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Braneworlds and Large Extra Dimensions
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Abstract. The idea of extra dimensions has always played an important role in string theory. How-
ever, until recently, most of the interest has been on small extra dimensions. With the introduction of
braneworlds, this view has been turned around, and many investigations have been made of incor-
porating large extra dimensions into string theory. Here I provide a brief survey of how such large
dimensions may arise from string theory, and additionally discuss some experimental signatures for
extra dimensions.

1. INTRODUCTION

Since the time when Oskar Klein proposed the idea of a fifth dimension, the notion that
we may live in a universe with extra dimensions has been an especially fascinating and
important one. From a modern perspective, extra dimensions arise naturally in M-theory,
which encompasses both eleven dimensional spacetimes and ten dimensional strings.
Although traditionally, extra dimensions in M-theory were intended to be compactified
at a very small scale, and hence were too small to be observed, much recent excitement
has focused on an intriguing possibility of our universe having large (and even infinite)
extra dimensions.

Although Klein’s initial proposal for the fifth dimension was intended to unify elec-
tromagnetism with gravity, this goal still remains elusive, as gravity physically appears
quite different from the other three forces. However, this led Arkani-Hamed, Dimopou-
los and Dvali (ADD), to propose that gravity is in fact different in that it lives in a higher
dimensional bulk, whereas the matter fields are constrained to live on a 3-brane [1, 2].
In such a braneworld scenario, the extra dimensions, while large, remain compact. Thus
it was a rather surprising result of Randall and Sundrum when they demonstrated that
gravity can be trapped on a 3-brane, even with an infinite extra dimension [3, 4].

This Randall-Sundrum braneworld evades conventional Kaluza-Klein lore by using
a warped compactification, where the 3-brane directions (our universe) and the extra
dimensions are no longer treated independently in the metric. While this model appears
initially unrelated to M-theory, it has now been shown that there is a close connection
between the Randall-Sundrum braneworld and AdS/CFT duality [S, 6, 7] in M-theory.
Nevertheless, the precise connection between the models is not yet clear, although much
has been written on the subject. In any case, this model at the very least hints at new
approaches to string compactifications yielding large extra dimensions.

In this review, I would like to make the case that string theory naturally accommodates
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the possibility of large extra dimensions, and furthermore that the study of braneworld
models may in fact yield new results pertinent to string theory.

2. LARGE EXTRA DIMENSIONS IN STRING THEORY?

When the notion of a ten-dimensional spacetime arose in string theory, it forced the
community to confront the question of how the very nature of spacetime arises, and
why our universe appears to have one time and three space dimensions. While a natural
reaction would be to hide the extra dimensions through compactification, this possibility
perhaps raises as many questions as it was meant to address. Is there a dynamical reason
for precisely six of the ten dimensions to become very small, while the remaining four
grow large? Or, even taking this as granted, what mechanism selects the proper vacuum
out of all the possibilities? Compactifications even exist without any obvious geometric
interpretation of what would be the extra dimensions.

Investigating large extra dimensions may provide new approaches to addressing such
questions. While it is not yet clear what the outcome of this program will be, nevertheless
many novel features have already been uncovered from the investigation of braneworld
models.

To see how large extra dimensions may arise in string theory, we first consider a
traditional compactification. For a model with n extra dimensions, we may take a direct
product space of the form

-ﬂ4+n=M1’3®Km (1)

where M'3 represents our spacetime, while K, is a compact internal manifold. This
direct product form is sufficient to determine a generic relation between the coupling
strengths of the original (4 +n)-dimensional theory and the 4-dimensional one. Consider

~ n, | _ 1 2 | 4.1 n 1 2
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4+n

Identifying the term in parenthesis with a four-dimensional effective coupling yields

1 1
84 g4+n

In addition, the four-dimensional spectrum would typically be composed of a set of zero
modes (light fields), plus a tower of Kaluza-Klein modes, with masses on the order of
1/R, where R is a typical size of Kj,.

Consider the case of a heterotic string compactified on a six-torus, 76. While this is
not particularly realistic, it provides a simple model with many of the important features
of a more involved compactification. The ten-dimensional string parameters include:

M, = (2mo/)~1/2  String scale,
gs = (e?) String coupling constant,

@)
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while the four-dimensional parameters of interest are instead:

Mpl ~ 1019GeV Planck mass,
&yM gauge coupling constant.

&)

As indicated above, these parameters are related through the volume of the compact
manifold. Assuming for simplicity a single radius parameter, R, so that the compactifi-
cation volume is Ve = RS, we may use the Kaluza-Klein relations

1 1 1
My =—(MR)°M?,  ——=—(MR)°, (6)
g; g8 &
to obtain
M; = gyyMy~10"GeV, )
1
o T My(gyy/8s)'® ~ M, ~ 108 GeV. (®)

Here, we have assumed that the couplings remain perturbative, gy ~ g ~ €(1).

As aresult, both the string scale and the compactification scale are necessarily located
near the Planck scale. This is the conventional perturbative string picture with small extra
dimensions. If this were the only possibility, then it would be difficult to foresee the
importance of large extra dimensions to string models. However, there is a way out, and
that is to incorporate different effective dimensions for matter (including gauge fields)
and gravity.

For example, in a D-brane model, gauge fields arise from open strings, and live on the
world-volume of the D-brane, while gravity fields are composed of closed string states,
and propagate in the bulk. D3-branes, in particular, are described by four-dimensional
super-Yang-Mills fields with coupling g%M = g;. Although these gauge fields are already
four-dimensional, gravity must still be compactified on a six dimensional manifold.
Thus, for this D3-brane toy model, the Kaluza-Klein relations (6), now read instead

(MRMZ, =2 ©)

M% = =_.
ngM 8s

L
Pg?

These relations are no longer sufficient for determining the string scale. In particular,
this example allows the possibility

M; ~ 10°GeV, (10)
1
= N 1072GeV  (~20fm). 11

So large extra dimensions may exist for the gravity sector of string models. Having such
large dimensions has the added consequence of bringing down the fundamental (string)
scale to as low as the TeV range. This feature was extensively promoted as a means of
solving the hierarchy problem (although, in a way, the problem has instead been shifted
to that of stabilizing the size of the extra dimensions).
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3. SOME SIGNATURES FOR LARGE EXTRA DIMENSIONS

The presence of extra dimensions naturally lead to deviations from four-dimensional
behavior at distances shorter than the compactification scale. For extra dimensions near
the Planck scale, this is essentially unimportant, as the dimensions are very well hidden.
However, for large extra dimensions, many stringent bounds may arise.

A natural signature of extra dimensions would be deviations from the inverse square
force law at short distances; one would expect 1/ 11 forces at distances shorter than
the size R of the extra dimensions (here # is the number of ‘large’ extra dimensions). Ex-
perimentally, this is quite constraining on gauge fields, as no deviations from Coulomb
behavior have been observed up to accelerator energies ("small’ extra dimensions are of
course still allowed). However, for gravity, this is an entirely different situation. Until
recently, laboratory experiments have only been able to probe Newtonian behavior of
gravity down to centimeter or so scales, thus leaving potentially large dimensions open
for gravity.

Motivated by the ADD picture of large extra dimensions for gravity, several torsion
balance tests of the inverse square law have since been performed. The current limit is
200 um (or 150 um for n = 2) for the size of gravitational extra dimensions [8, 9] (see
also Ref. [10]). The implications of this may be seen by considering the relation between
the size R of the extra dimensions and the fundamental scale, which we denote M, (we
always take Mpl ~ 10~1GeV to be the four-dimensional Planck scale). For a model

with 7 extra toroidal dimensions, we have Mpl = (MSR)”/ 2M,, or

1 ]M1 14+2/n
R~—|(-2). 12
Mpl<MS> ( )

Once we fix n, this then relates M; with R.

Motivated by the desire to remove unnatural hierarchies, we may consider setting
M = M ooweax = 1 TeV. This results in extra dimensions of sizes 101%m (for n = 1)
to 10fm (for n = 6). Clearly having one extra dimension in this case is absurd. However,
for n =2, we find R & 1 mm, which is right in the range of the above experimental limit.
It is for this reason that the case of two large extra dimensions has attracted widespread
attention. However, it should be noted that nothing a priori forces M, to be at the TeV
scale. Thus even the single extra dimension case cannot be ruled out, provided one
chooses M; accordingly.

For models with gauge fields living on a single brane and gravitons in the bulk, their
phenomenology may generally be understood in terms of the conventional (or supersym-
metric) Standard Model coupled to gravity plus a tower of Kaluza-Klein gravitons. Since
couplings to the KK tower occur with (four-dimensional) gravitational strength, one may
at first be tempted to ignore their presence. However, for large extra dimensions, the KK
level spacing is extremely tiny. Hence there are an enormous number of KK modes, and
this large number effectively compensates for their weak coupling. Typically, the effects
of the KK modes may be felt at the scale My, which would not be surprising, as that is
after all the fundamental scale of the underlying theory. Signatures for extra dimensions
thus involve the detection of the effects arising from KK gravitons, and for the most part
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may be divided among gravity experiments (mentioned above), collider signatures and
astrophysical (and cosmological) observations.

3.1. Collider signatures

Standard Feynman rules for the propagation and interaction of KK gravitons have
been worked out in Refs. [11, 12}. Looking for large extra dimensions at colliders is
then a matter of identifying the most promising channels for observation of the effects
of the KK gravitons.

Perhaps the most dramatic signature four extra dimensions would be the direct pro-
duction of KK gravitons, which then escape into the bulk. This shows up as missing
energy, and typical signatures at LEP include [11, 12, 13]

+ +

eTe” — v+ (missing), e"e” — Z+ (missing). (13)

Siinilarly, at hadron colliders, one may look for
qq — jet+ (missing). (14)
For two extra dimensions, the combined LEP limit is of the order [14, 15, 16, 17, 18]
M;>145TeV or R<23x107*m (15)

(care must be taken when comparing results, as various conventions have been used).
In addition, one may search indirectly for the effects of virtual exchange of KK
gravitons [11, 12, 19]. Since the KK gravitons carry spin-2, as opposed to ordinary
spin-1 gauge bosons, useful signatures may especially be obtained from the angular
distribution of the final state particles. Corrections to Bhabha scattering at LEP, ete™ —
ete™, are particularly important, although searches have also been conducted in the
ete™ — yy channel [20, 21]. The indirect limits from LEP are of the order [22, 14, 16,
23]
M; > 1.13TeV (16)

(again for two extra dimensions). Searches have also been conducted both at HERA [24]
and at the Tevatron [25].

3.2. Astrophysical bounds on extra dimensions

Turning to the astrophysical realm, there is a danger that KK gravitons may be
copiously produced in supernova explosions, and as a result carry off too large a fraction
of the energy. Most of the energy from the supernova is expected to be carried away
by neutrinos escaping the core. Since essentially the expected flux was observed for
SN1987A, this leaves little room for the KK gravitons [26]. For two extra dimensions,
the bounds are [26, 27, 28]

M;>50TeV or R<3x10 " m. 17
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Additional astrophysical limits involving observed neutrino fluxes have been investi-
gated in Ref. [29].

In any case, assuming supernova explosions produce a cloud of KK gravitons, it
turns out that a large fraction of these particles may remain in the vicinity of the
resulting neutron star. As a result, their decay products may overly heat the neutron star,
essentially preventing it from cooling to observed luminosities. The analysis of Ref. [30]
yields (for n = 2)

M; > 1700TeV, (18)

although several uncertainties enter such an analysis. Regardless, this essentially rules
out the phenomenologically interesting range of M, for the n = 2 model.

It is also worth noting that, with a low fundamental string scale, quantum gravity ef-
fects become important at accessible energies. This would lead to potentially dangerous
effects such as black hole catalyzed proton decay [31] (which however can be avoided
via several mechanisms). Furthermore, one must consider seriously the possibility that
black holes would be copiously produced at the TeV scale. In addition to production in
cosmic ray events, much has been made of the possibility of creating black holes at the
LHC. Such black holes, if produced, would decay rapidly by Hawking radiation, giv-
ing rise to potentially visible events. Although production cross sections are not under
complete control, reasonable estimates may be made; see e.g. Refs. [32, 33, 34, 35].

Bounds on extra dimensions may also be obtained from cosmology. For example,
the decays of the KK gravitons in the early universe may affect the cooling rate of the
cosmic microwave background [36]. Decays of KK gravitons may also contribute to the
cosmic diffuse gamma ray background; observations yield an bound of approximately
(37]

M; > 100TeV. 19)

Putting together these above constraints, we find that, for three or fewer extra dimen-
sions, the fundamental scale must be sufficiently high above the electroweak scale that
this model loses some of its original attractiveness. However, this is really only one of
the the simplest frameworks for incorporating large extra dimensions.

4. BRANEWORLD GENERALIZATIONS

Most of the experimental limits given above have been given in terms of toroidal extra
dimensions. However it is certainly possible to replace 7" by a more general internal
manifold. One possibility, for example, is the model of compact hyperbolic dimensions
of Refs. [38, 39, 40]. By changing the geometry of the internal manifold, one may
modify the relation (12) sufficiently to relax the conditions on having a TeV fundamental
scale.

Another possibility would be, for example, to have an intersecting brane model, with
different gauge groups and matter fields realized on different branes. Such models may
also provide extra dimensions for gauge bosons (so that there would be KK excitations
of e.g. ¥, Z, W%, g). Intersecting branes and branes at orbifold points may arise from
string models.
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Finally, I have not even touched upon possibility of warped compactifications, which
include the Randall-Sundrum model. Warped compactifications open up a large set of
possibilities, and have attracted attention, as they naturally arise in many interesting
classes of string vacua. From an effective gravity point of view, such models are the most
general possibilities consistent with the low energy Poincaré symmetry of spacetime. Yet
they are often predictive enough that non-trivial results may be obtained using some of
the tools of string theory.

While this is an admittedly incomplete survey, I hope it presents some of the flavor of
braneworld physics as a completely new way of looking at our universe. While it may
be as yet premature to speculate on the nature of the spacetime dimensions, braneworlds
at least force us to confront this issue in a much more direct manner. Finally, as an
essential part of string theory, the very presence of extra dimensions (small and large)
may provide the elusive connection between physics of the highest energies and that of
the longest distances.
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