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MOTIVATIONS

 We need beyond standard model theories to answer questions 
like hierarchy problem, unification of all fundamental forces, etc.	


 Most of beyond standard model theories (like String Theory, M 
Theory, GUTs, MSSM, etc.) predict unification of forces at the 
energy scale close to planck mass.	


 Large Extra Dimensions paradigm is capable of answering most of 
unanswered questions in SM elegantly and also keeps high energy 
physics as a experiment-based field of physics.

3



 “Kaluza-Klein” mechanism has been first introduced in the 1921 paper of  “Theodor Kaluza” , 
which extended classical GR to 4+1 dimensions that resulted in unification of Electromagnetism 
and Einstein’s Gravity.	


KALUZA-KLEIN  THEORY

 In 1926, “Oskar Klein” gave Kaluza's classical 5-dimensional theory a quantum interpretation by 
introduction of  “curled up” or “compact” dimensions.
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 Kaluza–Klein theory (KK theory) is a unified field theory of gravitation and electromagnetism 
built around the idea of a fifth dimension beyond the usual 4 of space and time.



KALUZA-KLEIN  THEORY
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The zero mode in the Kaluza-Klein 	

decomposition.

The non-zero modes in the 	

Kaluza-Klein decomposition.

 Assume that the world is (       )-dimensional (       ), but the extra 
dimensions are compact. If          , our world is a             manifold.	


!
 All fields are defined on this “            cylinder”. 	


!
 For a scalar field             single-valuedness condition reads:

4 + n n � 1

M4 ⌦ S1n = 1

M4 ⌦ S1

�(xµ, Z)

�(xµ, Z) = �(xµ, Z + 2⇡R), µ = 0, 1, 2, 3.

The        periodicity in    means that one can present the 
field             as a Fourier series, 

2⇡R Z
�(xµ, Z)

�(xµ, Z) =
P

k=0,±1,···
�k(xµ)eikZ/R

.

 Assuming that the 5D field is massless,

⇤5�(xµ, Z) ⌘ (@2
µ � @2

@Z2 )�(xµ, Z) = 0

each mode     satisfies:�k

(⇤4 +
k2

R2 )�k(xµ) = (@2
µ + k2

R2 )�k(xµ) = 0
arXiv:0907.3074v2 [hep-ph]	

arXiv:1207.3827v1 [hep-ph]
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KALUZA-KLEIN  THEORY

 The 5D metric tensor of the KK Theory takes the schematic form:

 In the KK picture one assumes that       is large compared to currently available energy scale. 1/R

 Witten showed in his 1981 paper that fermions cannot be chiral if one starts from any eleven-
dimensional manifold of the type                     where     is a compact manifold admitting the 
symmetry of SM_                                   .

T = M4 ⌦K K
SU(3)⌦ SU(2)⌦ U(1)



LOCALIZATION  ON  TOPOLOGICAL  DEFECTS
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arXiv:0907.3074v2 [hep-ph]

 The idea first formulated by “Rubakov” and “Shaposhinkov” 
in their 1983 paper entitled “Do We Live Inside a Domain 
Wall ?”.

A domain wall separating two distinct 	

degenerate vacua.

 Assume that the underlying microscopic theory has 
several discrete degenerate vacua labeled by distinct values 
of an order parameter.

 Thickness of domain wall,  , depends on details of  the 
microscopic theory.

�

 Two possible categories of excitations : 	

(i) Localized on the wall (zero modes)	

(ii) Delocalized (non-zero modes)

 “Our” world is confined to the wall surface (zero mode).



Torus compactification: the identification of opposite sides leads to a smooth manifold. Fermions propagating on the torus 
lead to a vector-like spectrum at low energies.

LARGE EXTRA DIMENSIONS PARADIGM

The Chiral Square: adjacent sides are identified to form a closed 2D manifold with three conical singularities. Fermions 
propagating on the chiral square necessarily have a chiral 0-mode.	
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ADD SCENARIO
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 The model starts from assumption that the space-time is (        )-
dimensional (        ), while its geometry is factorized as: 

4 + n
n � 1

M
world

= M4 ⌦K
n

 This model has been proposed by Arkani-Hamed, Dimopoulos, and 
Dvali in 1998.

 All SM particles are (fields) are localized on (1+3)-dimensional 
domain wall (3-brane) representing      . Gravity spreads to all                
dimensions.

M4 4 + n

 We choose thickness of the domain wall to be                          
and                    . 

� . (10TeV )�1

R ⇠ 0.1mm

arXiv:0907.3074v2 [hep-ph]



 The action for ADD model can be written as :
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“T” has to be determined according to usual fine-tuning condition on the cosmological 
constant.

ADD SCENARIO

Applying the KK mode expansion and ignoring all non-zero modes gives:

this approximation is only valid for            . At such distances the gravitational potential takes 
the standard newton form:

r � R



 Now it is obvious that :
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ADD SCENARIO

So :

 Now if :	


(i)         and                      , then                     which is inconsistent with the Newton law.	


(ii)          and                      , then                    .

n = 1 Mf ⇠ 10TeV R . 1012 cm

n = 2 Mf ⇠ 10TeV R ⇠ 0.1mm

Simplifying assumptions in ADD model:	


(i) The wall thickness is neglected.	


(ii) The wall shape fluctuations are neglected.	


(iii)  All extra dimensions are assumed to have equal size.	


(iv)  It is postulated that only gravity propagates in the bulk.



HIERARCHY OF SCALES
 The hierarchy problem is the large discrepancy between aspects of the weak force and gravity. SM 
is unable to explain why the weak force is        times stronger than gravity. The gravitational 
interaction is characterized by the Newton constant                   . While a typical electroweak scale 
is                           , the Planck scale                           , so there is a huge hierarchy of scales.
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1032

GN ⌘ M�2
Pl

MSM ⇠ 100GeV MPl ⇠ 1019 GeV

 In the SM, the electroweak scale is not stable, since quantum loops drag 
the Higgs boson mass (which is supposed to be of the order of         ) to 
the Planck scale.

MSM

 In other beyond SM theories, supersymmetry plays a protective stabilizing 
role. Superpartners cancel quadratic divergence in the Higgs mass above 
the SUSY breaking scale                          .        MSUSY ⇠ MSM

 In the LED scenarios however, there is only one fundamental scale,                      . That’s the scale 
where gravity must become strong, and all interactions unify. This means that the hierarchy of scales 
does arise in the LED paradigm. The energy hierarchy is converted into a geometric hierarchy of 
the “transverse” sizes : the radius of the extra dimensions versus the brane thickness.

Mf ⇠ 10TeV

arXiv:0907.3074v2 [hep-ph]



PROTON STABILITY
 There are two mechanisms considered in GUTs for proton decay:	


(i) There exist gauge bosons with mass                which mediate quark 
annihilation into leptons, leading to proton decay. Decay rate for this 
mechanism is :	


(ii) Possible non-conservation of global quantum numbers, such as baryon 
number and lepton number, in the presence of quantum gravity due 
to BH. Decay rate for this mechanism is :
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⇠ MGUT

�
proton

⇠ ↵2(mproton

M

GUT

)4

�
proton

⇠ m
proton

(mproton

M

Pl

)4

 In the ADD model both        and           in the above formulas should 
be replaced by       which means that ADD predicts decay of proton 
with life time much smaller than experimentally approved        years.

MPl MGUT

Mf
1032

arXiv:0907.3074v2 [hep-ph]
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OTHER LED MODELS

 Here we briefly name two other LED models other than ADD :	


(i) Warped Extra Dimensions : In the ADD scenario gravity of the domain wall as such plays little 
role. Given that the brane tensions are small, this is a good approximation. However, this need not 
be the case. In the scenario suggested by Randal and Sundrum (RS) the brane-induced gravity 
strongly warps extra dimensions which is instrumental in ensuring an appropriate localization.	


(ii) Universal Extra Dimensions : UED assumes compactification of the ADD type. However, all 
standard matter fields are free to propagate through all of the extra-dimensional space (which is 
essentially flat), rather than being confined to a brane. The size of the extra dimensions is assumed 
to be in the ballpark of TeV.
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