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Multidimensional models
of particle physics

V A Rubakov

1. Introduction

In this talk, using simple models with extra spatial dimensions
and a `brane world' as an example, we discuss possible exotic
phenomena appearing both in particle physics at high
energies and in classical physics at large distances.

Physical theories in four-dimensional space-time share
some common properties that are very hard, if at all, to revise.
These properties include:

Ð The existence of long-distance forces related to gauge
fields (electrodynamics, chromodynamics, gravity) requires
conservation of the corresponding charges. For example, one
of the Maxwell equations in electrodynamics

divE � 4pr ;

contains no derivatives of the electric field with respect to
time, i.e., it is an `instantaneous' equation. So the violation of
electric charge conservation would lead to an instantaneous
change of the electric field in the entire space and hence
contradict the causality principle. In a similar way, the
violation of energy conservation would lead to instantaneous
change of the gravitational field everywhere in space.

Ð The geometrical nature of gravity requires the
equivalence of the gravitational and inertial mass.

Ð The gravitational energy scale is characterized by the
value MPl � 1=

����
G
p � 1019 GeV, where G is the Newton

gravity constant (here and below we use units �h � c � 1).
This scale, the Planck mass, is much larger than other known
scales in particle physics, namely, the strong interaction scale,
which is of the order of the proton massmp � 1 GeV, and the
electroweak scale, which is determined by the W-, Z-boson
masses, mW;Z � 100 GeV. Thus, the scale hierarchy

mZ 5MPl ;

holds in nature and requires an explanation.
Ð Due to such a large energy scale of gravitational

interactions, gravity is described by general relativity and is
weak down to the Planck scales

lPl � 1

MPl
� 10ÿ33 cm :

Only at distances r9 lPl and correspondingly at energies
(more precisely, transferred momenta) E0MPl is gravita-
tional interaction comparable in strength with other known
interactions in particle physics. At the same time, gravita-
tional interactions have been studied experimentally only at
rather large (from the particle physics viewpoint) distances:
the Newton gravity law is experimentally tested at distances
above r � 0:02 cm [1], and it is unknown from experiments
what gravitational interaction looks like at smaller scales. So
the notion that general relativity remains valid down to
Planckian scales is the 31-orders-of-magnitude extrapola-
tion; nevertheless, within the framework of four-dimensional
theories it is hardly possible to abandon this notion in a non-
contradictory way.

ÐAs for large distances, four-dimensional theories imply
that both Coulomb's and Newton's laws (more precisely,
classical electrodynamics and general relativity) are valid at
arbitrarily large scales. There are, however, alternatives to
this concept: in electrodynamics, it is possible to introduce a
very small photon mass (and a weak violation of the electric
charge conservation) by introducing hypothetical particles
with the charge smaller than 10ÿ3e, where e is the electron
charge [2]; the graviton can also be made massive at the
expense of abandoning the geometrical treatment of gravity
(see, for example, Ref. [3]).

Until recently, all these general considerations have rarely
been called into question. The situation essentially changed in
connection with the detailed discussion of models with extra
spatial dimensions based on the notion of the `brane world'.

The discussion of multidimensional models is basically
stimulated by superstring theory and its generalization,
M-theory, which presently is the only quantum theory that
unifies, at least in principle, all interactions (including gravity)
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and is presumably self-consistent at arbitrarily small scales
(see, for example, Ref. [4]). Superstring theory and M-theory
are most naturally formulated in space-time ofD � 10 and 11
dimensions, respectively, and it is this property that points to
the possibility of the existence of extra dimensions.Moreover,
in superstring theory gauge fields and particles interacting
with them are localized on D-branes ± hypersurfaces of a,
generally speaking, lower dimensionality embedded in the
�Dÿ 1�-dimensional space. In this way the concept of the
brane world emerges in superstring theory.

Of course, there is no (as yet?) experimental evidence for
extra dimensions. From the phenomenological viewpoint,
some rather weak motivation for considering multidimen-
sional models comes from the above mentioned hierarchy
mZ 5MPl and observations [5] giving strong evidence for the
presence of a non-zero cosmological L-term in nature (for a
review, see, for example, Ref. [6]),

L � �10ÿ3 eV�4 � 10ÿ48 GeV4 :

Such a small, but at the same time non-zero, value of the
L-term is extremely difficult to explain within the framework
of four-dimensional theories. It should be stressed that
neither of these phenomenological arguments can in any
way be considered as direct indication of the existence of
extra spatial dimensions: the hierarchy mZ 5MPl has a nice
explanation in four-dimensional Grand Unified Theories
(see [7] for a review), and no convincing solution of the
L-term problem has been found so far in multidimen-
sional theories either, though some interesting approaches
to this problem appear in these theories (see below and
also [8] and review [9]).

2. Brane world

The `brane world' models assume that all particles, with the
exception of the graviton, are localized on a three-dimen-
sional hypersurface (brane) embedded in the N-dimensional
space. In the simplest case, this hypersurface is flat and
physics on the brane possesses the four-dimensional Lor-
entz-invariance. The `brane world' notion was proposed
rather long ago [10], however intense discussions of this
possibility began only recently, primarily due to the appear-
ance of the concept of D-branes in superstring theory. There
are a number of field theory and stringmechanisms of particle
localization on the brane, but anyhow there is some kind of a
potential well in the directions perpendicular to the brane that
localizes the wave functions of particles (Fig. 1). Somewhat
simplifying the situation, we can write down the equation for
the wave function of a particle in the form:�

&�N�1� � V�y��C�xm; y� � 0 ; �1�

where x 0 is the time coordinate, x i � �x 1; x 2; x 3� are spatial
coordinates on the brane, m � 0; 1; 2; 3; y � �x 4; . . . ; xN� is
the radius-vector in the transverse direction, V�y� is the
potential, and &�N�1� is the wave operator in the �N� 1�-
dimensional space-time,

& �N�1� � q2

q�x 0�2 ÿ D�N� ;

D�N� is the Laplacian in the N-dimensional space. Solutions
to equation (1) are linear combinations of wave functions of

the form

C�xm; y� � exp �iotÿ i pix
i�CM�y� ; �2�

with the square of the four-momentum being

�4�p 2 � o2 ÿ �3�p 2 �M 2 ; �3�

and CM and M being eigenfunctions and eigenvalues of the
transverse equation�

D�Nÿ3�y � V�y��CM�y� �M 2CM�y� : �4�

Such a model is phenomenologically acceptable if (a) the
lowest level in thewell hasM 2 � 0: in accordance with (2) and
(3), particles occupying this level propagate along the brane
and from the four-dimensional viewpoint have low masses Ð
they correspond to known, relatively light particles;
(b) excited levels haveM0TeV, and they would correspond
to heavy analogs of the known particles (heavy electrons,
quarks, etc.).

A situation similar to the `brane world' is well known in
condensed matter physics; the quantum well, for example, is
the direct analog to the brane world.

Depending on the model, either the potential well can
have infinitely high walls or the situations shown in Fig. 2a
and b, can be realized. The continuum spectrum in the latter
case corresponds to particles propagating in the entire
N-dimensional space. In the case shown in Fig. 2a, such
particles can be created at high energies; for us, the observers
made of particles localized on the brane, this means that at
high energies processes like

e�eÿ ! nothing ; �5�

become possible, where `nothing' denotes particles that leave
the brane and are not detected by the observer located on the
brane. In the situation shown in Fig. 2b, even light particles
have a finite probability to leave the brane, i.e., processes like

n! nothing �6�

become possible, where n denotes a neutral particle (neutron,
neutrino, Z-boson), or even electron decay

eÿ ! nothing �7�

x1; x2; x3

C�x4; :::; xN�

x4; :::; xN

V

Figure 1.
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can occur. For all these processes, the observer on the brane
would discover apparent non-conservation of energy, and in
the last case Ð apparent non-conservation of electric charge.
It is relevant to ask whether such a possibility is consistent
with the four-dimensional character of gravity on the brane
(and in the case of the electric charge non-conservation Ð
with the four-dimensional character of electrodynamics on
the brane). In other words, can the argument given in the
Introduction requiring charge and energy conservation
become invalid in multidimensional models? We consider
this question in Section 4, while now discuss a simple model
illustrating the possibility of the new approach to the
hierarchy problem mZ 5MPl.

3. Large extra dimensions

Until now, we have set aside the question how gravity for
particles on the brane becomes effectively four-dimensional.
There are several possible answers to this question [11 ± 14].
One simple possibility [11] is that extra dimensions are
compact 1 and are characterized by size R. Figure 3 provides
an example; extra dimensions in this example are flat and
represent circles of radius R. Omitting tensor structure, the
linearized Einstein equations in the last case can be written in

the schematic form�
&�4� ÿ q2

q�x 4�2 ÿ . . .ÿ q2

q�xN�2
�
h � 0 ;

where h is the deviation of metrics from that of flat space.
Solutions to this equation are superpositions of waves

hn � exp �iotÿ i pix
i� exp

�
ÿi x

4

R
n4

�
. . . exp

�
ÿi x

N

R
nN

�
;

where n4; . . . ; nN are integer numbers (angular momenta
along compact dimensions) and the four-momentum
squared is

�4�p 2 � o2 ÿ �3�p 2 � n2

R 2
: �8�

The state with n � 0 has zero four-dimensional mass, and it is
the usual graviton. Massive gravitons with n 6� 0 do not
contribute to gravitational interactions at large distances
since they lead to a Yukawa-type potential, falling off
exponentially at r4R.

Thus gravity in this model is four-dimensional at r4R
but is no longer such at r � R.

For r5R, the N-dimensional Newton's law is valid:

V�r� � G�
m1m2

r 1�d
;

�9�

where G� is the fundamental gravity constant of the theory in
the �N� 1�-dimensional space-time, and d � Nÿ 3 is the
number of extra dimensions. At r4R the four-dimensional
Newton's law holds,

V�r� � G
m1m2

r
;

�10�

where G is the usual Newton gravity constant. Matching of
potentials (9) and (10) at r � R yields

G�
Rd
� G : �11�

Introducing the fundamental massM� related to G� as

G� � 1

M 2�d�

(on dimensional grounds), from (11) we obtain

�RM��d �M 2
Pl

M 2�
: �12�

Therefore, the four-dimensional gravity constant G and
PlanckmassMPl are effective quantities in thismodel andMPl

may not coincidewith the fundamentalmassM�. This enables
us to approach the hierarchy problem mZ 5MPl from an
unexpected side. It is possible to assume that the fundamental
scale M� coincides with the electroweak scale to within an
order of magnitude, i.e., to choose M� � TeV. Then relation
(12) will determine the size R of extra dimensions. For
example, d � 1 yields an unacceptably high value
R � 1015 cm; for d � 2 R � 0:1 cm, which is interesting

cM�y�

V�y�

y

cq�y� a

V�y�

y

cM�y�

b

Figure 2.

1 Models with compact extra dimensions appeared long before the brane

world concept. These are Kaluza ±Klein type models [15] in which the

compactness of the extra dimensions is fully responsible for physics being

four-dimensional at not too high energies. The absence of heavy partners

of ordinary particles in the studied mass range, m9TeV, is explained in

the Kaluza ±Klein models by the small size of the extra dimensions: it is

necessary to suppose that R9�TeV�ÿ1 � 10ÿ17 cm [see formula (8)].

Our brane

x1; x2; x3

x4; . . .

R

Figure 3.
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from the viewpoint of testing Newton's law at small distances
(in the model under discussion it is violated at r � R, while
sub-millimeter scales are within the reach of modern experi-
ments: as mentioned above, Newton's gravity law is checked
down to 0.02 cm). For d � 3 we get R � 10ÿ7 cm and even
smaller values ofR for d > 3 so in those cases deviations from
Newton's law at distances of the order of R are extremely
difficult to discover, if possible at all.

Clearly, such an approach does not provide a solution to
the hierarchy problem but rather suggests its reformulation:
the problem becomes to explain why the size of extra
dimensions is large compared to the fundamental scale
l� �Mÿ1

� � 10ÿ17 cm. Nevertheless this approach seems
interesting, especially because in other models with compact
extra dimensions the hierarchy between the fundamental
scale l� and the size of extra dimensions may be not so
significant [12].

The characteristic feature of the above approach to the
hierarchy problem is that gravitational interactions become
strong not at the Planckian energy scale MPl but at the
fundamental scale M� � TeV. Such a possibility can be
tested in future collider experiments (first at the proton-
proton collider LHC under construction at CERN), which
will study the TeV energy range. For example, gravitational
interactions at M� � TeV can show up in the following
processes

q�q! g�G ; �13�

where q, �q, g, and G denote quark, antiquark, gluon, and
graviton, respectively, and at the e�eÿ-collider Ð

e�eÿ ! g�G : �14�

The graviton in these processes is not detected and is
manifested as `missing energy'. As an example, Fig. 4
presents the cross section [16] of process (14) as a function
of energy in the center-of-mass frame for the discussed
model with M� � 2:5 TeV and the cross section of the
background process e�eÿ ! g� n�n (accounting for neces-
sary cuts on energy and emission angle of the photon). The

cross section of process (14) increases, as it should for
processes involving gravitons, and notably exceeds that of
the background process at sufficiently high energy of the
colliding particles.

The picture can be somewhat different in other models
with fundamental gravitational scale M� � TeV. For exam-
ple, in model [12] heavy gravitons with a mass of order ofM�
appear. In the collider experiments they will show up, for
example, as resonances in the scattering:

gg! G! e�eÿ; m�mÿ :

As an example, Fig. 5 shows the dependence [17] of the
production cross section of a lepton pair at the LHC energies
in model [12] on the invariant lepton pair mass in the case
M� � 1:5 TeV. Peaks in the cross section correspond to heavy
gravitons; they can be reliably detected if the fundamental
massM� is actually that small.

There are other possibilities of searching for gravitational
effects at the colliders, but we will not consider them here (see
review [18]). The general conclusion is that models with
M�9 2ÿ5 TeV (the precise value depends on the model)
allow for experimental study at the colliders.

4. Induced gravity

Extra dimensions can be not only large but infinite in size [13,
14]. Consider, for example, model [14, 19], in which terms in
the effective gravitational action induced by the matter on a
brane play a significant role. We will assume that the initial
gravitational action in the �N� 1�-dimensional space-time

Sbulk �
�
dN�1x L�gAB� �15�

e�eÿ ! gG �j cos ygj5 0:9�
e�eÿ ! gG �j cos ygj5 0:8�
e�eÿ ! gn�n �j cos ygj5 0:9�
e�eÿ ! gn�n �j cos ygj5 0:8�

Eg 4 10 GeV
M� � 2:5 TeV

7.5

s, pb

5.0

2.5

0 500 1000 1500 2000
ECM, GeV

Figure 4. The cross section of the process e�eÿ ! g�G compared to that

of the background process e�eÿ ! g� n�n for two possible cuts on the

photon emission angle.
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Figure 5. Lepton pair production in proton ± proton collisions at the LHC
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is characterized by the fundamental parameter M� which is
small compared to MPl. In particular, at energies below M�
this part of the action takes the form of the Einstein ±Gilbert
action

Sbulk �MN�2
�

�
dN�1x

��������������
�N�1� g

q
�N�1�R� . . . ;

where the ellipsis denotes terms with higher derivatives. The
matter is again assumed to be localized on a three-dimen-
sional brane. In full analogy with well-known papers on the
induced gravity [20], radiation corrections due to this matter
are expected to induce additional contributions into the
effective gravitational action (Fig. 6). These contributions
depend only on the value of the metrics gmn on the brane and
are characterized by another energy scale Ð the effective cut-
off in theory of matter fields on the brane. This scale can be
identified with the Planck mass, and from symmetry con-
siderations 2 these contributions to the effective action can be
written in the form:

Sbrane �M 2
Pl

�
brane

d4x

��������
�4�g

q
�4�R �16�

(possible terms with higher derivatives are unimportant). So
the total effective action has the form:

S eff � Sbulk � Sbrane : �17�

The idea is that at MPl 4M� the induced term Sbrane

dominates for sources on the brane, and gravity is effectively
four-dimensional.

The result of solving linearized field equations corre-
sponding to action (17) is rather unexpected (see the
Appendix for the corresponding calculations).

First, the four-dimensional Newton's law for masses on
the brane is valid only in the restricted distance range:

rmin 5 r5 rmax ; �18�

where [19]

rmax �MPl

M 2�
:

A cosmologically acceptable value rmax 0 1028 cm is obtained
at M�9 10ÿ3 eV. Thus the model is viable only if the

fundamental gravity energy scale is very small. As for rmin,
the value of this parameter strongly depends on other
parameters of the model and can be of the order of Mÿ1

� or
much smaller. In the first case the validity of Newton's law at
distances above 0.02 cm together with the above restriction
yields

M� � 10ÿ3 eV :

The same estimate follows from astrophysical and collider
bounds [21] irrespectively of the value of rmin.

The fact that the four-dimensional Newton's law is no
longer valid at ultralarge distances can be explained in the
following way. The induced term in the action is insignificant
far away from the brane and there exist gravitons that
propagate in the whole multidimensional space and have an
arbitrarily small energy. From the four-dimensional view-
point, these are states in the continuum spectrum. A four-
dimensional graviton propagating along the brane represents
a resonance in this continuum spectrum, i.e., there is a finite
probability for it to escape from the brane. The situation here
is somewhat analogous to what is shown in Fig. 2b. At
ultralong times and, correspondingly, at ultralarge distances
gravity on the brane is no longer four-dimensional. Note that
such a possibility also emerged in earlier models [22].

The second result is that the four-dimensional gravita-
tional interaction of masses on a brane at intermediate
distances (18) depends, generally speaking, on the form of
the transversewave functions of these particles (the authors of
this model did not discuss this property assuming fixed wave
functions [19]), or in other words, on the mass density
distribution in the direction transverse to the brane. Conse-
quently, in this model, generally speaking, the principle of
equivalence of gravitational and inertial mass is violated. The
scale of this violation is of the order of M 2

�D
2, where D is the

brane thickness, and atM�9 10ÿ3 eV and D9 10ÿ17 cm it is
too small to be discovered experimentally. Nevertheless, the
very possibility of the equivalence principle violation in a
geometrical theory of gravity is very interesting.

Another feature of the model is that the apparent non-
conservation of energy on the brane (at the expense of
particles leaving the brane) is quite admissible and does not
contradict the four-dimensional character of gravitational
interactions on the brane (at intermediate distances). Many
models with infinite extra dimensions share this property
which is due to the four-dimensional description of gravity
being no longer valid for masses outside the brane and the
situation becoming intrinsically multidimensional (see [23]
for detailed discussion of this point inmodel [13]). Note in this
connection that in a similar way electric charge on a brane
might not be conserved; see [24] for the corresponding
models.

Next, gravity outside the brane becomes strong at low
energy scaleM�. But gravity on the brane remains weak up to
much higher energies, which is caused by gravitational
fluctuations on the brane being suppressed due to the
induced contribution (16) in the action. Nonetheless an
intermediate scale

���������������
M�MPl

p
emerges in the model at which,

presumably, one can expect gravitational effects to arise;
these effects are testable in experiments at high energies [21].
Interestingly, at M� � 10ÿ3 eV this scale is of the order of
several TeV, i.e., again falls within the energy range of future
colliders.

As noted above, at small distances r9 rmin the four-
dimensional Newton's law is no longer valid. It is interesting

g

g

Figure 6.

2 No cosmological constant is assumed to emerge, either on the brane or

outside it.
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to note that the corresponding corrections to Newton's law
depend, generally speaking, on the mass density distribution
in the directions transverse to the brane, i.e., on the wave
functions of particles on the brane. Therefore, short-distance
contributions depend on the type of particles and are analogs
of the `fifth force'.

Finally, the cosmological expansion in this model literally
corresponds to the motion of the brane in the embedding flat
space [25]. Since the four-dimensional description of gravita-
tional interactions on the brane is applicable at distances
r > rmin, the expansion of the Universe is described by the
standard Friedmann equations for sufficiently small values of
the Hubble parameter, H9 rÿ1min. At the hot stage of the
evolution of the Universe the Hubble parameter is related to
temperature, H � const � T 2=MPl, so the standard theory of
the `Big Bang' is applicable at

T9
�����������������
MPl r

ÿ1
min

q
< 3 TeV :

Here we have taken into account that rmin < 0:01 cm from
experiments testing Newton's law. At temperatures above
�MPl r

ÿ1
min�1=2, the standard theory of a hot Universe is no

longer valid, but this does not contradict any observational
data. However, there remain questions like how does the
inflationary stage proceed, how the primordial density
fluctuations are created, etc. Note that the notion of the
Universe as a brane moving in a fixed embedding space also
appeared in earlier models of the `brane world' [26, 27], and in
some of them the questions on the inflationary stage and the
generation of primordial density fluctuations are positively
solved, see for example [28] and references therein.

5. Conclusion

As we have seen, traditional concepts are no longer valid in
multidimensional theories with the `brane world'. We return
to the list of these notions discussed in the Introduction.
Using models from Sections 3 and 4 as examples we now
arrive at the following conclusions.

ÐThe four-dimensional character of long-distance forces
between particles on the brane does not exclude the possibility
of apparent non-conservation of energy, electric charge and,
perhaps, color in models with infinite extra dimensions.
Roughly speaking, the four-dimensional equation
divE � 4pr does not hold for particles escaping from the
brane and for this reason charge non-conservation does not
contradict the causality principle.

ÐThe geometric nature of gravity is consistent with the
violation of the equivalence principle for gravitational and
inertial masses. Literally in the model of Section 4, this
violation is too small to be experimentally detected, but it is
not excluded that in other models it can be appreciable.

Ð The fundamental gravitational energy scaleM� can be
much smaller than MPl. This can give rise to phenomena
detectable at high-energy colliders.

Ð Deviations from the four-dimensional Newton's law
are possible at fairly large distances comparable to the
experimental limit rmin � 0:02 cm.

Ð Newton's law and the general relativity can become
invalid at ultralarge distances. In principle, changing gravity
at cosmological scales could be an alternative to the
cosmological L-term.

Experimental discovery of any of the enumerated proper-
ties would be the most serious argument in favor of the

existence of extra spatial dimensions. The future will show
whether nature has given us such a possibility or multi-
dimensional models remain purely speculative concepts.

6. Appendix

Let us introduce into the model with action (17) a source of a
gravitational field localized on a brane with the localization
function g�y�, where y � �x 4; . . . ; xN� are coordinates trans-
verse to the brane,

T n
m / g�y� d�x m� :

Then the linearized equation of the gravitational field in this
model can be schematically written as�

Dbulk � d�y�M 2
Pl &

�4�� h�x; y� � g�y� d�x� ; �19�

where Dbulk is some differential operator in �N� 1�-dimen-
sional space-time arising from linearized action (15); it
contains the energy scale M� and does not contain the
parameter MPl. In the low energy limit Dbulk �
MN�2
� &�N�1�. It is convenient to search for the solution of

equation (19) in the momentum representation in the
direction along the brane (including time), i.e., to calculate
h� p; y�. Let D�� p; yÿ y 0� be the Green function of the
operator Dbulk in this representation (depending on the
parameter M� and not on MPl). Let us introduce the
quantities

Dg� p; y� �
�
dNy 0 D�� p; yÿ y 0� g�y 0� ;

�20�
D0� p� � D�� p; yÿ y 0 � 0� :

It is assumed that D0� p� is finite [19]. Then the solution of
equation (19) will have the form

h� p; y� � Dg� p; y�
1�M 2

Pl p
2D0� p�

� M 2
Pl p

2

1�M 2
Pl p

2D0� p�
�
D0� p�Dg� p; y� ÿDg� p; 0�D�� p; y�

�
:

�21�
If D0� p� is also finite at p! 0, then at small momenta

p5M� �22�

we have

D0 � const � 1

M 4�
: �23�

In addition, if momenta are relatively large, namely,

p4
M 2
�

MPl
; �24�

the unity in the denominator of (21) can be neglected and the
gravitational field takes the form

h� p; y� � 1

M 2
Pl p

2

Dg� p; y�
D0� p�

�
�
Dg� p; y� ÿDg� p; 0�D�� p; y�

D0� p�
�
: �25�
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The interaction of sources with mass distributions near the
brane characterized by functions g�y� and f �y� is determined
by the convolution of solution (25) with function f �y�:

Gg f � p� � 1

M 2
Pl p

2

Dgf � p�
D0� p� �

�
Dg f � p� ÿDg� p; 0�Df � p; 0�

D0� p�
�
;

�26�

where

Dg f � p� �
�
f �y�D�� p; yÿ y0� g�y 0� dy 0 :

Note that for distributions f �y� and g�y� characterized by the
brane width D, the last convolution has the form

Dg f �
ÿ
1�M 2

�D
2
g f

�
D0 ; �27�

where D2
g f � D2 and the parameter M 2

� appears on dimen-
sional grounds. So the first term in (26) at momenta satisfying
(26) and (24) is equal to

1

M 2
Pl p

2

ÿ
1�M 2

�D
2
g f

�
:

This term coincides with the Green function of the four-
dimensional wave operator and corresponds to the ordinary
Newton's law for particles on the brane. The correction
M 2
�D

2
g f depends on the mass distribution in direction

transverse to the brane and leads to a weak violation of the
equivalence principle.

The second term in (26) describes short-distance forces
depending on the mass distributions g�y� and f �y�. Taking
into account (27) this term has, generally speaking, the form

CD0� p� ;

where C �M 2
�D

2. At distances r �Mÿ1
� this contribution

gives rise to a correction to the Newton potential of the order
of

1

M2
Plr

M 2
PlD

2 :

It is necessary, however, to note that in this term some
cancelations are possible: for example, for a point-like
distribution f �y� � g�y� � d�y� the second term in (26)
identically turns to zero.

Expression (26) and, hence, the usual Newton's law is
valid only at relatively large momenta (24), i.e., at distances
r < rmax �MPl=M

2
� . At ultralarge distances the term with

M 2
Pl in the denominators of solution (21) can be neglected and

the dominating term has the form

h� p; y� � Dg� p; y� �
�
D�� p; yÿ y 0� g�y 0� dy 0 :

The formula obtained is the expression for the gravitational
field of the source g�y� d�x� in the �N� 1�-dimensional
space-time. Gravity at ultralarge scales becomes multi-
dimensional.

References

1. Hoyle C D et al. Phys. Rev. Lett. 86 1418 (2001); hep-ph/0011014;

Chiaverini J et al. ``New experimental constraints on non-New-

tonian forces below 100 microns'', hep-ph/0209325; Long J C et al.

``New experimental limits on macroscopic forces below 100 mic-

rons'', hep-ph/0210004

2. Okun L B, Zeldovich Ya B Phys. Lett. B 78 597 (1978);

Voloshin M B, Okun' L B Pis'ma Zh. Eksp. Teor. Fiz. 28 156

(1978) [JETP Lett. 28 145 (1978)]; Ignatiev A Yu, Kuzmin V A,

Shaposhnikov M E Phys. Lett. B 84 315 (1979); Ignatev A Y,

Kuzmin V A, Shaposhnikov M E ``On the electric charge

nonconservation in gauge theories and electron stability'', in

Proc. of the 16th Intern. Cosmic Ray Conf., Kyoto, Japan, 1979

Vol. 7 (Ed. S Miyake) (Tokyo: Univ. of Tokyo Press, 1979) p. 400;

``Electron stability and charge fragmentation in gauge theories'',

Preprint IYaI-P-0142 (Moscow: Institute for Nuclear Research,

Academy of Sciences of the USSR, 1980); Mohapatra R N Phys.

Rev. Lett. 59 1510 (1987); Suzuki M Phys. Rev. D 38 1544 (1988);

Dobroliubov M I, Ignatiev A Yu Phys. Rev. Lett. 65 679 (1990);

Maruno M, Takasugi E, Tanaka M Prog. Theor. Phys. 86 907

(1991); Mohapatra R N, Nussinov S Int. J. Mod. Phys. A 7 3817

(1992)

3. Logunov A A Fiz. Elem. Chastits At. Yadra 29 1 (1998) [Phys. Part.

Nucl. 29 1 (1998)]; Gershtein S S, Logunov A A,Mestvirishvili M A

Dokl. Ross. Akad. Nauk 360 332 (1998) [Phys. Dokl. 43 293 (1998)];

Logunov A A Teoriya Gravitatsionnogo Polya (Theory of Gravita-

tional Field) (Moscow: Nauka, 2001); ``The theory of gravity'',

gr-qc/0210005

4. Marshakov A V Usp. Fiz. Nauk 172 977 (2002) [Phys. Usp. 45 915

(2002)]

5. Riess A G et al. (Supernova Search Team Collab.) Astron. J. 116

1009 (1998); astro-ph/9805201; Perlmutter S et al. (The Supernova

Cosmology Project Collab.) Astrophys. J. 517 565 (1999); astro-ph/

9812133

6. Sahni V, Starobinsky A Int. J. Mod. Phys. D 9 373 (2000); astro-ph/

9904398

7. Vysotski|̄ M I, Nevzorov R B Usp. Fiz. Nauk 171 939 (2001) [Phys.

Usp. 44 919 (2001)]

8. Dvali G, Gabadadze G, Shifman M ``Diluting cosmological

constant in infinite volume extra dimensions'', hep-th/0202174;

``Diluting cosmological constant via large distance modification of

gravity'', hep-th/0208096

9. Rubakov V A Usp. Fiz. Nauk 171 913 (2001) [Phys. Usp. 44 871

(2001)]

10. Rubakov V A, Shaposhnikov M E Phys. Lett. B 125 136 (1983);

Akama K, in Gauge Theory and Gravitation: Proc. of the Intern.

Symp., Nara, Japan, 1982 (Lecture Notes in Physics, Vol. 176,

Eds K Kikkawa, N Nakanishi, H Nariai) (Berlin: Springer-Verlag,

1983) p. 267

11. Arkani-Hamed N, Dimopoulos S, Dvali G Phys. Lett. B 429 263

(1998); hep-ph/9803315; Antoniadis I et al. Phys. Lett. B 436 257

(1998); hep-ph/9804398; Arkani-Hamed N, Dimopoulos S, Dvali G

Phys. Rev. D 59 086004 (1999); hep-ph/9807344

12. Randall L, Sundrum R Phys. Rev. Lett. 83 3370 (1999); hep-ph/

9905221

13. Randall L, Sundrum R Phys. Rev. Lett. 83 4690 (1999); hep-th/

9906064

14. Dvali G, Gabadadze G, Porrati M Phys. Lett. B 485 208 (2000);

hep-th/0005016

15. Kaluza T Sitzungsber. Preuss. Akad. Wiss. Berlin, Math.-Phys. Kl.

(1) 966 (1921); Klein O Z. Phys. 37 895 (1926); Surv. High Energy

Phys. 5 241 (1986)

16. Cheung K, Keung W-Y Phys. Rev. D 60 112003 (1999); hep-ph/

9903294

17. Davoudiasl H, Hewett J L, Rizzo T G Phys. Lett. B 473 43 (2000);

hep-ph/9911262

18. Kubyshin Yu A ``Models with extra dimensions and their phenom-

enology'', hep-ph/0111027

19. Dvali G, Gabadadze G Phys. Rev. D 63 065007 (2001); hep-th/

0008054; Dvali G et al. ``See-saw modification of gravity'', hep-th/

0111266

20. Sakharov A D Dokl. Akad. Nauk SSSR 177 70 (1967) [Sov. Phys.

Dokl. 12 1040 (1968)]; Usp. Fiz. Nauk 161 (5) 64 (1991) [Sov. Phys.

Usp. 34 394 (1991)]; Adler S L Rev. Mod. Phys. 54 729 (1982);

Erratum: 55 837 (1983); Zee A Phys. Rev. Lett. 48 295 (1982)

21. Dvali G R et al. Phys. Rev. D 65 024031 (2002); hep-th/0106058

February, 2003 Conferences and symposia 217

http://dx.doi.org/10.1070/PU2002v045n09ABEH001148
Administrator
Marshakov A V Usp. Fiz. Nauk 172 977 (2002) [Phys. Usp. 45 915

Administrator
(2002)]

http://dx.doi.org/10.1070/PU2001v044n09ABEH001011
Administrator
Vysotski|¯ M I, Nevzorov R B Usp. Fiz. Nauk 171 939 (2001) [Phys.

Administrator
Usp. 44 919 (2001)]

http://dx.doi.org/10.1070/PU2001v044n09ABEH001000
Administrator
Rubakov V A Usp. Fiz. Nauk 171 913 (2001) [Phys. Usp. 44 871

Administrator
(2001)]

http://dx.doi.org/10.1103/PhysRevLett.86.1418
OMIS
Hoyle C D et al. Phys. Rev. Lett. 86 1418 (2001);

http://dx.doi.org/10.1016/0370-2693(78)90648-2
OMIS
Okun L B, Zeldovich Ya B Phys. Lett. B 78 597 (1978);

http://dx.doi.org/10.1016/0370-2693(79)90048-0
http://dx.doi.org/10.1016/0370-2693(79)90048-0
OMIS
Ignatiev A Yu, Kuzmin V A

OMIS
Shaposhnikov M E Phys. Lett. B 84 315 (1979)

http://dx.doi.org/10.1103/PhysRevLett.59.1510
http://dx.doi.org/10.1103/PhysRevLett.59.1510
OMIS
Mohapatra R N Phys

OMIS
Rev. Lett. 59 1510 (1987)

http://dx.doi.org/10.1103/PhysRevD.38.1544
OMIS
Suzuki M Phys. Rev. D 38 1544 (1988)

http://dx.doi.org/10.1103/PhysRevLett.65.679
OMIS
Dobroliubov M I, Ignatiev A Yu Phys. Rev. Lett. 65 679 (1990)

http://dx.doi.org/10.1134/1.953058
http://dx.doi.org/10.1134/1.953058
OMIS
Logunov A A Fiz. Elem. Chastits At. Yadra 29 1 (1998) [Phys. Part

OMIS
Nucl. 29 1 (1998)];

http://dx.doi.org/10.1086/300499
http://dx.doi.org/10.1086/300499
OMIS
Riess A G et al. (Supernova Search Team Collab.) Astron. J. 116

OMIS
1009 (1998)

http://dx.doi.org/10.1086/307221
http://dx.doi.org/10.1086/307221
OMIS
Perlmutter S et al. (The Supernova

OMIS
Cosmology Project Collab.) Astrophys. J. 517 565 (1999)

http://dx.doi.org/10.1016/S0218-2718(00)00054-2
OMIS
Sahni V, Starobinsky A Int. J. Mod. Phys. D 9 373 (2000)

http://dx.doi.org/10.1016/0370-2693(83)91253-4
OMIS
Rubakov V A, Shaposhnikov M E Phys. Lett. B 125 136 (1983);

http://dx.doi.org/10.1016/S0370-2693(98)00466-3
http://dx.doi.org/10.1016/S0370-2693(98)00466-3
OMIS
Arkani-Hamed N, Dimopoulos S, Dvali G Phys. Lett. B 429 263

OMIS
(1998)

http://dx.doi.org/10.1016/S0370-2693(98)00860-0
http://dx.doi.org/10.1016/S0370-2693(98)00860-0
OMIS
Antoniadis I et al. Phys. Lett. B 436 257

OMIS
(1998)

http://dx.doi.org/10.1103/PhysRevD.59.086004
http://dx.doi.org/10.1103/PhysRevD.59.086004
OMIS
Arkani-Hamed N, Dimopoulos S, Dvali G

OMIS
Phys. Rev. D 59 086004 (1999

http://dx.doi.org/10.1103/PhysRevLett.83.3370
OMIS
Randall L, Sundrum R Phys. Rev. Lett. 83 3370 (1999)

http://dx.doi.org/10.1103/PhysRevLett.83.4690
OMIS
Randall L, Sundrum R Phys. Rev. Lett. 83 4690 (1999)

http://dx.doi.org/10.1016/S0370-2693(00)00669-9
OMIS
Dvali G, Gabadadze G, Porrati M Phys. Lett. B 485 208 (2000);

http://dx.doi.org/10.1103/PhysRevD.60.112003
OMIS
Cheung K, Keung W-Y Phys. Rev. D 60 112003 (1999);

http://dx.doi.org/10.1016/S0370-2693(99)01430-6
OMIS
Davoudiasl H, Hewett J L, Rizzo T G Phys. Lett. B 473 43 (2000)

http://dx.doi.org/10.1103/PhysRevD.63.065007
OMIS
Dvali G, Gabadadze G Phys. Rev. D 63 065007 (2001)

http://dx.doi.org/10.1103/RevModPhys.54.729
OMIS
Adler S L Rev. Mod. Phys. 54 729 (1982);

http://dx.doi.org/10.1103/RevModPhys.55.837
http://dx.doi.org/10.1103/PhysRevLett.48.295
OMIS
Zee A Phys. Rev. Lett. 48 295 (1982)

OMIS
Erratum: 55 837 (1983);

http://dx.doi.org/10.1103/PhysRevD.65.024031
OMIS
Dvali G R et al. Phys. Rev. D 65 024031 (2002)



22. Kogan I I et al. Nucl. Phys. B 584 313 (2000); hep-ph/9912552;

Gregory R, Rubakov V A, Sibiryakov SM Phys. Rev. Lett. 84 5928

(2000); hep-th/0002072

23. Gregory R, Rubakov VA, Sibiryakov SMClass. QuantumGrav. 17

4437 (2000); hep-th/0003109; Giddings S B, Katz E J. Math. Phys.

42 3082 (2001); hep-th/0009176

24. Dubovsky SL, RubakovVA, Tinyakov PG JHEP 0008 041 (2000);

hep-ph/0007179; Dubovsky S L, Rubakov V A ``On electric charge

non-conservation in brane world'', hep-th/0204205

25. Deffayet C Phys. Lett. B 502 199 (2001); hep-ph/0010186

26. Gogberashvili M Europhys. Lett. 49 396 (2000); hep-ph/9812365

27. Bowcock P, Charmousis C, Gregory R Class. Quantum Grav. 17

4745 (2000); hep-th/0007177

28. Wands D Class. Quantum Grav. 19 3403 (2002); hep-th/0203107;

Langlois D ``Brane cosmology: an introduction'', hep-th/0209261

PACS numbers: 11.15. ± q, 11.25.Tq, 12.60.Jv

DOI: 10.1070/PU2003v046n02ABEH001356

Higher spin gauge theory

M A Vasil'ev

1. Standard gauge theories

The aim of the present talk is to present the key ideas and
results of the higher spin gauge theory without delving into
technical details of the setup. In essence, we shall consider the
construction of a field theory model with maximally high
gauge symmetry. It is expected that such theories allow a new
vision of superstring theory which is presently thought to be
the main candidate for the theory of fundamental interac-
tions.

As usually, the gauge symmetries are those whose
parameters are arbitrary functions of space-time coordinates
xn. Historically the first gauge theory was that of electro-
magnetism suggested by Maxwell. In this case the gauge field
is identified with the vector potential An that generates the
field strength

Fnm � qnAm ÿ qmAn; qn � q
qxn

; n � 0; 1; 2; 3 ; �1�

invariant under the gauge (gradient) transformations

dAn � qne �2�

with an arbitrary gauge parameter e�x�. The gauge-invariant
Maxwell's action

S � ÿ 1

4

�
d4xFnmF

nm; dS � 0 �3�

is known to describe massless particles of spin 1, the photons.
Maxwell theory can be generalized to Yang ±Mills theory

by introducing a system of mutually charged spin 1 particles
described by the matrix-valued potential Aj

ni which takes
values in some Lie algebra h. The corresponding strengths,
gauge transformations, and action have the forms

Gnm � qnAm ÿ qmAn � g �An; Am� ; �4�
dAn � qne� g �An; e � ; �5�
S � ÿ 1

4

�
d4x tr�GnmG

nm� ; �6�

respectively. The Yang ±Mills theory can be understood as
the theory of interaction of massless spin 1 particles. Indeed,
by imposing natural conditions bounding the orders of
derivatives, the gauge symmetry principle fixes interactions
of spin 1 fields unambiguously towithin an arbitrary choice of
the gauge group.

At first glance, the pure Yang ±Mills theory seems poorly
adapted to describe the real physics since quanta of the
Yang ±Mills fields are massless, at least perturbatively. At
one time, it was this point that prevented Pauli from
publishing the results he obtained where essentially the
Yang ±Mills theory was discovered. Later on, owing to
discovery of the Higgs phenomenon in the phase with
spontaneously broken symmetry, this difficulty was found
to be apparent. From the symmetry viewpoint, the character-
istic feature of this phenomenon is the appearance of the
Higgs field FA with the gauge transformation law in the form

dFA � eA�X� � . . . ; �7�

where eA�X� are some combinations of the gauge parameters
e�X� and the ellipsis denotes higher-order terms. Such a
transformation law of the Higgs field allows a partial fixation
of the gauge freedom by choosing the gauge FA � 0. The
remaining freedom is generated by those gauge parameters
e�X� that do not contribute to eA�X�. Presently, the Yang ±
Mills theory is the foundation for the theory of strong and
electroweak interactions. In particular, introducing Yang ±
Mills fields for the gauge group SU�2� �U�1� as carriers of
the electroweak interaction has enabled one to surmount
difficulties of Fermi theory of weak interactions.

The next textbook example of the gauge theory is general
relativity. Here the metric tensor gmn plays the role of the
gauge field and gauge transformations are identified with the
coordinate ones

dgnm � qn�er�grm � qm�e r�grn � e rqr�gnm� ; �8�

where e r�x� are infinitesimal parameters. The gauge invar-
iance principle is identified with Einstein's equivalence
principle. The invariant Einstein ±Gilbert action

S � ÿ 1

4K2

� ��������������������
ÿdet j g j

p
�R� L� �9�

contains two independent coupling constants: the gravita-
tional constant K and the cosmological constant L. To
interpret this theory in terms of particles, one should make
the expansion gnm � Znm � Khnm in some fixed background
metrics Znm (flat for L � 0 or (anti) de Sitter for L 6� 0)
where hnm describes dynamical fluctuations. For the flat
space (L � 0) Fierz and Pauli showed that the linearized
action S describes free massless particles of spin 2, the
gravitons. Again, by imposing some natural conditions the
Einstein ±Gilbert action is found to be the only consistent
(gauge invariant) action for a self-interacting massless field of
spin 2.

In four dimensions, the only non-trivial modification of
the gauge theory of spin 1 and spin 2 is supergravity Ð the
theory in which, in addition to the spin 1 and spin 2 gauge
fields, amassless gauge field of spin 3/2 appears, the gravitino,
which is responsible for local supersymmetry transformations
with the spinor gauge parameters ea�x�. A new feature of
supergravity is that it unifies particles carrying different spins,
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