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CTO NeT co AHA pOoXOEeHUSA
MaTtBesd lNeTpoBnya bpoHLwTENHA,
npodoeccopa JI'y
1906 -- 1938

"Bydyuwas ¢pusuka He yOepxxum moao cmpaHHoO20 U
HeydoesiemeopumesibHO20 deJsieHUs1, Komopoe coesiasio KBaHMOoB8YH
meopuro " MUKPOGU3UKOU" U MOGYUHUJIO ell amOMHbIe sieJIeHUs, a
pensamueucmcKyro meopuro msi2omeHus -- " Mmakpogu3sukou" ,
ynpaensirouweli He omoesibHbIMU amoMamMu, a JTullb
MakpocKonu4deckumu menamu. dusuka He 6ydem dennumbcsi Ha
MUKPOCKOMUYECKYI0 U KOCMUYECKYI. OHa 0OJKHa cmamb U cmaHem
eduHoll u Hepa3desibHoU."

M. . BpoHwTenH, 1930



Why extra-dimensions ¢

e Unification of gravity and gauge interactions of elementary particles,
Kaluza-Klein idea: 4-dim.gravity + photon = 5-dim gravity
o (Juantization of gravitational interactions.
M-theory: strings in 10 or 11 dim.
e Higgs mass hierarchy problem.
Planck scale of order few TeV is induced by extra-dim.gravity

e Cosmological constant problem.

Large cosm.constant from extra dim. (from the “bulk™)
Is compensating a large cosm. constant induced by the matter in our Universe



How to implement extra-dimensions?

o Kaluza-Klein v.s. Rubakov-Shaposhnikov = Brane Worlds

o Gravity in extra-dimensions BUT matter in our Universe

= Mp; ~ 1 TeV

o Large or infinite extra dimensions = Anti-de-Sitter (AdS) space
= mass hierarchy i the Standard Model

o Thick (= Fat) Brane generation: spontaneous breaking of transla-

tional invariance = domain wall pattern of the vacuum state

(4 + 1)-dim. fermion model with strong four-fermion interaction
P ( ) gravity

o Brane World generation in AdS;: light fermions, scalar and mass-
less gravitons live on a (5+1)-dim. brane

o (4 + 1)-dim. cosmological constant is zero! Brane World is essen-
tially flat

o Coupling of scalar matter to quarks and leptons 1s suppressed —-

scalar matter = Dark Matter



Kaluza-Klein vs. Rubakov-Shaposhnikov = Brane Worlds
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Successful caleulations of big-bang nucleosynthesis R <2pum d=3

Absence of diffuse background of cosmological R <005um d=3
gamina rays

Maybe!

But asymmetric extra-dim.: 1 mm + several small ?!

Missing energy events
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L. Randall and R. Sundrum (l) : gravity in the bulk + brane tension
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where g is the bulk metric and hg, ke are the metrics on the branes at = = 0, =

Non-factorizable geometry Ad 85
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Orbifold z -z — Ze
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Planck-brane Mp; ~ ekz 0\ EW Te V-brane



— 00 One brane - L. Randall and R. Sundrum (1)

brane
Finite volume of extra dimensions -~ 1/k
Z
. 2 _ _
Modified Newton law Vir) = G ml:n: I+ 5=+ ﬂ_;.[_lj.ej.a_]}
EXp. E=2-1012GeV =1/10 mm

Torsion Oscillators



Infinite volume of extra-dimensions

Dvali G, Gabadadze G. Porrati M Gravity in the bulk + gravity on the brane

Rubakov V. \ \

s = M [dﬁ_l"' Y @ig WHUR .-w,ﬁJ d*x [ Wg WR 4
brane
| | 4d | 5d
— \'.f )
e << R.: ~ M, : << 1 .\_j'lle mo 10P% em
UV entoff 5d or strong coupling Size of the Universe

Deviation from Newton law at very large and very small distances
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Trapping of fermions on (3 + 1)-dumn. brane
Dim-5 fermion bi-spinor (X), (X,) = (z,,z) coupled to a scalar field
B(X).
(170" = @(X) [P(X) =0, o= (% 1), {Y:78} = 20as
Trapping of light fermions on a four-dimensional layer

== domain wall == thick brane, localized, say, at z =0

is promoted by a topological, background configuration of scalar field

owing to zero-modes in fermion spectrum:

(—0,0" —m2) (X)) =0:;

2

iz = =07 + ¢*(2) — vs¢(2) = M5 P + W2 Pr
where Ppp = 5(1 +75).

From the viewpoint of dim-4 Minkowski space-time /(X ) assembles

an infinite set of dim-4 fermions.
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An important example, a "kink” background,

Normalizable zero mode appears in the mass operator -}Fﬁ'.:i

E'ra_{i*1 ;:] — rij{j:‘} ﬁ?l:l[z} \ r_-'ﬁ,;;,[;] =/ JIEE EEE‘.}_](_HIE}

Weyl fermion arises |
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Fermion spectrum pattern

| continuum |

m=

L'

Heavy Dirac fermions have masses m

.l

() 1o(2)

= M, being de-localized in the

extra-dimension. For light particle scattering with energies < M all

physics interplays on the brane

with thickness ~ 1/M.
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Quarks and leptons of the Standard Model are mainly massive.

Therefore, for each light fermion in the Brane World one needs

two five-dimensional proto-fermions (X ), ¢»(X) to generate left- and

right-handed parts of a four-dimensional Dirac bi-spinor as zero modes,

Those fermions have clearly to couple with opposite charges to the
scalar field ®(X ), in order to produce the required zero modes with

different chiralities,

i § —1P(X)|V(X)=0, @=75,0"., VYX)= EIFIL,A%
(X))

where 5, = 7, @ 1, and "Pauli matrices” 7, =1, 2 0,, a=1,2,3.

In this way one obtains a massless Dirac particle on the brane.

[ (2) vo(z) + (X)) |
(A
/) X
V(X)) = U.EYj b (X)) @ {w(x) vo(z)}
L r;'}R(;t‘] ol z J + 1;-:-'{}(} ]
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The next task is to supply it with a light mass.

As the mass operator

bz )hz) = Yr(z)dr(z) + Up(z)dr(z)

mixes left- and right-handed components of dim-4 fermion i1t is em-
bedded in the dim-5 Dirac operator with the mixing matrix mym; of

the fields (X ) and i»(X ),
(X )rm ¥ (X) = -;rn._f(rﬁl(X]ﬁﬁgr:X] + rﬂg{}(}r,f}l(}(])

For dynamical fermion mass generation one introduces the second

scalar field H(X ) to make this job, replacing the bare mass,

Timyg — T1.H(X)
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where N =2 x 3 x N, 4+ (1.5 +2) x 3 ~ 225 =+ 24 is the total number of

h-dim fermion species pelated tothe Standard Model.
1.5=1 Dirac f. + 1 Weyl f. 2 =2 Dirac f.

Composite scalar fields: ® ~ Ur\W; H ~ U

T-syiminetry:

vy —7mvv: ¢ — - andV¥V —mnv¥: dPH — D —H :

A 1s a compositeness scale for scalar bosons emerging after the

breakdown of the 7-symmetry.

S-dim fermion self-interaction generates composite scalars ®(X) and H(x)
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Proceed to the Euclidean space and integrate out the high-energy

part of the fermion spectrum, ¥, (p) = V(p)Jd(|p| — Ao)PHA — |p|).

Low-energy lagrangian:

Liow = T(X)i| P+ 15®(X) + 7 H(X) |0(X)
_:‘?_: [(aﬂ@(X))ﬂ(aﬂ.H(X))2—2a1¢p9(:{)—mgﬂf(:{)+( O X)+H?(X) )}]
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Critical point to generate spontaneous symmetry breaking!

_ 247 3y o A2
A= 94, (Q‘,: — 97 }) < \°.

of T-symmetry breaking

Ay =M?> Ay = —(M*+p4?);  p? < M?

o] =

Stationary point (vacuum state) conditions

2(A1 —@* — HY)+ 92| @ =0, 2( Ay — H? — ®%) + O

*|H =o0.
Vacuum state for +p:
(P(X))p = Mtanh(5z) , (H(X))o = pusech(3z)

with 3 = VM? — 12

In this phase the vacuum state breaks 7-symmetries and translational

Invariance.

! for —p? one finds (H(X))y=0, 3 — M

18



Ultra-low energy physics

Scalar field and fermion zero-modes for Standard Model multiplets
with number of fermions N = 21.5 = 24 and number of colors N, =3

3:1[??3 ]
2AN

D(X) =~ (D(X))o+ d(x)do(z) : dolz) =~ sech®(Mz)

H(X) = {H(X))o+h(x)ho(z) ;  ho(z) = (sec-.h(ﬂ-fzj)l_j’f

. . . M
Ui(X) =bj(x)dhoi(z) s o,(z) = sech(Mz) -
generate ultralow-energy effective Lagrange density on the Minkowski
brane at the critical point p = 0:

N,

£|:42||,u=[! _ Z ;} (Ij (1' J— QJE'Y:I :I?-(Ij ) Wvj (:rj + %( 3“1;5(1‘) )2 + %( 3# h(i) )2

=1

— ot (x) — Xd?(2)h%(x) — Mahi(z) |

with the ultra-low energy effective couplings given by

4 . _"?\'r J.!rﬂ"g I 3
— . . = K.
5 ?} i?\'rf_ 4"1 ;'?\"r 3 ;'?\"r v




In the vicinity of critical point p < M the "Higgs” particle and

fermion masses as well as scalar self-interaction is induced.,

| —

A1) 2,2, v %
AL = —5my h(z) —

5 o 2N,
my, = - (-—1 TN )

!

&

Higgs scalar decay into two branons
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Few intermediate conclusions:

a) The masses of h-scalar and fermions are controlled by the ul-
tralow scale p independently on ¢. Thus one expects p ~ nyyy ~

200G eV, of order of the Electroweak Symmetry Breaking scale.

b) ¢-particle are massless being Goldstone bosons of spontaneous
breaking of translational invariance, they are called "branons” and

describe fluctuations of the brane shape.

c¢) All interaction vertices are governed by the parameter { ~ M/A,
if ¢ < 1 the scalar matter decouples from the fermion one and does
not interact without gravity! Two candidates for the dark matter,
However this parameter is not fixed without gravity and 1s subject

to experimental bounds.
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i Weakly
& 1.2} coupled
U theory
e DISFAVORED
0.8 EWPRECISON
OBSEAVABLES
0.6} (LEP)
EXCLUDED 4 PARTICLES
2.4 INTERACTIONS
G (LEP+ TEVATRON 3 HERA)
STAONGLY COUPLED THEQORY
2 1 & g 10
M (TeV)

Discovery potential for branons (A.Dobado et al.)
M is a cutoff = threshold to leave the brane,

f is a brane tension (in our model f ~ M, see the point g )



d) the tree-level coupling of light fermions to the massless scalar

(x)(r)o(r) does not appear: it is suppressed by additional powers of
,u.j /M3 (heavy fermion exchange). Thereby the low-energy Standard

Model matter is essentially stable.

e) o-particles may obtain a mass it the Brane World generation

is triggered by a very small manifest defects Fg(z) and Fgy(z) in the

dim-5 vacuum:
L) = — Fo(2) T(X)m¥(X) — Fp(z) T(X)n¥(X)
In units comparable with the low energy effective action,
Fo(z) = 91“3 fa(2) Fa(z) = 25 g4(2) |

43 A2 4m3A2

For a defect of topological type:

wfp(z) = M ~ytanh(B3z); fy(z) = 2¢ sech(3z) ,

for p/M < 1,v < 1; € < 1.
{ | =
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In the presence of a small defect:

The branon mass happens to be trigeered entirel b",-" the topolog-
= . =
1cal hackground,

(124 }2 =X ,u.E

the h-particle mass

L2 a0 1
(mp )" =~ p” (j + 6€ + —"r’)

Fermion mass and the constant M\;:
0y - \ il \
myg ~ T”Er’LI + &), Ay = }151 (1+E&)

The "Higgs” mass ratio to the fermion (~ top-quark) mass can be
substantially reduced with an appropriate choice of a non-topological
part of the defect ~ & < 0, for Instance, to a phenomenologically

acceptable value ~ 135 GeV for a defect £ ~ —0.4.
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@& (4 + 1)-dim. (induced) gravity

Gravity is described by the metric field gap(X ). The action,

S@ H.T,U.g) = [ X VT |Lion+ Lonkn| i 9 = det(gan).

fermion

Invariant fermion Lagrange density

ﬁgflzlmiu:m = ETE [%Lf’f (04 +wa) + 1P+ TIH] U = iTﬂ [\? + @+ 7 H) W,

Invariant bosonic (Euclidean) Lagrange density

5 -y f (I]'E HE A R
i.:]l:';r:a(m =N *"13 ( + ) T A (F_ o /\D)
' g1 92 G\ 2

where e = +1, 0.

Induced gravity < ¢ = 0!!
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After integration over high-energy fermions one obtains

the low-energy Lagrange density

Ly, == 0 (X) (¥ + m3®(X) + n H(X) | ¥(X)

o

:ﬁ {042(X)P"D(X) + O4H(X) H(X) — 28 P*(X) — 28 H*(X) |

Irrelevant for G
Weak gravity =4

\ +H [@*(X) + H*(X)] {@E(X) + H*(X) + Rgﬁ}

NA :
2RR0T {BR*(X) —8RAp(X)R*¥(X) — TRapcp(X)RPP(X)}

where Ripcop:

_|_

1 curvature tensor, the

L=

BD:
Ricecl tensor and the scalar curvature respectively.

Interplay between classical and fermion induced vertices

NA* 1

C 1 K = T i [ "
7573 7 e + NA2G /5473

A =N+
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Brane generation
r-symmetry and translational invariance breaking by
< P(X) >= ¢y(z);: < H(X) »>= hg(z) is accompanied by a geometry

generation, also breaking translational invariance,
ds® = gap(X)dX* dXP = exp{—2p(2)} dz,dz, + d2

Search for solutions of classical equations in the gravitational strong
. . . . ] RN o

coupling regime in which |p'(z)|/M = O(x). |p"(z)|/M- = O(k) all along

the large extra—dimension.

Equations of motion in this regime:

NG
Rap — %Q_AB (R—2r\) =Gap + KAgap = :;i:r {5_4 POp® + IsH IgpH

Jh

- %g_,w |00 D+ 0o HOH — 28,07 — 28, H + (92 + H?)’ |

6 2

Terms quadratic in curvature are subdominant in « and omitted.

1 1 . 5 5
+ = (RAB — 2 gan R+ gap D0 — Dy 6_4) (@2 + H~)}
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Dimensionless strength of gravitation,

~_ Nr | 5,

redefinition of the cosmological constant

%h)\ — ﬁ)‘leff
Leading order in ® < 1.
p" K 2 o 1 d” 2 2 —2
= — P+ H" — — P H D(FE") .
Ve ﬂ-ﬁ{ N 5 a2 (P HH)+OF) .
whereas the cosmological constant

Aef 1 r2 12 oA B2 LA ET2 2 2)2 _
5 =5 (O H 420007 4 20, H? — (2 + H) | + O(F) .
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Equations of motion for scalar fields,

_ . . R 1
A, _ P _ 2 — (22 _ = 5. /5 4D
21— @ H]‘I’ (6 \!@fcvﬂﬂ Op| P,
. ) . R 1 — D
2[Ay —H* - ®*’|H = (= — —0cyg9""0p| H
L 6 \‘Illllllg

For ® < 1 kink-like solutions remain in the flat space and therefore

are the same,

P +20 (A — D° — H?) = O(R) ,
H" +2H (A; — ®* — H?) = O(R) .

To this order cosmological constant 1in dim-5

NGM?
43

Conformal factor approaches the Anti-de-Sitter (AdS;) metric for

large =

o] 2
plz) =~ %lnco&:h(ﬂi’z) i~ klz| 3 k = gﬁﬂf.
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Newton’s constant and other scales

Relation between the five dimensional and brane gravity constants

tfrom the factorized Riemannian metric
ds® = exp{—2p(2)} g (z)dr"dr” + d=* .

The gravitational action

- . 5v [ VIRV 4 [N A
S[g] = — 2h€fd}x g(X)R(X) ~ 2H_gfd1w($)ﬁ(1)f_lx dz exp{—2p(z)}
= 16r(,.. | d*e\o(@)R(x)
Thus
’.-‘TEEE
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Let us adopt the induced gravity relations

- 54n  9M7 %
"TNAG YT AT T
Then ,
., 4N . _ 128 N*
EM2 = —— A% BPPML="" 7"
P 973> P 976

For instance, lower experimental bound
k> 2 1072GeV = 1/10 mm <= V(r) o % (1 4 )
1s reached

for M ~ 100GeV, A ~10°GeV; (~M/A~10""; F~1071

. -\
Other options: Too low to be true!

for M ~ 1TeV (accepted by experimental data):
k~107YGeV; A ~10YGeV; (¢~ M/A~107%5 F~ 10712
for k ~ 2-100GeV (EW breaking scale):

M ~101%GeV, A ~104GeV; ¢~ M/A~107% R~ 107"

Thus k< M and brane is thin, £ < 1 and gravity is very weak;

¢ 1s very small = branons belong to the Dark side of our Universe
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Induced cosmological constant on the brane

NA oC JIE ) : . .

*'AL-:‘.c:-Hmc:- — 2??’3(;}\,-' '/_—i: dz ka{__lp{z)}{__l i [.I"Jsz) ]2 z'llgf‘f‘-r'i’i";ty;"‘
3 PR 3 - 0 Iy P = 7 r 7
H(@(2)* + (H(2)? 4+ 5((6(2)° + (h(2)) 20" (2) = 5[F () ])}  [matter]

It holds exactly !! for any choice of parameters and supports the
Minkowski geometry on the brane.

I Translational invariance of the Minkowski world enforces to vanish
the cosmological constant. The compensation mechanism is competing SUSY |
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