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Phenomenology of low quantum gravity scale models
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Theory Division, CERN, CH-1211, Geneva 23, Switzerland

~Received 5 February 1999; published 1 October 1999!

We study some phenomenological implications of models where the scale of quantum gravity effect lies
much below the four-dimensional Planck scale. These models arise fromM-theory vacua where either the
internal space volume is large or the string coupling is very small. We provide a critical analysis of ways to
unify electroweak, strong, and gravitational interactions inM theory. We discuss the relations between differ-
ent scales in twoM vacua: type I strings and Horˇava-Witten supergravity models. The latter allows possibilities
for an 11-dimensional scale at TeV energies withone large dimension below separating our four-dimensional
world from a hidden one. Different mechanisms for breaking supersymmetry~gravity mediated, gauge medi-
ated, and Scherk-Schwarz mechanisms! are discussed in this framework. Some phenomenological issues such
as dark matter~with masses that may vary in time!, origin of neutrino masses, and axion scale are discussed.
We suggest that these are indications that the string scale may be lying in the 1010– 1014 GeV region.
@S0556-2821~99!05820-8#

PACS number~s!: 04.50.1h, 04.60.2m, 11.25.Mj, 12.10.Kt
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I. INTRODUCTION

One of the fundamental questions of particle physics
about the ultimate structure of particles such as quarks
leptons. It is believed that when probing shorter distan
one would reach scales where quantum gravitational eff
become important. As gravity seems to deal with geome
these effects may just render invalid our basic notions as
shapes and length used to study macroscopic objectsM
theory is supposed to provide us with the formalism nec
sary to study and formulate the laws governing physics
such small distances. There the fundamental objects oM
geometry are no more points, butp-dimensional extended
objects:p-branes.

A crucial question is then, at which scalesMs do quantum
gravitational effects become important? Simple dimensio
analysis of the low energy parameters lead to a value of
order of Ms

21;M P
21;10233 cm. However, the structure o

space-time might change at a much bigger length scale, l
ing to changes of the strength of gravitational interactio
for instance, in which caseMs can be much lower. The ex
istence of vacua ofM theory which would allow one to de
crease this scale has been pointed out by Witten@1#. He
suggested thatMs could correspond to scales of the order
1016 GeV where the three known gauge interactions h
been argued to unify@2,3# in the simplest supersymmetri
extension of the standard model: the minimal supersymm
ric standard model~MSSM!.

The scaleMs may in fact lie at much lower values. Ex
perimental bounds on the effects of excitations of stand
model particles such as higher order effective operators@4#
and form factors in the gauge interactions@5# exclude only
the region withMs less than a few TeV. ThatMs lies just
above the electroweak scale was proposed by a numbe
authors1 @6–11#. Some early phenomenological implication

1The possibility that part of the string spectrum corresponding
the Kaluza-Klein excitation of one or two large dimensions lies
the TeV scale was suggested earlier in Ref.@6#.
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have been discussed in Refs.@10,12#.
From the point of view ofM theory the weakness o

gravitational interactions can be due to different reasons:~a!
the scaleMs which suppress them is very large,~b! Ms is
low, but the internal space is large, and~c! the coupling
constant is extremely small at the string scale and ga
couplings grow rapidly belowMs while the gravitational
coupling either grows slowly or remains constant. Case~a! is
the conventional one. Case~b! has attracted recently most o
the attention@8#, while case~c! of which a version was pro-
posed in Ref.@9# has not been discussed further.

In Sec. II we discuss the precise mechanism of the un
cation of coupling constants. This is necessary as in our
ther study we use only one string orM-theory coupling. In
particular we point out a new possibility that we call ration
unification.

In Sec. III we point out how to decrease the fundamen
scale in Horˇava-Witten compactifications@13#. This uses the
nonstandard embeddings scenario@14# ~see also Refs.
@15–17#!.

In Sec. IV we provide the first discussion of the supe
symmetry breaking constraints of each old scenario@18–26#
in the new framework. We outline a new possibility to rea
ize the Scherck-Schwarz breaking.

In Sec. V we discuss some possibilities to have dark m
ter on the other wall of the universe as suggested, for
ample, in theM-theory scenario in Refs.@27,14# and more
specifically within the framework of@8# by @28#. We note
that these might provide candidates for dark matter with v
able masses. We comment on neutrino masses and the
gue that present experimental data may be taken as ind
tions that a natural value for the string scale is 1010– 1014

GeV.
In any case the ratio between the Planck mass and

electroweak scale needs to be explained, probably thro
some dynamical mechanism that leads to the necessary
ues for the moduli~radii and couplings! @29#. We will not
address this issue here.

Section VI gives a summary of our main results.
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II. UNIFICATION OF GAUGE COUPLINGS IN M
THEORY

By definition M theory provides a unified theory for a
gauge and gravitational interactions. This ‘‘unification
might be achieved in many ways which contrast with t
historic meaning of the word.

Conventional unification. This scenario assumes gr
unified theory~GUT! ratios for the gauge couplings at th
unification scale. It also supposes that the threshold cor
tions are small.

Accelerated unification. In this scenario the thresho
corrections are large and might play an important role in
unification process. In the framework of the LQGC mod
that have been used in Refs.@9# and@30#. Recently, an inter-
esting observation was made in@30# that N52 supersym-
metric multiplets of standard model gauge bosons with
without matter might accelerate conventional unificatio2

This effective field theory study shows that such a scen
might be easily realized. However the precise implemen
tion in a string theory model needs to be studied.

Far and close unification. Instead of the infrared logari
mic running, one can use logarithmic threshold correctio
leading to the unification scaleMX located much above~or
below! the string scale. Such a scenario was mentioned
Ref. @5# and studied for the case of heterotic strings by@32#.
An explicit realization in open string models appeared
@33#. Such thresholds leads to an apparent unification sc

MGUT;Ms~MsR!ba8/ba
~N!

~1!

whereba8 is the coefficient of the threshold correctionsDa

;ba8 ln(MsR), R is the size associated with a large intern
dimension,ba

(N) is the beta coefficient of the logarithmic run
ning from the last intermediary scale toMs .

As new possibilities, we have the following.
Rational unification. This scenario offers the possibility

discussing unification without GUTs at the field theory lev
for models that would have otherwise been thought to
nonunified ~as for left-right models in@34#!. Models with
rational unification, i.e., arbitraryka , can be constructed th
following way:3 Considerka copies of a non-Abelian group
Ga all with the same gauge coupling constantg. An appro-
priate choice of representations allows us to break spont
ously this symmetry to its diagonal subgroup. For examp
in the case ofka52 this can be achieved by using Higg
fields in a bifundamental representation. The result is a n
Abelian factor Ga with gauge couplingg/Aka. If all the
non-Abelian gauge couplings are related to the same fun
mental ~string! coupling as ga5g/Aka, then we have
achieved rational unification. In this way the constantska
have to be positive integers for non-Abelian groups.

2A heterotic string cutoff@31# was used in@30#.
3To classify ways to realize this scenario is an open problem

string theory. In heterotic string derived models, proposal to v
k1 /k2 was made in@35#, while to allow alsok2 /k3 vary was pro-
posed in Refs.@34,36#.
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As an example, consider extending the MSSM up to
ergies of the order of;2.53106 GeV just belowMs . Ra-
tional unification is obtained at this scale fork251, k352,
andk1;3.

Hidden unification. A crucial difference with ‘‘tradi-
tional’’ quantum field theories is that inM theory the cou-
plings are generally vacuum expectations values~VEVs! of
~moduli! fields. Some moduli that may govern couplings a
masses of dark matter~and hidden sector dynamics! may be
decoupled from the observable matter. The large scale
namics of the universe is then governed by the variation
time and space of such moduli.

As we discussed before, because of large thresholds, s
of the gauge couplings may evolve to very small values
the string scale, resulting in global symmetries. InM vacua
such as type I strings, the Newton constant also gets ‘‘ren
malized’’ @37#. If the threshold corrections4 are big, then they
might also drive the strength of gravitational interactions
very small values.M theory at the scaleMs could become
topological.

III. PLANCK AND COMPACTIFICATION SCALES

We would like to discuss whether the interconnectio
between the four-dimensional Planck scaleMPl;1.231019

GeV, of the string scaleMs , and of the volume of the inter
nal space are related to each other and to the ‘‘unifie
gauge coupling at the string scale. We will focus on tw
examples:M theory onS1/Z2 .

Among the simplest four-dimensionalN51 supersym-
metric vacua ofM theory are compactifications onS1/Z2
3CY @13,1#, whereS1/Z2 is a segment of sizepr and CY is
a Calabi-Yau of volumeV. Gauge fields and matter reside o
the three-branes located at each end of the segment, w
gravitons and moduli fields ‘‘propagate’’ in the bulk.

Following @1#, one may solve the equations of motion f
such a configuration as a perturbative expansion in the
mensionless parameterrM11

23/V2/3. At higher orders in this
expansion, the factorization in a productS1/Z23CY is lost.
The volume of the Calabi-Yau space becomes a function
the coordinate parametrizing theS1/Z2 segment. More pre-
cisely, the volumes of CY space seen by the observa
sector5 Vo and the one on the hidden wallVh are given by

Vo5VF11S p

2 D 4/3

ao

rM11
23

V2/3 G ~2!

and

Vh5VF11S p

2 D 4/3

ah

rM11
23

V2/3 G , ~3!

n
y

4Their sign depends on the number of hypermultiplets and ve
multiplets in theN52 sector and may be positive or negative.

5We will use the subscriptso for parameters of the observab
sector andh for those of the hidden sector.
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PHENOMENOLOGY OF LOW QUANTUM GRAVITY SCALE MODELS PHYSICAL REVIEW D60 104002
where nowV is the ~constant! lowest order value for the
volume of the Calabi-Yau manifold andao,h are model-
dependent constants@14#. Roughly speakingao,h count the
proportion of instantons and five-branes on each wall.

These formulas were studied for the standard embed
case in6 @1,38–41# and for the nonstandard embedding
@14,16#. In this last case, by putting more than half of t
instantons on the hidden wall,ao becomes negative.

For a given value ofM11 we would like to determine the
corresponding values ofVo , Vh , and r to fit the observed
values of a unified gauge couplingao and the Newton con-
stant. In the absence of a precise model, the value of
former is unknown. We will assume that threshold corre
tions are small enough so that we can take for an appr
mate value the one of SU(3)c . The relevant relations are

Vo
21/65~4p!21/9~aof o!1/6M11 ~4!

and

1

r
516p2M11

9 GN^V&. ~5!

Here^V& is the average volume of the Calabi-Yau space
the 11-dimensional segment. The constantf o ( f h) is a ratio
of normalization of the traces of the adjoint representation
Go (Gh) compared to theE8 case@43,40,14#. There are three
different classes of solutions to consider.

Case ao.0→M11;1016 GeV. Compactifications with a
standard embedding of the gauge connection fall in this
egory~see@1#!. In these models there is an upper limit on t
size of theS1/Z2 segment above which the hidden sec
gauge coupling blows up. If the observable sector coup
constant is of the order of unity, the corresponding low
bound on the string scale isM11 of the order of 1016 GeV.

This bound might be escaped if there are large thresh
corrections that push the unification coupling constant
much smaller values as discussed in Sec. II C.

Case ao5ah50→M11*107 GeV. In this case the only
upper limit onr is from experiments on the modification o
the Newtonian forces at distances ofr*1 mm @5,44#. Using
^V&5Vo andao;1/10, one obtained a lower bound on lim
M11 of the order of 43107 GeV.

Some examples of characteristic size of the radii for d
ferent values ofM11 are given in Table I.

Case ao,0→M11*1 TeV with r21!1 TeV. The possi-
bility of ao,0 has been shown7 to arise in the nonstandar
embedding in@14# ~see also@16#!. In this scenario, asr in-
creases, the volume of the internal space on the observ
wall is fixed as to fit the desired value ofao , while the
volume on the other end of the segment increases, leadin
smaller values of the corresponding coupling constant. Ty

6See also@42# for detailed discussion of the derivation of the
formulas.

7For instance, an explicit three-generationE6 model was exhibited
in @14# and was found to correspond toao528. We take this value
as a typical order of magnitude in our numerical results.
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cally, ^V&;Vh/2@Vo for large values of the radiusr. Given
a value ofM11, bothVo andr^V& can be fine-tuned to fit the
value ofao andMPl . The value ofr is then extracted from
Eq. ~2!.

In Table II we illustrate the expected sizes of the volum
on the hidden wall and the radius of the fifth dimension
some examples.

Larger values forr can be obtained the following way
One starts with a symmetric embedding, i.e., putting
same number of instantons~five-branes! on both boundaries
Then one moves by very short distances five-branes from
observable wall. To getr;1 mm one needs to move on
five-brane by around an angstrom away from our wall.8

In this case of nonstandard embedding, as first discus
in @14#, the hidden observer living on the other wall cou
see the new dimensions at energies~e.g., GeV! much before
the observers on our wall~TeV!. This possibility supposes
however, a better precision of measurements as the inte
tions are weaker on his side.

Also as mentioned in@14#, at energies of the order of 1
GeV the states in the bulk are not anymore the regu
Kaluza-Klein states. Instead, one expects heavier modes
calized on our side of the universe which decay to ligh
massive modes localized near the other wall before the la
decay to hidden matter.

IV. MECHANISMS FOR SUPERSYMMETRY BREAKING

In this section we will investigate the fate of popul
mechanisms for achieving this breaking when applied
LQGS models. In the absence of explicit models, our disc
sion is deliberately made sketchy and remains at a qualita
level. Our main points are that constraints can be obtained
the string scale or number of messengers. We will also p
out a new way to implement the Scherk-Schwarz breakin

Gravity mediated supersymmetry breaking. In this s
nario supersymmetry breaking originates in a hidden se
that communicates with the observable sector only thro
gravitational interactions. As the supersymmetry break
terms are of the order of;F2/M P

2 , whereF2 is the density
of energy responsible for supersymmetry breaking,Ms
*1011 GeV. This bound becomesMs*1013 GeV in the case
of gaugino condensation.

Gauge mediated supersymmetry breaking. This scen
@20# assumes that supersymmetry is broken in a seclu
sector of the theory. Some states are considered to
charged under both the observable and secluded sectors
thus mediate the supersymmetry breaking through gauge
teractions.

Within our picture of walls~three-branes! separated by
the bulk, we may consider the following three cases.

~i! Secluded and observable sectors on the same wal. In
type I strings, this might, for example, if on the same po
one sector arises from nine-branes~99! while the standard

8One may also see this as a fine-tuning ofao as this will take a

value (x112
/pr)2 where x11 is the position of the five-brane~see

@17#!.
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KARIM BENAKLI PHYSICAL REVIEW D 60 104002
model resides on five-branes~55! ~or seven-branes and thre
branes afterT duality!. The sector communicating the supe
symmetry breaking would then be the~59! @or ~73! after T
duality# open strings that have one end on the five-bra
and the other on the nine-branes. With a string scaleMs
&10 TeV a large number of messengers are needed.

~ii ! Secluded sector in the bulk and observable sectors
the wall. In type I strings, this might arise if the dimensio
with large size is one of the directions orthogonal to t
five-brane where the observable sector resides. The secl
sector arises from nine-branes, while the messengers are~59!
open strings. This mechanism works if the distance betw
the walls is smaller than the messenger scale.

~iii ! Secluded and observable sectors on two oppo
walls. Finally, supersymmetry might be broken on the opp
site wall and later mediated through additional gauge in
actions present in the bulk under which quarks and lept
are charged. This possibility has been studied in@21# for the
simplest case of one extra dimension. Here we give the re
for an arbitrary number of dimensions.

The messenger scale plays the role of a cutoff in the lo
responsible for the mediation of supersymmetry breaki
When the scale of compactification of the extra dimensi
is below the messenger scaleMms, Kaluza-Klein excitations
of the gauge bosons are excited. Thus the gauge coup
get contributions from (RMms)

n states, leading to the chang

aa→
aa

~RMms!
n

~6!

Scherk-Schwarz mechanism. This mechanism requires
existence of a symmetry groupGss that does not commute
with supersymmetry. The members of the same supers
metric multiplet have different chargesqi underGss. Instead
of the usual periodic conditions when going around so
direction of the internal space of a circle of radiusR, some
states transform nontrivially underGss. In the simplest case
the result for states with mass

mn
25

n2

R2
1 l 2R2Ms

4 ~7!

TABLE I. Examples of values of approximative sizes~in GeV!
of the internal space radii in compactifications ofM theory with
ao5ah50. We usedao;a3(Ms) and f o56.

M11 Vo
21/6 1/r

231016 1.231016 231014

1014 5.831013 1.53108

4.231012 231012 103

231012 8.631011 102

231011 1.131011 0.1
431010 1.631010 1023

43108 1.63108 1029

43107 107 10212
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is to shift n→n1qi or l→ l 1qi . This creates a splitting
inside each multiplet and thus it breaks supersymmetry.
implementation of the Scherk-Schwarz mechanism lead
three different scenarios.

~i! Direct Scherk-Schwarz breaking. This possibility has
been studied in Ref.@6#. Here coordinates affected by th
Scherk-Schwarz mechanism are parallel to the world volu
of the brane on which the standard particles reside. In
case soft masses generated for the standard particles a
the order of 1/R.

~ii ! Gravity mediated Scherk-Schwarz supersymme
breaking. The shift in momenta or winding is in a directio
orthogonal to the world volume of the brane on which t
standard model states reside. At the tree level only the st
propagating in the bulk feel supersymmetry breaking: a m
splitting between supersymmetric partners is generated in
hidden sector. Supersymmetry breaking is then commu
cated to the observable sector by gravitational interaction

~iii ! Gauge mediated Scherk-Schwarz supersymm
breaking. A new ~never discussed before! scenario may be
illustrated in the following example: Suppose that the st
dard model resides on five-branes and a hidden sector a
from the nine-branes. There are~59! strings with one end on
the five-branes and one on the nine-branes. The corresp
ing states are charged under both groups.

If the nontrivial periodic condition is on a direction or
thogonal to the five-brane, only the nine-branes will feel t
supersymmetry breaking at the tree level. However, t
might be communicated to the five-brane. First, the~59!
open strings will have splittings due to radiative correctio
from ~99! sector gauge symmetry. Then the~59! open strings
will generate soft breaking in the observable sector. T
scale 1/R might lie much higher than the TeV scale if th
gauge coupling in the~99! brane is small.

The low energy consequences of these scenarios wil
discussed elsewhere@45#.

V. OTHER PHENOMENOLOGICAL IMPLICATIONS AND
THE PREFERRED VALUE FOR THE STRING SCALE

We have discussed using the above scenarios some im
cations of the LQGS models for the unification and sup
symmetry breaking scenarios. Here we would like to co
ment on other possible phenomenological implications.

Dark matter. A hidden wall is a candidate to contain a

TABLE II. Examples of values of approximative sizes of th
internal space radii in compactifications~in GeV! of M theory with
ao52ah528. We usedao;a3(Ms) and f o56.

M11 Vo
21/6 1/r

1013 7.731011 53109

1012 4.831010 83107

1011 33109 1.23106

1010 1.63108 63104

53106 23104 231022

104 12 331027

23103 1.7 231028
2-4
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PHENOMENOLOGY OF LOW QUANTUM GRAVITY SCALE MODELS PHYSICAL REVIEW D60 104002
important fraction of dark matter. In theM-theory context
this possibility appeared9 ~to our knowledge! for the first
time in @27# and discussed in some detail in@14#. In a simple
example of inflation, it was shown in@47# how the dynamics
on the two walls, observable and hidden, can be interc
nected.

Here we wish to discuss the brane scenario for ano
issue: that the cosmological constant is simulated by so
field with variable mass or ‘‘quintessence’’@48#.

Suppose that we try to fit the expansion rate of the u
verse by including dark matter with a variable mass@49#. In
the perturbative heterotic string scenario, this typically lea
to varying the strength of the gravitational and gauge c
pling in the observable world. There are strong constra
on such a variation that make this scenario unlikely.

Let us consider compactifications of type I on orbifold
Suppose that there are stacks of five-branes wrapped ar
each of the tori. The standard model may arise from a fi
brane with two world-volume internal dimensions wrapp
around the internal torusT1 with constant volumev1 . Now
let us suppose that the volumesv2 of T2 andv3 of T3 vary
with time such that the productv2v3 remains constant. The
gauge coupling constants on the observable world depen
v1 only, while the gravitational coupling depends on t
product ofv1v2v3 , so both are constant in time, while da
matter couplings depend on the volume of the internal sp
and thus vary with time. While probably present, such
scenario has not been found in known heterotic string co
pactifications@49#. The mass of dark matter is very mod
dependent, but one expects it to depend on the gauge
pling, thus leading to dark matter with variable mass. F
instance, if the hidden dark matter is made of confined h
den particles, then the mass is governed by the confinem
scale. The latter is obviously varying with the strength of t
tree level coupling constant. This phenomenon seems t
allowed by type I string theory.

In the context of the Horˇava-Witten type of models, dar
matter with variable mass might be obtained by taking one
a set of five-branes and arranging that they move in the
dimension separating the two boundaries. A judicious cho
of five-branes allows the coupling constant on the observa
wall to remain constant. For instance, one could take
couple of five-branes: one atrp cosz(t) and the other at
pr sinz(t) wherez(t) is a slowly varying phase.

Neutrino masses. Recent data from different experimen
suggest the existence of oscillations between different n
trinos. Such processes require that the neutrinos be mas
In a minimal scenario, one tries to build a mass matrix w
three neutrinos which allows one to fit the data from so
and atmospheric neutrino experiments.

Let us first discuss this issue in the left-right class
models. The neutrino masses are given by@50,51#

mn i
;

mDi
2

MR

, ~8!

9The phenomenology is similar to shadow matter that has b
studied, for instance, in@46#.
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wheremDi are Dirac neutrino mass and it is a free parame
For MR;108 GeV, a neutrino mass of;1 eV corresponds to
mDi;0.1– 1 GeV.

Another possibility is to rely on the violation of globa
symmetries by quantum gravitational effects@52#. This arises
in string theory due to the presence of heavy~oscillators!
modes with interactions that violate these global symmetr
For instance, the violation of lepton number would lead
operators of the form (1/Ms)LLHH. If Ms is in the region of
1011– 1013 GeV, then the neutrino masses might be natura
of the order of 1 eV~depending on the precise value of th
coefficient of this operator!.

Finally, it was proposed that a modulino might play th
role of a sterile neutrino@53#. The modulino-neutrino mixing
would arise from theR-parity bilinear terms of the form
mLH through the dependence ofm on the modulusS. To get
light neutrinos one takesm;1 – 10 GeV. These values impl
that the modulino-neutrino mixing mass will be of the ord
of 1 eV for ^S& of the order of^S&;Ms;1011– 1012 GeV.
For scenarios where the modulino is light enough, this mi
explain the different neutrino anomalies.

A preferred value for the string scale? Mtheory as known
today seems to allow arbitrary values for the string sca
Only experimental limits seem to imply that it is not lowe
than the TeV scale. A TeV scale is certainly exciting as
could be probed at future colliders. However, there are
experimental indications supporting the existence of suc
scale. Three other scales might be considered as more m
vated from our observations: 1019 GeV, which is the natural
scale; 1016 GeV, if one believes that at this scale all intera
tions should unify~as suggested by the CERNe1e2 collider
LEP!; and finally we suggest 1010– 1014 GeV centered
around 1012 GeV which is our preferred value. In fact, th
scale appears naturally when one tries to explain many
perimental observations such as the neutrino masses
cussed above or the scale for axion physics. For instance
breaking of Peccei-Quinn symmetry10 is constrained by cos
mological and astrophysical bounds to be roughly in the
gion of 1010– 1012 GeV. The presence of quantum gravit
tional effects at this scale due to its identification withMs
may be responsible for the breaking of the symmetry. Mo
over, the observed ultrahigh energy cosmic rays might m
just originate at the string scale. One can speculate on t
origin as coming from decay of long lived massive stri
modes orp-branes wrapped around some internal space
rection.

VI. CONCLUSIONS

In summary, in this paper we have considered many p
nomenological aspects of LQGS models and we obtaine
our opinion many interesting new results, for instance,
following.

In contrast with the claims of the recent literature, uni

n

10The proposal to solve the axion problem by decreasing the st
scale was made by@54# and then more recently by@28#. However,
they both considered different values ofMs .
2-5
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cation in LQGS models can be achieved in different wa
For certain values of the string scaleMs , this can be
achieved without the introduction ofad hocexotic matter,
and in most cases one does not need to appeal to thres
effects as in accelerated unification. However, ifMs be-
comes of the order of the TeV scale, we argue that unifi
tion should be studied within a full string theory framewor

We have exhibited compactifications of Horava-WittenM
vacua that lead to an 11-dimensional scale of the order of
TeV scale, while only one internal dimension has a size
the 1025– 1 mm region. We illustrated examples for the si
of the radii if the internal space dimensions when the str
scale varies from the TeV scale to Planckian energies.

We have studied different scenarios for supersymme
breaking and pointed out the problems when trying to ap
them to phenomenological considerations.

Finally, we have addressed some phenomenologica
sues: dark matter, neutrino masses, axion scale, and ultra
cosmic rays. While we believe a string scale at TeV energ
is appealing experimentally, we suggest that the experim
los
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tal data might seem more natural ifMs is in the range of
1010– 1013 GeV.

In this paper, we have begun the study of some impli
tions of having a low scale for quantum gravitational effec
In the absence of concrete models, many of the issues w
discussed at a qualitative level. We believe that many
them merit further study.

Note added. When this manuscript was in preparat
Ref. @55# appeared that overlap with part of Secs. IV A a
IV C.
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