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Abstract. The recent understanding of string theory opens the possibility that the string scale can be as low
as a few TeV. The apparent weakness of gravitational interactions can then be accounted by the existence
of large internal dimensions, in the submillimeter region. Furthermore, our world must be confined to live
on a brane transverse to these large dimensions, with which it interacts only gravitationally. In my lecture,
I describe briefly this scenario which gives a new theoretical framework for solving the gauge hierarchy
problem and the unification of all interactions. I also discuss its main properties and implications for
observations at both future particle colliders, and in non-accelerator gravity experiments. Such effects are
for instance the production of Kaluza-Klein resonances, graviton emission in the bulk of extra dimensions,
and a radical change of gravitational forces in the submillimeter range.

1 Introduction

In all physical theories, the number of dimensions is a
free parameter fixed to three by observation, with one ex-
ception: string theory, which predicts the existence of six
new spatial dimensions. This is the only known theory to-
day that unifies the two great discoveries of 20th century:
quantum mechanics, describing the behavior of elemen-
tary particles, and Einstein’s General Relativity, descri-
bing gravitational phenomena in our Universe.

String theory replaces all elementary point-particles
that form matter and its interactions with a single exten-
ded object of vanishing width: a tiny string. Thus, every
known elementary particle, such as the electron, quark,
photon or neutrino, corresponds to a particular vibration
mode of the string. The diversity of these particles is due
to the different properties of the corresponding string vi-
brations.

How can it be tested? If our universe has really six
additional dimensions, we should observe new phenomena
related to the existence of these dimensions. Why nobody
has detected them until now? String theorists had an an-
swer for a long time: because the size of the new dimen-
sions is very small, in contrast to the size of the other
three that we know, which is infinitely large.

An infinite and narrow cylinder for example is a two-
dimensional space, with one dimension forming a very
small cycle: one can move infinitely far away along the
axis, while one returns back at the same point when mo-
ving along the orthogonal direction (see Fig. 1). If one of
the three known dimensions of space was small, say of mil-
limeter size, we would be flat and, while we could move
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Fig. 1. Possible forms of small extra dimensions of space. Far
away they are unobservable, but at distances comparable to
their size we start feeling their existence and exploring their
shapes

freely towards left or right, forward or backward, it would
be impossible to do more than a few millimeters up or
down where space ends.

For a long time, string physicists thought that the
six extra dimensions were extremely small, having the
smallest possible size of physics, associated to the Planck
length ∼ 10−35 meters. In fact, strings were introduced to
describe gravitation whose strength becomes important
and comparable to the strength of the other three funda-
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mental interactions (electromagnetic, nuclear strong and
weak) at very short distances, of the order of the Planck
length. It was then natural to assume that the size of
the extra dimensions should be of the same order. In this
case, the manifestation of new phenomena associated to
the extra dimensions are by far out of experimental reach,
at least in particle accelerators. Indeed, the Large Hadron
Collider (LHC) which is the biggest accelerator under con-
struction at CERN will explore short distances, only up
to 10−19 meters.

The situation changed drastically recently. During the
last three years, more and more theorists examine the pos-
sibility that the new dimensions of string theory may be
much larger than we thought in the past [1,2]. These ideas
lead in particular to experimental tests of string theory
that can be performed at TEVATRON and LHC, or at
future colliders.

2 The universe as a braneworld

A particularly attractive scenario is when the string scale
is in the TeV region, which stabilizes the mass hierarchy
problem without need of supersymmetry [2]. A possible
realization of this idea without experimental conflict is
in models possessing large extra dimensions along which
only gravity propagates: gravity appears to us very weak
at macroscopic scales because its intensity is spread in the
“hidden” extra dimensions. On the other hand, at TeV en-
ergies, it becomes comparable in strength with the other
interactions, i.e. 1032 times stronger than what we belie-
ved in the past. In order to increase the gravitational force
without contradicting present observations, one has to in-
troduce at least two such extra dimensions of size that
can be as large as a fraction of a millimeter. At these di-
stances, gravity should start deviate from Newton’s law,
which may be possible to explore in laboratory experi-
ments [3].

A convenient perturbative framework realizing this idea
is one of the five string theories, called type I, that contains
simultaneously closed and open strings [2]. Our universe
should be localized on a hypersurface, i.e. a membrane ex-
tended in p spatial dimensions with p < 7, called p-brane
(see Fig. 2). Closed strings describe gravity and propagate
in all nine dimensions of space: in those extended along
the p-brane, as well as in the transverse ones. On the con-
trary, the endpoints of open strings describing the other
(gauge) interactions are confined on the p-brane.

Obviously, our p-braneworld must have at least the
three known dimensions of space. But it may contain more:
as opposed to the transverse dimensions that interact with
us only gravitationally, the “longitudinal” to the brane ex-
tra dimensions can be “seen” by the light at sufficiently
high energies, giving rise to the production of massive
Kaluza-Klein particles in accelerators (see Fig. 3) [4]. On
the other hand, the existence of the extra large (sub)-
millimeter dimensions, transverse to our p-brane universe,
guarantee that gravitational interactions appear to us very
weak at macroscopic distances, larger that a millimeter.

open string

closed string

Extra dimension(s) perp. to the brane

M
in

ko
w

sk
i 3

+
1 

di
m

en
si

on
s

d     extra dimensions

||

3+d   dimensional brane//
3dimensional brane

Fig. 2. In the type I string framework, our Universe con-
tains, besides the three known spatial dimensions (denoted by
a single blue line), some extra dimensions (d‖ = p− 3) parallel
to our world p-brane (green plane) along which the light de-
scribed by open strings propagates, as well as some transverse
dimensions (yellow space) where only gravity described by clo-
sed strings can propagate. The longitudinal extra dimensions
have the string size of the order of 10−18 meters, while the
size of the transverse dimensions varies in the range of 10−14
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Fig. 3. If there is an extra dimension of size 10−18 meters,
felt by the electroweak interactions, LHC should produce the
first Kaluza-Klein states of the photon and of the Z boson.
We can then detect the electron-positron pairs produced by
the disintegration of these states. The number of the expected
events is computed as a function of the energy of the pair in
GeV. From highest to lowest: excitation of photon+Z, photon
and Z boson
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The size of these transverse dimensions varies from a frac-
tion of millimeter (in the case of two) to a Fermi (10−14

meters, in the case of six). Their characteristic signal in
particle colliders is graviton emission into the bulk, lea-
ding to missing energy that escapes detection [2,5].

3 D-brane Standard Model

One of the main questions with such a low string scale is
to understand the observed values of the low energy gauge
couplings. One possibility is to have the three gauge group
factors of the Standard Model (SM) arising from diffe-
rent collections of coinciding branes. This is unattractive
since the three gauge couplings correspond in this case
to different arbitrary parameters of the model. A second
possibility is to maintain unification by imposing all the
SM gauge bosons to arise from the same collection of D-
branes. The large difference in the actual values of gauge
couplings could then be explained either by introducing
power-law running from a few TeV to the weak scale [6],
or by an effective logarithmic evolution in the transverse
space in the special case of two large dimensions [7]. Ho-
wever, no satisfactory model built along these lines has so
far been presented.

Here, we will discuss a third possibility [8], which is
alternative to unification but nevertheless maintains the
prediction of the weak angle at low energies. Specifically,
we consider the strong and electroweak interactions to
arise from two different collections of coinciding branes,
leading to two different gauge couplings, [9]. Assuming
that the low energy spectrum of the (non-supersymmetric)
SM can be derived by a type I string vacuum, the nor-
malization of the hypercharge is determined in terms of
the two gauge couplings and leads naturally to the right
value of sin2 θW for a string scale of the order of a few
TeV. The electroweak gauge symmetry is broken by the
vacuum expectation values of two Higgs doublets, which
are both necessary in the present context to give masses
to all quarks and leptons.

Another issue of this class of models with TeV string
scale is to understand proton stability. In the model pre-
sented here, this is achieved by the conservation of the
baryon number which turns out to be a perturbatively
exact global symmetry, remnant of an anomalous U(1)
gauge symmetry broken by the Green-Schwarz mecha-
nism. Specifically, the anomaly is canceled by shifting a
corresponding axion field that gives mass to the U(1)
gauge boson. Moreover, the two extra U(1) gauge groups
are anomalous and the associated gauge bosons become
massive with masses of the order of the string scale. Their
couplings to the standard model fields up to dimension
five are fixed by charges and anomalies.

3.1 Hypercharge embedding and the weak angle

The gauge group closest to the Standard Model one can
hope to derive from type I string theory in the above con-
text is U(3)×U(2)×U(1). The first factor arises from three

coincident “color” D-branes. An open string with one end
on them is a triplet under SU(3) and carries the same
U(1) charge for all three components. Thus, the U(1) fac-
tor of U(3) has to be identified with gauged baryon num-
ber. Similarly, U(2) arises from two coincident “weak” D-
branes and the corresponding abelian factor is identified
with gauged weak-doublet number. A priori, one might
expect that U(3) × U(2) would be the minimal choice.
However it turns out that one cannot give masses to both
up and down quarks in that case. Therefore, at least one
additional U(1) factor corresponding to an extra “U(1)”
D-brane is necessary in order to accommodate the Stan-
dard Model. In principle this U(1) brane can be chosen to
be independent of the other two collections with its own
gauge coupling. To improve the predictability of the mo-
del, here we choose to put it on top of either the color
or the weak D-branes. In either case, the model has two
independent gauge couplings g3 and g2 corresponding, re-
spectively, to the gauge groups U(3) and U(2). The U(1)
gauge coupling g1 is equal to either g3 or g2.

Let us denote by Q3, Q2 and Q1 the three U(1) charges
of U(3)×U(2)×U(1), in a self explanatory notation. Under
SU(3)×SU(2)×U(1)3 ×U(1)2 ×U(1)1, the members of a
family of quarks and leptons have the following quantum
numbers:

Q (3,2; 1, w, 0)1/6

uc (3̄,1; −1, 0, x)−2/3

dc (3̄,1; −1, 0, y)1/3 (1)
L (1,2; 0, 1, z)−1/2

lc (1,1; 0, 0, 1)1

Here, we normalize all U(N) generators according to
TrT aT b = δab/2, and measure the corresponding U(1)N

charges with respect to the coupling gN/
√

2N , with gN the
SU(N) coupling constant. Thus, the fundamental repre-
sentation of SU(N) has U(1)N charge unity. The values of
the U(1) charges x, y, z, w will be fixed below so that they
lead to the right hypercharges, shown for completeness as
subscripts.

The quark doublet Q corresponds necessarily to a mas-
sless excitation of an open string with its two ends on the
two different collections of branes. The Q2 charge w can
be either +1 or −1 depending on whether Q transforms
as a 2 or a 2̄ under U(2). The antiquark uc corresponds
to fluctuations of an open string with one end on the color
branes and the other on the U(1) brane for x = ±1, or on
other branes in the bulk for x = 0. Ditto for dc. Similarly,
the lepton doublet L arises from an open string with one
end on the weak branes and the other on the U(1) brane
for z = ±1, or in the bulk for z = 0. Finally, lc corre-
sponds necessarily to an open string with one end on the
U(1) brane and the other in the bulk.

The weak hypercharge Y is a linear combination of the
three U(1)’s [10]:

Y = c1Q1 + c2Q2 + c3Q3 . (2)

c1 = 1 is fixed by the charges of lc in (1), while for
the remaining two coefficients and the unknown charges
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Fig. 4. The experimental value of sin2 θW (thick curve), and
the theoretical predictions (4)

x, y, z, w, we obtain four possibilities:

c2 = ∓1
2

, c3 = −1
3

; x = −1 , y = 0 , z = 0/ − 1 , w = ∓1

c2 = ∓1
2

, c3 =
2
3

; x = 0 , y = 1 , z = 0/ − 1 , w = ∓1(3)

To compute the weak angle sin2 θW , we use (2) to find:

sin2 θW ≡ g2
Y

g2
2 + g2

Y

=
1

1 + 4c2
2 + 2g2

2/g2
1 + 6c2

3g
2
2/g2

3
,

(4)
with g1 = g2 or g1 = g3 at the string scale.

We now show that the above prediction agrees with
the experimental value for sin2 θW for a string scale in the
region of a few TeV. For this comparison, we use the evo-
lution of gauge couplings from the weak scale MZ as deter-
mined by the one-loop beta-functions of the SM with three
families of quarks and leptons and one Higgs doublet. In
order to compare the theoretical relations for g1 = g2 and
g1 = g3 with the experimental value of sin2 θW at Ms, we
plot in Fig. 1 the corresponding curves as functions of Ms.
The solid line is the experimental curve. The dashed line
is the plot of the function (4) for g1 = g2 with c3 = −1/3
while the dotted-dashed line corresponds to g1 = g3 with
c3 = 2/3. The other two possibilities are not shown be-
cause they lead to a value of Ms which is too high to pro-
tect the hierarchy. Thus, the second case, where the U(1)
brane is on top of the color branes, is compatible with low
energy data for Ms ∼ 6−8 TeV and gs � 0.9. This selects
the last two possibilities of charge assignments in (3).

From the general solution (3) and the requirement that
the Higgs doublet has hypercharge 1/2, one finds the fol-
lowing possible assignments:

c2 = ∓1
2

: H (1,2; 0, ±1, 1)1/2 H ′ (1,2; 0, ∓1, 0)1/2

(5)
It is straightforward to check that the allowed (trilinear)
Yukawa terms are:

c2 = −1
2

: H ′Quc , H†Llc , H†Qdc ;

c2 =
1
2

: H ′Quc , H ′†Llc , H†Qdc (6)

Thus, two Higgs doublets are in each case necessary and
sufficient to give masses to all quarks and leptons. The
presence of the second Higgs doublet changes very little
the curves of Fig. 1 and consequently our previous conclu-
sions about Ms. Two important comments are in order:
(i) The spectrum we assumed in (1) does not contain right-
handed neutrinos on the branes. They could in principle
arise from open strings in the bulk. Their interactions with
the particles on the branes would then be suppressed by
the large volume of the transverse space. More specifically,
conservation of the three U(1) charges allow for the fol-
lowing Yukawa couplings involving the right-handed neu-
trino νR:

c2 = −1
2

: H ′ L νL ; c2 =
1
2

: H L νR (7)

These couplings lead to Dirac type neutrino masses bet-
ween νL from L and the zero mode of νR, which is natu-
rally suppressed by the volume of the bulk.
(ii) From (4) and Fig. 1, we find the ratio of the SU(2)
and SU(3) gauge couplings at the string scale to be
α2/α3 ∼ 0.4. This ratio can be arranged by an appro-
priate choice of the relevant moduli. For instance, one may
choose the color and U(1) branes to be D3 branes while the
weak branes to be D7 branes. Then the ratio of couplings
above can be explained by choosing the volume of the four
compact dimensions of the seven branes to be V4 = 2.5 in
string units. This predicts an interesting spectrum of KK
states, different from the naive choices that have appeared
hitherto: the only SM particles that have KK descendants
are the W bosons as well as the hypercharge gauge boson.
However since the hypercharge is a linear combination of
the three U(1)’s the massive U(1) gauge bosons do not
couple to hypercharge but to doublet number.

3.2 The fate of U(1)’s and proton stability

The model under discussion has three U(1) gauge in-
teractions corresponding to the generators Q1, Q2, Q3.
From the previous analysis, the hypercharge was shown
to be either one of the two linear combinations: Y =
Q1 ∓ 1

2Q2 + 2
3Q3 . It is easy to see that the remaining

two U(1) combinations orthogonal to Y are anomalous.
In particular there are mixed anomalies with the SU(2)
and SU(3) gauge groups of the Standard Model. These an-
omalies are canceled by two axions coming from the closed
string sector, via the standard Green-Schwarz mechanism
[11]. The mixed anomalies with the non-anomalous hyper-
charge are also canceled by dimension five Chern-Simmons
type of interactions [8]. The presence of such interactions
has so far escaped attention in the context of string theory.

An important property of the above Green-Schwarz
anomaly cancellation mechanism is that the two U(1) gau-
ge bosons A and A′ acquire masses leaving behind the
corresponding global symmetries. This is in contrast to
what would had happened in the case of an ordinary Higgs
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mechanism. These global symmetries remain exact to all
orders in type I string perturbation theory around the ori-
entifold vacuum. This follows from the topological nature
of Chan-Paton charges in all string amplitudes. On the
other hand, one expects non-perturbative violation of glo-
bal symmetries and consequently exponentially small in
the string coupling, as long as the vacuum stays at the
orientifold point. Once we move sufficiently far away from
it, we expect the violation to become of order unity. So,
as long as we stay at the orientifold point, all three char-
ges Q1, Q2, Q3 are conserved and since Q3 is the baryon
number, proton stability is guaranteed.

To break the electroweak symmetry, the Higgs
doublets in (5) should acquire non-zero VEV’s. Since the
model is non-supersymmetric, this may be achieved radia-
tively [12]. From (6), to generate masses for all quarks and
leptons, it is necessary for both higgses to get non-zero
VEV’s. The baryon number conservation remains intact
because both Higgses have vanishing Q3. However, the li-
near combination which does not contain Q3, will be bro-
ken spontaneously, as follows from their quantum numbers
in (5). This leads to an unwanted massless Goldstone bo-
son of the Peccei-Quinn type. The way out is to break
this global symmetry explicitly, by moving away from the
orientifold point along the direction of the associated mo-
dulus so that baryon number remains conserved. Instanton
effects in that case will generate the appropriate symmetry
breaking couplings in the potential.
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