brane-world proposal V.R., ShaposhnikovAkamaOur matter resides on a 3-dimensional manifold (�brane�, frommembrane) embedded in higher-dimensional spa
e
x, y,

 z

extra



Is this 
on
eivable?Dynami
al me
hanism:potential well stret
hed along our 3 dimensionssimilar to quantum wire
V

extra

x,
y,

z

V0

Lowest states often have zero or small energy (mass),as 
ompared to V0. These are our parti
les. They freely propagatealong 3-dimensional bottom of the well =⇒ world is e�e
tively3-dimensional at low energies.



Extra dimensions open up at E > V0:parti
les es
ape into extra dimensions.

Depending on a s
enario, es
ape into extra dimensions may bepossible also at E < V0 due to tunneling. This happens if e�e
tivepotential V vanishes at large distan
e from the braneDubovsky, V.R., TinyakovE�e
t of extra dimenions on low energy physi
s



Brane world: support from superstring theory

Superstring theory: fundamental obje
ts are strings rather thanparti
les. They live in 9-dimensional spa
e.Sizes of strings are tiny =⇒ we 
annot resolve them (yet?) andper
eive them as point-like parti
les.Lowest string states = known parti
les, graviton in
luded.However, strings are soft at short distan
es/high energies =⇒ noultraviolet divergen
ies, unlike in Quantum Field TheoryConsistent Quantum GravityClosed strings = gravitonsOpen strings = other parti
les



Open strings have their ends atta
hed to D-branes,manifolds of dimension generally smaller than 9. Pol
hinksiOur world may be one of D-branes
photon

graviton
Brane-world pi
ture emerges naturally



Key issue: energy s
ale of extra dimensionsEnergy s
ales thought to be fundamental:

Strong intera
tions: EQCD ∼ 100MeV−1 GeVUnder study for a long time, presently at RHIC

Weak intera
tions: EW ∼ 100GeV−1 TeVStudy began at LEP and Tevatron. Next step: LHC

Gravitational intera
tions: EG ∼ MPl = 1019 GeVHopeless for 
olliders

If the gravitational s
ale MPl is really fundamental, the energy s
aleof extra dimensions is most probably roughly 
omparable to MPl
=⇒ No way to probe extra dimensions dire
tly.



However,if there are extra dimensions, the s
ale MPl is not ne
essarilyfundamental.Plan
k s
ale 
omes from Newton's gravity 
onstant,
MPl = 1/

√
G4 Re
all that h̄ = c = 1

G4 is not a fundamental parameter in theories with extradimensions. Can the fundamental energy s
ale of gravitybe EW ∼ TeV rather than MPl?This would be a solution to the gauge hierar
hy problem:Why EW is so mu
h smaller than MPl?



Example # 1:

Large extra dimensions Arkani-Hamed, Dimopoulos, Dvali

Gravitational lines of for
e emanating from mass on our branespread over extra dimensions =⇒ gravity gets weak,

G4 =
G4+n

Vn
, Vn ≃ Rn = volume of X-tra dim's

n = number of extra dimensions, R = their size.



M = 1/G1/(2+n)
4+n : fundamental gravity s
ale

MPl =
√

Vn ·M(2+n)/2: e�e
tive gravity s
ale of 4-dimensional lowenergy theoryLarge volume of extra dimensions Vn ⇐⇒ large MPl

M may be of order EW ∼ 1 TeVSize of extra dimensions must be really large, e.g.,

R ∼ 10−6 
m for n = 3 and M ∼ 1 TeVBut only gravitons know about that.NB: Gauge hierar
hy problem reshu�ed, not solved: why R is large?



How does fundamental gravity s
ale M ∼ TeV show up?Kaluza�Klein gravitons of mass

m =
l
RSome are very light:

l ∼ 1, R ∼ 10−6 
m =⇒ m ∼ 5 eVEa
h of them is harmless: intera
ts with our matter at gravitationalstrength G4.However, number of KK graviton spe
ies of mass m < E rapidlyin
reases with energy E:
N(E) ≃ (ER)n

R ∼ 10−6 
m, E ∼ 100GeV, n = 3 =⇒ N ∼ 1031 (!)



KK graviton produ
tion in 
ollisions of usual pari
les rapidlyin
reases with energy =⇒ be
omes dominant pro
ess at E ∼ M.
E > M: Quantum Gravity regime,whatever this means.

NB: single KK graviton produ
tion possible. Be
ause of brane,rotational symmetry along extra dimensions is broken, angularmomentum is not 
onserved.



Example # 2:

warped extra dimensions, spa
e is 
urved along them. Randall, Sundrum

Gravitational lines of for
e get attra
ted to another brane due to
urvature of extra dimensions =⇒ gravity gets weak



Gravitational for
e on our brane exponentially depends oninterbrane distan
e l =⇒

G4 ∝ e−MlG5 =⇒ MPl = eMl/2MVery large MPl with M ∼ 1 TeVand without parti
ular tuning of parameters

How does the fundamental gravity s
ale M show up?Graviton has KK partners with m ∼ M. Their intera
tion with ourmatter is unsuppressed.Again Quantum Gravity regime at E > M



One more reason to think about extra dimensions at energy s
ale
M ∼ TeV: adS/CFTPhysi
s at weak s
ale EW ∼ 1 TeV is something we have noten
ountered so far in parti
le physi
sEle
troweak symmetry breaking, origin of elementary parti
les'masses F. Wil
zek's BSA le
tureSimple pi
ture: elementary Higgs �eld that 
ondenses andbreaks symmetryHowever, many examples in 
ondensed matter theory (andQCD!) show that symmetry breaking may be a 
omplexphenomenonE.g., symmetry breaking in super
ondu
tor due to
ondensation of Cooper pairs rather than elementary �eld
uriously, �rst des
ribed by e�e
tiveGinzburg�Landau theory with elementary 
ondensate



Quest for ele
troweak symmetry breakingin a strongly 
oupled theory

Strongly 
oupled theory we know of:Quantum Chromodynami
s, theory of quarks and gluons.Handful of elementary parti
les, but 
omplex dynami
s: 
olor
on�nement, hundreds of 
omposite parti
les, hadrons.Quark�gluon ��uid�, dis
overed at RHIC.Symmetry breaking is there, but dynami
s is not quite right tothink of similar theory at TeV s
ale (hard to satisfy existingexperimental 
onstraints)

Quite di�erent strongly 
oupled theory: CFTTra
table via adS/CFT 
orresponden
e



adS/CFTOriginal adS/CFT 
onje
ture Malda
ena;Gubser, Klebanov, Polyakov;Witten(no proof, but overwhelming supporting eviden
e):Duality between a 
ertain 4d 
onformal �eld theory∗ and entirelydi�erent higher-dimensional theory∗∗Duality = set of rules relating the two theoriesMost amazing property:Strong 
oupling in 4d ⇐⇒ Weak 
oupling in higher dimensions

At �rst sight, purely a
ademi
 result
∗maximal supersymmetri
 extension of the Yang�Mills theory

∗superstring theory in adS5×S5



Conformal Field Theories in 4dPurely a
ademi
 
onstru
ts at �rst glan
e.

Conformal symmetry in
ludes dilatations, xµ → λxµ .Physi
s at all length s
ales is all the same
=⇒ No energy s
ale whatsoever.Nothing like real worldstrongly 
oupled CFT:
oupling 
onstants are large at all energies.

No interpretation in terms of parti
les.Response to ex
itation by external probe dissipates along light 
one.Conformal symmetry 
annot hold in our world



What does one expe
t from strongly 
oupled CFTwith 
onformal symmetry broken at energy s
ale Λ?Parti
le physi
s interpretation is ba
k.Resonan
es = �bound states� = 
omposite states of CFT �elds.Tower of states whose masses start from ΛQuite similar to theories with extra dimensionsand their Kaluza�Klein towersIn fa
t, this is probably more than similarity.Extended adS/CFT 
onje
tureMalda
ena; Verlinde; Witten; Gubser;Arkani-Hamed, Porrati, Randall; Rattazzi, Za�aroni; . . .(less understood, but still a lot of supporting eviden
eGregory, V.R., Sibiryakov; Giddings, Katz; . . .)There is an entire 
lass of 4-dimensional theories in strong 
ouplingregime that are equivalent to weakly 
oupled theories in higherdimensions



Emerging pi
ture

and its dual in extra dimensions



Message:Some fully 
onsistent and possibly realisti
 theories in 4d des
ribethe same physi
s as theories in higher dimensions.Spin-o�: adS/QCDUnderstanding strong intera
tions, in
luding heavy ion 
ollisions atRHIC, in terms of theories with extra dimension(s)Physi
s at the ele
troweak s
ale may well be best des
ribed bya theory with extra dimensions.The energy s
ale is 
ertainly EW ∼ 1 TeV

In any 
ase, if the energy s
ale of extra dimensions is EW ∼ 1 TeV,they will be probed at the Large Hadron Collider at CERN.



Signatures:Produ
tion and de
ay of Kaluza�Klein resonan
es,
qq̄,gg −→KK state−→ µ+µ−Davoudiasl, Hewett, Rizzo



Es
ape of parti
les into extra dimensions:

qq̄,gg → g + es
aping parti
le

unbalan
ed transverse energy



Sear
h for these and similar phenomena is on the LHC agenda, withdetailed studies of signals and ba
kgrounds.Bottom line: e�e
ts due to extra dimensions will be dis
overed, iftheir energy s
ale is below 2−3 TeVThis 
overs the most interesting range.



Where else extra dimensions may show up?Table-top: Gravity at short, but ma
ros
opi
 distan
es

Gravity is (4+n)-dimensional at r < R.
F(r) = −G4

mM
r2 =⇒ F(r) = −G(4+n)

mM
r2+nSquare law 
he
ked down to r = 50 µm = 5·10−3 
m (!)E�ot-Wash experiment,Kapner et.al.



Low energy parti
le physi
sBrane world: es
ape from the brane at low probabiltyInvisible de
ay of positronium, Z-bosonDe
ay of ele
tron Dubovsky, V.R., TinyakovNB: theoreti
al tool to understand 
onsisten
y ofapparent energy and 
harge non-
onservation



Work in progress: 
osmologi
al 
onstant problemsL. Krauss' BSA le
tureVa
uum weighs. Its energy density 
urves spa
e-time.This should show up as a

elerated expansion of the Universe.Problem # 1: The Universe expands slowly
=⇒ va
uum energy density is essentially zero.O� hand, one would think on dimensional grounds that

ρvac ∼ (1 GeV)4, QCD
ρvac ∼ (100GeV)4, Ele
troweakThis is at least 50 orders of magnitude too large.Proposal: Va
uum energy warps extra dimensions instead ofa

elerating the Universe V.R., Shaposhnikov;Arkani-Hamed, Dimopouplos, Kaloper, Sundrum;Ka
hru, S
hulz, SilversteinAttempts failed. Probably, does not work, at least in 
osmologi
al
ontext



Problem # 2: Universe does undergo a

elerated expansion.If attributed to va
uum energy density, then

ρvac ∼ (0.002 eV)4Proposal:(i) ρvac = 0 for some reason(ii) Expansion a

elerates be
ause gravitygets modi�ed at ultra-large distan
es/timesGravity slowly leaks into extra dimensionsKogan, Mouslopoulos, Papazoglou, Ross;Gregory, V.R., Sibiryakov;Dvali, Gabadadze, PorratiNo 
onsistent model so far.No deep reason for obstru
tion known.



Braneworld pi
ture suggests:Existen
e of other branes, possibly with some forms of matter

On
e we rea
h the energy s
ale, we will start exploring oursurroundings in extra dimensions.



Pi
ture of Big Bang gets twisted.This may be spontaneous nu
leation of our brane Gorsky, Selivanovor 
ollision of branes Khouri, Ovrut, Steinhardt, TurokGeometry of our brane may be non-trivialOne of solutions: Dubovsky, Sibiryakov

A lot of room for spe
ulations



To summarize:There is a 
han
e that energy s
ale of extra dimensions is TeV.If so, extra dimensions will start to open up at LHC.Quantum Gravity will be
ome experimentally a

essible.

With even more lu
k, e�e
ts of extra dimensions may show upin table top or low energy parti
le physi
s experiments.

There is fas
inating 
onne
tion between some theoriesin 4 and higher dimensions.New way to approa
h 
omplex dynami
sof strongly 
oupled theories.It may well be that ele
troweak symmetry breakingis best understood in terms of extra dimensions.There is a lot of room for 
razy ideas. If any of them is true,revolution guaranteed.
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