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Some remarks on theories with large compact dimensions and TeV-scale quantum gravity
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We comment on some implications of theories with large compactification radii and TeV-scale quantum
gravity. These include the behavior of high-energy gravitational scattering cross sections and consequences for
ultra-high-energy cosmic rays and neutrino scattering, the question of how to generate naturally light neutrino
masses, the issue of quark-lepton unification, the equivalence principle, and the cosmological constant.
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I. INTRODUCTION

The intriguing idea that fundamental interactions can
understood as operating in a spacetime of dimension hig
than d54 dates back at least to the work of Kaluza a
Klein ~KK ! @1#. A number of studies were carried out su
sequently of higher-dimensional field theories, which
shall generically refer to as Kaluza-Klein theories@2#. In a
modern context, Kaluza-Klein theories arise naturally fro
~super!string theories in the limit where relevant energiesE
are much less than the string mass scaleMs;(a8)21/2,
where a8 is the slope parameter. In both generic Kaluz
Klein and string theories, there has thus always been
question of what dynamical mechanism is responsible
compactification and at what scale~s! $R% the extran space-
time dimensions are compactified, leaving the observed
spacetime dimensions. A conventional view has been tha
corresponding compactification mass scale~s! $R21% would
be high,&Ms , with Ms being given~in a perturbative analy-
sis! by Ms;gsM Pl /A8p, where M Pl5(\c/GN)1/251.2
31019 GeV is the Planck mass,GN is Newton’s constant,
and gs

2 is the gauge coupling at the string scale, of ord
gs

2/(4p);0.04. However, recently, there has been consid
able interest in the very different and provocative possibi
that some inverse compactification mass scale~s!, r c

21 , is
~are! much less than the Planck scale@3–16#. A related fea-
ture of this theoretical development is a profound change
the role of the Newton constant and Planck mass; rather
being fundamental constants of nature, these become de
quantities, reflecting the change in spacetime dimensiona
from d54 at large distances, to a higher dimensionality
distancesr ,r c ~where for simplicity, we assume througho
this paper that there is single compactification radius relev
for gravity! and the resultant change of the gravitation
force from
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F5
GNm1m2

r 2
5

m1m2

M Pl
2 r 2

for r @r c ~1.1!

to

F5
GN,41nm1m2

r 21n
5

m1m2

M̂41n
n12S31nr 21n

for r !r c ~1.2!

where

Sd5
2pd/2

G~d/2!
~1.3!

is the area of the unit sphere inRd. Sincer c depends onn, it
will be denoted asr n . Setting M41n

n125(2p)nM̂41n
n12 , as in

Ref. @7# @motivated by toroidal compactification, in whic
the volume of the compactified space isVn5(2pr n)n] and
applying Gauss’s law atr !r n and r @r n , one finds that

M Pl
2 5r n

nM41n
21n ~1.4!

i.e.,

r n5M41n
21 S M Pl

M41n
D 2/n

5~2.0310217 cm!S 1 TeV

M41n
D S M Pl

M41n
D 2/n

. ~1.5!

Assuming that the higher-dimensional theory at short d
tances is a string theory, one expects that the fundame
string scaleMs and Planck massM41n are not too different
~a perturbative expectation is thatMs;gsM41n). Thus, a
compactification radius such thatr n

21!M Pl corresponds to a
short-distance Planck scale and string massMs which are
also!M Pl .

It is a striking fact that there is an vast extrapolation of
orders of magnitude between the smallest scale of O~1! cm to
which Newton’s law has been tested@5,17,18# and the scale
that has conventionally been regarded as being characte
©1999 The American Physical Society02-1
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of quantum gravity, namely the Planck length,LPl
5\/(M Plc);10233 cm, and it is not at all implausible tha
new phenomena could occur in these 33 decades that w
significantly modify the nature of gravity. It is therefore in
structive to explore how drastically one can change the c
ventional scenario in which both gauge and gravitational
teractions occur in four-dimensional spacetime up
energies comparable to the Planck mass. Of course if
had a truly fundamental theory of everything, it would pr
dict and explain the scale~s! of compactification and the
changes in dimensionality that occur. Here we shall tak
phenomenological attitude of considering various values
n. From Eq. ~1.4! it follows that for fixed M41n ,r n is a
monotonically decreasing function ofn. @From Eq.~1.5!, one
sees that in the formal limitn→`,r n approachesM41n

21 from
above; in a string theory context, the values ofn up to 6 are
of interest since this corresponds to spacetime dimension
to 10 at short distances.# Consequently, the strongest cha
lenge to the conventional paradigm is obtained for the sm
est values ofM41n and n. From this point of view, one is
therefore motivated to consider values ofM41n as low as the
1–10 TeV region. For such values, the casen51 would
yield a compactification radius larger than the solar syst
and hence is clearly excluded by existing measurement
gravity and tests of Newton’s law. ForM41n;30 TeV
~which in fact is a lower bound@12#!, the casen52 yields a
compactification radius

r n52[r 2.2.7 mm, i.e., r 2
21;0.07 eV

for

M41n5M6530 TeV. ~1.6!

As r decreases below this scale, the gravitational fo
changes from a 1/r 2 to a 1/r 4 behavior. Currently planned
experiments plan to probe gravity somewhat below
present limit of O~1! cm @17#. We shall concentrate on th
casen52 because, among the allowed valuesn>2, it yields
~for a givenM41n) the largest value of the compactificatio
radius and hence the strongest contrast to the convent
paradigm.

Another reason for considering theories with very lo
string scales not too far above the electroweak scale,Mew

5221/4GF
21/25250 GeV, is that this essentially removes t

old hierarchy problem, i.e., the problem of preventing t
Higgs boson mass from getting large radiative correcti
that would naturally raise it to the grand unified theo
~GUT! or conventional string (; Planck! scale. One mus
acknowledge that a new hierarchy appears, namely the l
ratio between the compactification massr n

21 and the string
scale. Forn52, with Ms;1 TeV, andr 2

21 as given in Eq.
~1.6!, this ratio is ;(1 TeV)/(1021) eV51013, which is
almost as large as the old hierarchyMGUT /Mew or
M Pl /Mew . Obviously, supersymmetry cannot be used to s
bilize this new hierarchy since it is broken at a scale of
least the electroweak level; some ideas for how this sta
zation might occur have been discussed recently@15,16#.
Note that if, indeed, the string scale is as low as;1 TeV, so
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that the conventional hierarchy is absent, one motivation
supersymmetry would be removed, although its original m
tivation — to avoid tachyons in string theory — would st
be present, given that the quantum theory of gravity is
sumed to be a string theory.

In a theory with extra dimensions compactified at a sc
r n , it would naively seem that for distances much less th
the compactification scale, all of the fields would depend
the coordinates of the higher-dimensional space. Of cou
if this were true, then low values ofn includingn52 would
clearly be ruled out since, among other things, QCD a
electroweak interactions have been well measured up to
ergies of order 102 GeV ~lengths down to 10216 cm!, and the
data shows that these interactions take place in a space
of dimension 4. Hence, to avoid the danger of a contradict
with experiment, one is led to require that the known ferm
ons and gauge fields be confined to four-dimensional sp
time at least down to distances of about (1 TeV)21

;10217 cm. Several possible mechanisms for this dime
sional confinement of standard model fields have been s
gested@5,7,9#. A particularly appealing mechanism is prese
in modern string theories with Dirichletp-branes Dp ~com-
monly denoted D-branes@19#!; see, e.g.,@5,9,10,13,20# and
references therein. Calculations of scattering processes
volving D-branes suggest that when probed at high ene
these exhibit a thickness@21#

d;Ms
21 . ~1.7!

Specifically, asr decreases pastr n , gravity would feel the
extra n dimensions, but the usual gauge and matter fie
would be confined to ap53 Dp-brane sweeping out the
usual Minkowski 4-dimensional spacetime. The fact that
gravitons do propagate in all 41n dimensions is responsibl
for the change in the gravitational force law from 1/r 2 to
1/r 21n at distance scales below the compactification sc
r n . There are several specific scenarios of this type. O
example features a type-I string theory with 5-branes a
9-branes sweeping out 6-dimensional and 10-dimensio
spacetime volumes, respectively, and each having nonc
pact 4-dimensional Minkowski submanifolds@8,10#. As r de-
creases belowr c , gravitons~the closed-strings! change from
propagating in four dimensions to propagating in six dime
sions, so thatn52 andr c5r 2 , but gauge and matter field
~corresponding to open string states! continue to reside on
3-branes in the 5-branes. Asr decreases through an add
tional compactification scale slightly aboveMs

21 , the gauge
and matter fields extend to a 9-brane sweeping out the
10-dimensional spacetime. In this region the gauge coupli
run rapidly, since they have dimensions; studies of how th
couplings might unify at the TeV scale~using several differ-
ent specific models! include Refs.@9,10#. If, as in the stan-
dard model and supersymmetric generalizations thereof,
fermions gain their masses from Yukawa couplings, th
these also run rapidly for the same reason.

Given the provocative new features of these propo
models with large compact dimensions and TeV sc
strings, there is strong motivation for immediate phenome
logical studies to assess their experimental viability, a
2-2
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these have been initiated in a number of works, e.g., R
@7–13#. Important issues that have been studied include
above-mentioned constraints due to experimental gra
tests, and also proton decay, possible contributions to fla
changing neutral currents and precision electroweak obs
ables, effects mimicking compositeness and changes in s
tering processes measured in currente1e2 and p̄p collider
experiments, rare decays, and astrophysical and cosmo
cal effects. One serious concern is that the contribution
Kaluza-Klein modes to the mean mass energy would ov
close the universe; however, it has been argued that
theory can evade this problem@12#. Another severe con
straint arises from the effects of KK-graviton emission
cooling of supernovae. This has been used to infer the lo
bound@12#

M41n*10~1524.5n!/~n12! TeV ~1.8!

i.e., for the case of main interest here,n52,

M6*30 TeV. ~1.9!

It has been argued that this may still be consistent wit
fundamental string scaleMs of O~1! TeV @12#. Implications
for the cosmological constant have also been discussed~e.g.,
Refs.@12,13,15,16#!. Effects on dispersion of light travelling
over cosmological distances may also yield serious c
straints @22#. The problem of stablizing the new hierarch
Msr c@1 has been addressed in several papers, inclu
Refs.@15,16#.

In this paper we shall remark on some other phenome
logical implications of these theories with large compact
mensions and TeV-scale strings. In Sec. II we review h
the exchange of KK modes of gravitons can produce re
tively large effects. We then give some estimates of th
effects on high-energy scattering cross sections. In Sec
we address the problem of obtaining light neutrino masse
the absence of the conventional methods~seesaw mechanism
and higher-dimension operators!. Sections IV and V contain
some discussion of the equivalence principle and the cos
logical constant.

II. GRAVITON 1KK EXCHANGES AND HIGH-ENERGY
BEHAVIOR OF CROSS SECTIONS

In the theories under consideration here, there are sev
relevent ranges for the center-of-mass energyAs of a given
process:~i! the extreme low-energy region,As,r 2

21; ~ii ! the
large ranger 2

21,As,Ms which includes energies up to th
TeV scale at its upper end: and~iii ! the range of energie
above the string scale,As.Ms;1 TeV. In this section, by
‘‘high-energy’’ behavior of cross sections, we shall me
intervals ~ii ! and ~iii !. Let us denote the momentum of
graviton as k5kL5($kl%,k1 , . . . ,kn), where the usua
spacetime Lorentz indexl50,1,2,3. Because of the compa
tification, the extran components of the graviton momen
are quantized. With the simplifying assumption that the co
pactification radii of all of the extran dimensions are the
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same, one has, for toroidal compactification, with the c
cumferences

Li52pr n[Ln , i 51, . . . ,n ~2.1!

the quantization of KK momenta

ki5
2p l i

Ln
5

l i

r n
, i 51, . . . ,n. ~2.2!

To an observer in the usual four-dimensional spacetime,
above graviton would thus appear to be a massive Kalu
Klein ~KK ! state with mass

m l 1 , . . . ,l n
5S (

i 51

n

l i
2D 1/2

r n
21 . ~2.3!

All of these KK states have the same Lorentz structure as
graviton as regards their couplings to other particles. Si
the gravitons propagate in the full (41n)-dimensional
spacetime, their self-interactions must conserve not only
ordinary 4-momenta, but also the KK momentum comp
nents. That is, if one envisions a scattering process involv
N gravitons with momentakL

(1) , . . . ,kL
(N) ~directed into the

vertex, say!, then ( j 51
N kL

( j )50, so that( j 51
N kl

( j )50 for the
usual spacetime componentsl50,1,2,3, and also( j 51

N ki
( j )

50 for i 51, . . . ,n, whence( j 51
N l i

( j )50 for i 51, . . . ,n.
However, since other particles are assumed to be confine
the thin membrane of thicknessd;Ms

21 , which breaks
translational invariance in the extran dimensions, they do
not have well-defined KK momenta in these extra dime
sions. Therefore the interactions of gravitons with such p
ticles do not, in general, conserve the KK momentum co
ponents,$ l i /r n%,i 51, . . . ,n — at least so long as these a
smaller thanMs , the ultimate cutoff scale in the field theory
at which it goes over into a string theory, i.e., so long as

l i

r n
&Ms . ~2.4!

Defining the graviton field as

gMN5hMN1
hMN

~M41n
21n!1/2

~2.5!

@wherehmn is the usual flat-space metric tensor, with sign
ture which we take as (1,2,2,2), and the details ofhMN
in the extra dimensions depend on the nature of the com
tified manifold#, the resulting interactions of the graviton
with the usual gauge and matter fields on the 3-brane
given by Tmn(x)hmn(x)/(M41n

21n)1/2 for x restricted to lie on
this 3-brane. Equivalently, one can treat the graviton-K
emission in a four-dimensional framework, where the co
pling is 1/M Pl in an amplitude; the rate is then proportion
to 1/M Pl

2 times a factor reflecting the multiplicity of KK-
graviton emission. Since this factor is;(s1/2r n)n, wheres1/2

is the center-of-mass energy available for graviton-KK em
sion, when one subsitutes the expression forr n from Eq.
2-3
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SHMUEL NUSSINOV AND ROBERT SHROCK PHYSICAL REVIEW D59 105002
~1.4!, the factor of 1/M Pl
2 is exactly cancelled, and the fina

product issn/2/M41n
n12 , as one would obtain directly from Eq

~2.5! @7#. Thus, from a four-dimensional viewpoint, althoug
the KK-gravitons are coupled extremely weakly, this is co
pensated by their very large multiplicity, so that their n
effect involves in the denominator a mass scale in the ra
of 10 TeV instead ofM Pl .

Let us study the implications of this further. In conside
ing the exchange of gravitons, and in particular, their K
momentum components, in some process, one should
mally consider alll iPZ for eachi 51, . . . ,n and sum over
all of these exchanges. In the theories of interest here, aAs
becomes comparable to the string scale,Ms , one changes
over from a field theory~with effects of D-branes included!
to a fully stringlike picture, so thatMs serves as an uppe
cutoff to what is really the low-energy effective field theo
with which we work. Accordingly, we shall impose an upp
cutoff

l i, l max5Msr n ~2.6!

on the sums over KK modes, which thus run over the ra

l i50,61, . . . ,6 l max for i 51, . . . ,n. ~2.7!

The value ofl max5Msr n is very large; for example, for the
case of primary interest here,n52, for Ms;1 TeV, one has
l max5Msr 2;1016 while for n53,4,l max5Msr n;1011 and
108, respectively. When one is interested in the effect of
exchange of these KK components of gravitons on the st
gravitational potentional generated between two test ma
at a distancer, the resultant contribution of the higher KK
modes is suppressed by a Yukawa-type factor:

V

m1m2
5

GN

r (
l 1 , . . . ,l n

e2mr5
GN

r (
l 1 , . . . ,l n

expF2S (
j 51

n

l j
2D 1/2G .

~2.8!

Formally, the summation is over eachl iPZ, but the actual
contribution depends on the value ofr relative to r n since
only the number

ne f f;S r n

r D n

~2.9!

of KK modes which do not suffer exponential suppression
Eq. ~2.8! contribute significantly. Thus, whenr @r n , only
the term with (l 1 , . . . ,l n)5(0, . . . 0) contributes and one
recovers the usual Newton lawV}1/r , but asr decreases
through r n , more KK modes contribute, and finally, forr
!r n , all of the KK modes up toMsr contribute, giving rise
to the crossover in the behavior of the gravitational inter
tion V→1/r 11n.

The consideration of the exchange or production of th
KK components of gravitons in various processes, while
exhausting the full implications of the new theory, can se
as a general guideline for studying the possible novel p
nomenological implications. Note also that unlike other p
sible signatures such as missing energy, apparent compo
ness, etc. which could originate from other modificatio
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extensions of the standard model, the multi-KK exchan
and some of its consequences are unique to the present
of models.

Already at present, cosmic ray interactions have provid
us with pp collisions having lab and center of mass energ
up to ;33108 TeV and;103 TeV, respectively@23#, far
above the assumed string scaleMs , the ultimate cutoff of the
field theory. It has been heuristically argued that since
bulk of the hadronic collisions are soft, the new TeV regi
physics will not be strongly manifest in these collisions@12#.
One of our purposes in this paper will be to examine t
issue and the more general question of the impact
graviton1KK exchange~s! in quasi-diffractive processe
which are defined here to be 2→2 scattering processes wit
cm mass energy squareds@Ms

2 but Q2,Ms
2 ~or evenQ2

!Ms
2). Using the strong lower bound~1.8!, which forces

M41n to be substantially above the electroweak scale,
obtain results that confirm the arguments of Refs.@12#.

Before proceeding, a comment is in order: in a gene
Kaluza-Klein theory, there would also be KK excitations
usual standard-model gauge, fermion, and Higgs fie
However, in the type of theory that we consider here, sin
the compactification radiusr 2 is so large, and hence, as note
above, the standard-model fields must be confined to u
4-dimensional spacetime even forr ,r c , down to distances
r;Ms

21 where a fully stringlike picture emerges, it follow
that standard-model fields do not have KK excitations in
energy rangeAs&Ms .

Let us consider the scattering of two usual standard-mo
particles, indicated by their momenta,p11p2→p181p28 .
These could be leptons and/or the quark/gluon constitu
of energetic protons. As stated above, we concentrate on
case ofn52 extra dimensions whose compactification rad
is given by ~1.6!. We define P5p11p25p181p28 and q
5p12p185p282p2 . The center of mass energy squared
then given by

s5P25 (
M ,N

PMPNgMN5 (
m,n50,1,2,3

PmPngmn ~2.10!

and the momentum transfer squaredt5q252Q2 by

t5q25 (
M ,N

qMqNgMN5 (
m,n50,1,2,3

qmqngmn ~2.11!

where we have used the fact that the usual standard-m
particles are confined to four-dimensional spacetime. T
third kinematic invariant isu5(p12p28)

2 satisfying the re-
lation that s1t1u is equal to the sums of the square
masses of the colliding particles. A vector gauge bosonV
(5g,Z0,W, or gluon! exchanged between the particle
yields a t-channel Born amplitude which, for

s@mV
2 , s@t, and s@mi

2 ~2.12!

~whenceu;2s) is of the form
2-4



th
s
n

s

ro
-

an
e

f a

g
er

ft
-
o
le

ou

n

ts
t

a

e
ach

o
ade
ore,
K

f

ons,

SOME REMARKS ON THEORIES WITH LARGE COMPACT . . . PHYSICAL REVIEW D59 105002
A1v.
g1g2~p11p18!m~p21p28!ngmn

t2mV
2

.
g1g2~s2u!

t2mV
2

5
2g1g2s

t2mV
2

~2.13!

whereg1 ,g2 are appropriate gauge coupling constants,
(pj1pj8)m factors arise from the gauge-fermion coupling
andmV is the mass of the exchanged vector boson. We
glect the contributions from theqmqn /mW

2 term in the W
propagator numerator which give negligible contribution
and the respectiveqmqn /mZ

2 and~gauge-dependent! qmqn /q2

term in theZ andg propagator numerators, which give ze
contributions because theZ and g have diagonal, current
conserving, couplings.

We next consider the graviton exchange amplitude
begin with the usual four-dimensional massless graviton
change. It has long been recognized that the~perturbatively
calculated! scattering amplitudes involving the exchange o
particle with spinJ in the t channel grow likesJ; indeed, this
was one of the motivations for the development of Reg
theory, in which the spins of the exchanged particles w
effectively made into a variablea(t) and in which the result-
ant energy-dependence of the amplitude was much so
~e.g., @24#!. Since gravity couples to the~conserved, trace
less, symmetric! energy-momentum tensor, the amplitude f
the exchange of one graviton between the same partic
with the same kinematic condition~2.12! yields an amplitude

A1g.GN@~p11p18!m~p11p18!n2~p11p18!2gmn#

3@~p21p28!r~p21p28!s

2~p21p28!2grs#
~gmrgns1perms!

t
}

GNs2

t

~2.14!

where the conserved nature of the graviton-fermion c
plings means that terms involving momentaq in the numera-
tor of the graviton propagator do not contribute. Thes2 be-
havior in Eq.~2.14! conforms to the expectedsJ behavior for
spin-J exchange. Comparing with Eq.~2.13!, we see that

A1g

A1v
.

s/M Pl
2

g1g2
. ~2.15!

This ratio becomes of order unity forAs.M Pl , i.e., ordi-
nary four-dimensional quantum gravity becomes strong o
at superplanckian energies.

However, the contribution of the many KK componen
of gravitons changes this picture significantly. Reverting
the case of generaln, we observe that, from Eqs.~2.4! and
~2.7!, this contribution has the effect of replacing the prop
gator 1/Q2 by
10500
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1

Q2
→(

l 1
•••(

l n

1

2q0
21uqu21(

i 51

n

~ l i /r n!2

~2.16!

where the range of the indicesl i ,i 51, . . . ,n in the summa-
tion is given by Eq.~2.7!. To obtain an approximate valu
for this expression, we note that there is a large range of e
KK momentum squared, (l i /r n)2, from 0 to Ms

2 , and over
much of this range, it is@Q2 for typical Q2 values ofQ2

;LQCD
2 ;(150 MeV)2 that give the dominant contribute t

hadronic cross sections. Similar comments can be m
about cross sections for other types of reactions. Theref
we consider the approximation of keeping only the K
graviton modes in Eq.~2.16! satisfying

(
i 50

n

~ l i /r n!2@Q2. ~2.17!

For n>3, we then drop theQ2 term in the denominator o
Eq. ~2.16!. Further, recalling thatl max is very large, it is
reasonable to approximate the summations by integrati
yielding

1

Q2
→r n

2E
2 l max

l max
•••E

2 l max

l max dnl

l 2
5

r n
2Sn~Msr n!n22

n22
for n>2

~2.18!

whereSn was given in Eq.~1.3!. For n52, we must retain
the Q2 term in the denominator of Eq.~2.16!, and, again
approximating the summations by integrations, we obtain

1

Q2
→pr 2

2lnS 11
Ms

2

Q2 D for n52. ~2.19!

Next, substituting Eq.~2.16! in Eq. ~2.14!, using the above
approximations, and inserting Eq.~1.5! for r n , we find for
n52

Ãgrav.5 (
l 1 , . . . ,l n

A1g1KK5
ps2

M6
4

lnS 11
Ms

2

Q2 D ~2.20!

and forn>3,

Ãgrav.5 (
l 1 , . . . ,l n

A1g1KK5
Sns2

M41n
4 S Ms

M41n
D n22

. ~2.21!

As one might expect, the amplitudeÃgrav. becomes large
onces significantly exceedsM41n

2 . In particular, we find, in
this new Born approximation of one graviton1 KK ex-
change, a differential cross section which, forn52, is

ds

dt
5

1

16ps2
uÃgrav.u2.

ps2

16M6
8

ln2S 11
Ms

2

Q2 D ~2.22!

and, forn>3, is
2-5
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ds

dt
.

Sn
2s2

16pM41n
8 S Ms

M41n
D 2~n22!

. ~2.23!

In the following we shall restrict ourselves to momentu
transfers that are soft on the scale ofMs , i.e., to

Q2&jMs
2 ~2.24!

where we takej&1022. We also apply a similar softnes
cutoff to the allowed KK graviton exchanges by having t
sums in Eq.~2.16! extend not over the range 0<u l i u<Msr n
but instead only over the range 0<u l i u<j1/2Msr n . This will
simply introduce an extraj (n22)/2 factor in Eq.~2.18! and,
for n52 will remove the logarithmic enhancement factors
Eqs. ~2.19! and ~2.22!. Integrating over the region 0<2t
<jMs

2 , we find the total cross sections, forn52,

s5E ds

dt
dt>E

2jMs
2

0 ds

dt
dt.

pjs2Ms
2

16M6
8

.jS s

1 TeV2D 2S 1 TeV

M6
D 6S Ms

M6
D 2

310234 cm2

~2.25!

and, forn>3,

s.
jSn

2s2Ms
2

16pM41n
8 S Ms

M41n
D 2~n22!

.jSn
2S s

1 TeV2D 2S 1 TeV

M41n
D 8S Ms

M41n
D 2~n22!

310235 cm2.

~2.26!

As noted before, thiss}s2 growth is characteristic of a pro
cess involving the exchange of a spin-2 particle~see also
Refs. @25,26#!. One can, in addition, consider the contrib
tions of higher-order graviton1KK exchanges, but it is a
challenging problem to calculate these~see further below!.

We next consider a different approach which yields,
construction, a unitarized amplitude and cross section.
elsewhere in this paper, we focus on the casen52. The
unitarization procedure starts by performing a partial wa
decomposition of the original, non-unitarized Born amp
tude. The resulting partial waves are~in general, away from
possible resonances! monotonically decreasing withl. For
our estimate, let us assume that forl< l 0(s), all of the partial
waves exceed the unitarity boundal(s)<1 and for all l
. l 0(s) they obey this bound. The method is then to set
al(s) for l , l 0(s) equal to unity. In the present context o
small momentum transfer,s@2t, and hence small center
of-mass scattering angleu[ucm ~recall ucm

2 ;24t/s in this
limit !, we can make use of the eikonal or related periphe
approximation~for a review, see, e.g.,@24#!. We introduce
the notation k[p1cm and k8[p18, and note thatk5uku
5uk8u.As/2 in the limit that we are considering. The impa
parameterb satisfiesb ' k̂, so q•b52k8•b.kbu cosf,
10500
y
s

e
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al

wheref is the azimuthal angle relative tok̂. Denotingubu
5b, we recall thatl 5uqub. We can thus write an integra
transform defining the eikonal amplitudeã(s,b):

A~s,t !5sE d2b

2p
eiq•b ã~s,b! ~2.27!

5sE
0

`

bdbE
0

2p

df e2 ikbu cosf ã~s,b!

~2.28!

5sE
0

`

bdb J0~kbu! ã~s,b!. ~2.29!

The inverse relation is then, formally,

ã~s,b!5
1

sE d2q

2p
eiq•bA~s,t ! ~2.30!

where it is understood thatQ2.uqu2,jMs
2!Ms

2 because of
the quasi-diffractive kinematic conditions assumed for o
estimate. In accordance with our unitarization, we set
eikonal functionã(s,b) equal to unity forb<b0 , whereb0
5 l 0 /uqu. A rough estimate of the total cross section is th

s.pb0
2 . ~2.31!

Substituting Eq.~2.20! into the inverse transform~2.30!, we
obtain the dimensional estimate

ã~s,b!;const3
s

M6
4b2

. ~2.32!

This functionã(s,b) decreases monotonically as a functio
of b, and

ã~s,b!51 for b0
2;const3

s

M6
4

. ~2.33!

Hence, from Eq.~2.31! we have the unitarized estimate

s}
s

M6
4

. ~2.34!

Evidently, the behaviors}s is a less rapid growth than tha
suggested by the analysis of 1-graviton exchange ab
which yielded the behaviors}s2. We consider the eikona
method to be more reliable because, by construction, it p
duces a unitarized amplitude, whereas the 1-graviton1KK
exchange calculation~and the additions of multiple
graviton1KK exchange! does not automatically do this.

Another way of seeing this result is to consider two p
ticles of energyW/2, each moving in opposite directions i
the center of mass frame, so that the compound system
energyW(5As). Now recall that the Schwarzschild radiu
of a black hole of massm is RSch.52GNm52m/M Pl

2 .
Therefore, if the impact parameter~size! of the system is
2-6
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smaller than;2W/M Pl
2 , we might expect it to collapse to

black hole. The critical impact parameterb0.2W/M Pl
2 may

thus serve as an effective interaction range. Note that
argument applies for both elastic scattering and inela
scattering involving multiparticle production. This then lea
to the estimate for the total cross sections.pb0

2

.(4ps)/M Pl
4 . Making the replacementM Pl→M41n appro-

priate for the models considered here~provided thatb0,
,r n), we obtain for the total cross section

s.
4ps

M41n
4

. ~2.35!

In particular, for the casen52 of main interest here,

s.
4ps

M6
4

.5S s

1 TeV2D S 1 TeV

M6
D 4

310233 cm2

~2.36!

which exhibits a s}s behavior, in agreement with Eq
~2.34!. Given the lower boundM6*30 TeV in Eq.~1.9!, we
have

s&0.6S s

1 TeV2D 310238 cm2. ~2.37!

We shall discuss the phenomenological implications of t
below.

In passing, we note that the behaviors.s of Eqs.~2.34!
and ~2.36! may be viewed as the analogue of the Froiss
bound@27#

s<
4p

m2
ln2S s

s0
D ~2.38!

in ordinary hadronic physics. Since the quantitym2 that ap-
pears in Eq.~2.38! is the squared mass of the lightest partic
exchanged in thet channel, which for the present case is t
massless graviton, the original Froissart bound@27# is clearly
not applicable here. In the following we will adopt the co
servative estimate~2.36!.

We have seen that the behaviors}s does not conflict
with any unitarity bounds; in fact, we have incorporat
these bounds for our estimate of the total cross section.
arguments above based on the eikonal model and black-
considerations are rather general and do not depend on
culating specific field-theory diagrams. This is importa
since in the energy regions.Ms

2 , there are stringy effects
Although it is not necessary for our arguments, we brie
comment on these. OnceW.Ms , the massive string state
consisting of a towerM25rM s

2 , wherer 51,2, . . . can be
excited. These have exponentially rising degeneracyr r

;exp(Ar ). A description in terms ofs-channel string state
production would be challenging, expecially given the nec
sity of carrying out fully the multi-loop string unitarizatio
program to all orders in order to avoid poles on the reas
axis and obtain physical behavior involving finite-wide res
10500
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nances inA(s,t) @28,29#. However, precisely because of th
basic feature of string models~which actually predates
strings!, namely the Horn-Schmid duality@30#, we need not
compute A2→2(s,t) by summing the contributions o
s-channel resonances. This specific duality implies that
can equally well representA2→2(s,t) by summing over
t-channel contributions. In particular, for the region of inte
est here, namelys@Ms

2 ,2t!Ms
2 , the second, asymptoti

series description is much easier to compute, as it consis
only the contribution from the leading Regge trajectorie
Hence,

A~s,t !.b~ t !sa~ t ! for s→` and
2t

s
!1. ~2.39!

In the present case we know what the leading Regge tra
tory is, namely the graviton, with intercepta(t50)5J52
and slopea8:

aG~ t !522a8t with a85
1

4pT
5

1

4pMs
2

~2.40!

whereT is the string tension. The estimate that we perform
of the 2→2 scattering amplitude is equivalent to th
t-channel summation, with two modifications: first, in a
proximatingsaG(t).s2, we neglected the shifta8t; however,
since 2t,jMs

2 with j<1022, the corrections due to this
shift is O(1023) and therefore negligible. The second mod
fication is that together with the graviton, we summed a
over thet-channel KK excitations. But this is, indeed, a bas
feature of these models, as we recall from the fact that i
actually responsible for the crossover of the gravitatio
force from 1/r 2 to 1/r 21n as r decreases belowr n . Note
further that whatever the intermediates-channel states are
our general arguments above show that they cannot cons
to remove thes growth of the cross section.

Finally, we would like to address the issue of composi
ness of the colliding particles, since hadrons are certa
composites and even quarks and leptons might exhibit c
positeness as length scales smaller than the current limi
order~few 3 TeV)21. It is well known that because of th
universality of the static gravitational interaction, it is ind
pendent of the compositeness of the objects involved,
only depends on their total masses, asF5GNm1m2 /r 2. It is
interesting to observe that the asymptotic behavior of
cross section,s}s/M6

4 is also independent of the possib
~partonic or preonic! structure of the colliding particles. To
show this, we let the colliding particles labelled 1 and
consist, respectively, ofN1 andN2 partons~preons!. We first
note that for particles with masses satisfyingmi

2!s and
hence negligible for the present purposes, one can appr
mate the kinematics by settingmi50, so thats52p1•p2
54E1E2 , where the energiesE1 andE2 are specified in the
center-of-mass frame or any Lorentz frame obtained from
via a boost along the collision axisk̂. Writing the energy of
each particle as the sum of the energies of its constituen
2-7
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E15(
i 51

N1

E1i , E25(
i 51

N2

E2i ~2.41!

and substituting, we obtain, for the total cross section

s125k
s

M6
4

5
4kE1E2

M6
4

5
k

M6
4 (

i 51

N1

(
j 51

N2

E1iE2 j5(
i 51

N1

(
j 51

N2

s i j

~2.42!

wherek54p in Eq. ~2.36! but its precise value is not im
portant here. That is, we write the particle-1 particle-2 cr
sections12 as the incoherent sum of theN1N2 parton-parton
~preon-preon! cross sections and find that, to this order,s12
is invariant under composition. This is to be contrasted w
a s12}s2 cross section, which would not have this inva
ance. In passing, we also note that because of the spe
limitation 2t,jMs

2!Ms
2 that we used, and the fact that th

string scale isMs
2 , we do not expect here any form-facto

effects on the graviton1KK couplings. Thus, the cross sec
tion behaviors}s in Eq. ~2.36! can be interpreted in a cer
tain sense, e.g., in the context of composite models, as
serving the counting of degrees of freedom.~The criterion of
preserving degrees of freedom and associated informa
content has also been used to infer a holographic principl
quantum gravity@31,32#.!

One may wonder whether the growth of the cross sec
over many decades of accessible energies@33,34# does not
constitute a fundamental difficulty and potential fatal flaw,
principle, of the model. If the truly naive estimates}s2N
from the consideration of theN-graviton exchange amplitud
were valid, then it would appear that this would, indeed, b
serious problem. If, however, the cross sections grow o
like s, as suggested by our discussion above, then th
may not be any fatal difficulty. To see this point, let
assume that the forward dispersion relation for some 2→2
scattering amplitude, such asn1N→n1N holds ~where
N 5 nucleon!. Then, with the optical theorem that the imag
nary part of the forward scattering amplitudeA(s,t50) sat-
isfies Im„A(s,t50)…}ss(s)}s2, it follows that in these
models, this forward dispersion relation would need o
more subtraction than in the usual case wheres<const
3 ln2s. The subtraction term is likely to involve the facto
a8s;s/Ms

2 , which is also what the field-theory limit, via th
Taylor-series expansion ina8s, of string theory scattering
amplitudes, would suggest.

III. EFFECTS OF HIGH-ENERGY GRAVITATIONAL
SCATTERING CROSS SECTION

A. Ultra-high energy cosmic rays

In recent years, there has been considerable progre
the measurement of ultra-high-energy UHE cosmic ra
These have been observed with lab energies up toE;3
31020 eV @23#. The cosmic rays consist of protons togeth
with some nuclei having chargeZ.1 ~the relative fractions
depending on the energy!. The highest-energy cosmic ray
are of considerable current interest because their energie
above the Greisen-Zatsepin-Kuzmin~GZK! upper bound
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@35# of EGZK.531019 eV, which was based on the fact th
above this energy, the cosmic rays would lose energy
scattering off the cosmic microwave background photo
and producing pions, via the reaction

p1gCMB→N1p ~3.1!

which can proceed resonantly through theD(1232). A num-
ber of mechanisms have been proposed to try to accoun
this @23#. For the illustrative energyE51019 eV, i.e., s.2
3104 TeV2, the cross section estimate~2.36! for the new
graviton1KK contribution to pp scattering, together with
the lower bound~1.9!, givessgrav1KK&10234 cm2. This is
quite small compared to the usual hadronicpp cross section,
which, at this energy, isspp.150 mb51.5310225 cm2.
Thus, using our unitarized estimate~2.36!, we find that the
phenomenological impact of models with two large comp
dimensions on UHEpp scattering is innocuous.

B. Ultra-high energy neutrino scattering

A striking feature of the new contribution to high-energ
scattering cross sections due to graviton1KK exchange, Eq.
~2.36!, is the fact that it is projectile-independent, and th
the same for the scattering ofpp,gp,np, etc. We focus here
on ultra-high energy neutrinos; one of the reasons why th
are of current interest is that they occur as the decay prod
of the pions produced by the reaction~3.1! and analogous
reactions in which the protons scatter off of the radiati
field of a source such as a gamma-ray burster~GRB! @36,37#.
Calculations of UHEnp and n̄p weak charged and neutra
current cross sections find that these grow with energy
proximately asE0.36 @38#. Since this is a lower power tha
the linear growth ins, and henceE, exhibited by our estimate
~2.36! of the cross section due to graviton1KK exchange,
the latter would eventually exceed the neutrino cross sect
based onW and Z exchange. Using the lower bound~1.9!
with our estimate~2.36!, yields, for the contribution of gravi-
tational scattering tonp ~or n̄p) scattering, the resul
sgrav1KK;10244(En /GeV) cm2, so that atEn;1021 eV,
this gravitational contribution issgrav1KK;10232 cm2,
roughly 10 % of the sum of the conventional charged a
neutral currentnp ~or n̄p) scattering cross sections, as ca
culated in Ref.@38#. Clearly our estimate~2.36! and the
lower bounds~1.8!, ~1.9! are only approximate, so the impli
cation that we draw from the present discussion is tha
theories with large compactification radii and TeV sca
quantum gravity, it is possible for gravitational scattering
make a non-negligible contribution to ultra-high energynp

and n̄p total scattering cross sections. If, indeed, this n
gravitational contribution tonp and n̄p scattering is signifi-
cant, this will be important for large detectors like such
the Antarctic Muon and Neutrino Detector Arra
~AMANDA ! @36# and the Auger Cosmic Ray Observato
@39# which will measure these UHE neutrinos; if one ju
used the conventional CC1 NC cross sections, one woul
infer a somewhat larger~anti!neutrino flux than would actu-
ally be present. Since at energiesE*1015 eV, the interaction
length for ~anti!neutrinos is smaller than the diameter of t
2-8
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earth, and forE*1018 eV, the earth is opaque to~anti!neutri-
nos @38#, it follows that this possible enhancement of t
observed event rate would only occur for downward go
~anti!neutrinos. It should be emphasized, however, that
discussion concerning the gravitational cross section is s
ject to the uncertainty regarding the characteristics of
dominant final states in gravitational scattering of UHEnp

and n̄p collisions. In particular, it could be that these col
sions involve considerable multi-graviton-KK production,
which case it would be interesting also to study the resul
propagation and interaction of these KK modes.

IV. LIGHT NEUTRINOS

For a number of years there has been accumulating
dence for neutrino masses and associated lepton mixin
present, it is generally considered that the strongest evide
arises from the deficiency of the solar neutrino flux measu
by the Homestake, Kamiokande, SuperKamiokan
GALLEX, and SAGE detectors@41# and the atmospheric
neutrino anomaly first observed by the Kamioka and IM
detectors, confirmed by the Soudan-2 detector, and rece
measured with high statistics by the SuperKamiokande
tector@42#. An appealing explanation of this data is neutri
oscillations and associated neutrino masses and mixing. A
well known, fits to the solar neutrino data yield values
Dmi j

2 5um(n i)
22m(n j )

2u of order 1025 eV2 for ne→n j ~al-
though ‘‘just-so’’ oscillations featureD1 j;10210 eV2), and
the SuperKamiokande experiment fits its atmospheric n
trino anomaly as being due to the neutrino oscillationsnm
→nt ~or nm→ns , where ns is a light electroweak-single
neutrino! with central valueD23;231023 eV2 @42,43#.
This data, then, suggests neutrino masses in the range&0.1
eV for the mass eigenstatesn i ,i 51,2,3 whose linear combi
nations comprise the neutrinosne ,nm , andnt . Many details
require further experimental clarification, but the most str
ing aspect of this is the smallness of these masses relativ
the masses of the quarks and charged leptons. Indeed,
pendently of these suggestions for nonzero neutrino mas
direct mass limits yield upper bounds on the masses of
mass eigenstates comprisingn l ,l 5e,m,t are much smaller
than the masses of the respective charged leptons.

A fundamental theory should therefore give an expla
tion of why neutrinos are so light. The well-known sees
mechanism does this@44#. However, we are not aware of an
mechanism of comparable simplicity and elegance in th
ries in which the highest fundamental scale is of order
TeV. To see the problem, we recall how the seesaw me
nism works. This is based on the assumption that there e
some number of electroweak-singlet neutrinos,$NR%. In
SO~10! grand unified theory, this is not anad hochypothesis
but an intrinsic feature; the fermions of each generat
transform according to the 16-dimensional spinor repres
tation, 16L510L15L

c11L , where the SU~5! representations
are indicated, and the SU~5!-singlet state is theNL

c ~equiva-
lent toNR!. This also fixes the number of electroweak-sing
neutrinos as equal to the number of the usual fermion g
erations,Ngen53. These electroweak-singlet neutrinos le
to Dirac mass terms of the form
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n̄ j ,LMD,i j Ni ,R1H.c. ~4.1!

and Majorana mass terms of the form( i , jNi ,R
T MR,i j CNj ,R

1H.c., wherei , j are generation indices. Because the Ma
rana terms are electroweak-singlet operators, the coeffici
in the matrix MR should not be related to the electrowe
symmetry breaking scale, but instead, taking a top-do
view, would naturally be of order the largest mass scale
the theory. The specific SO~10! GUT provides an explicit
realization of this expectation, with the coefficients inMR
naturally of order the GUT scale. IfMR has maximal rank,
then the diagonalization of the full Dirac1 Majorana neu-
trino mass matrix yields a set of heavy, mainly weak-sing
Majorana neutrinos with masses of orderMGUT and the three
light mass Majorana eigenstates, which are mainly lin
combinations of the observed isodoublet weak neutr
eigenstates. The masses of the observed left-handed ne
nos are determined, to leading order inMew /MR , as the
eigenvalues of the matrix

M n52MDMR
21MD

T . ~4.2!

For a generic matrixMR ~with maximal rank!, this provides
a natural explanation of why these masses are much sm
than the scale of the quarks and charged leptons. At a m
phenomenological level, even without any explicit consid
ation of electroweak-singlet neutrinos, one can also get n
rally small neutrino masses by dimension-5 operators of
form (1/MX)L L

TCLLff, whereL5(n l ,l ) is the l ’th lepton
doublet andf is the Y51 Higgs boson in the standar
model or its supersymmetric extension~for an explicit ex-
pression, see, e.g., Ref.@45#!. Such higher-dimension opera
tors occur naturally if one regards the standard model as
effective low-energy field theory; however, the success
this model requires that one makeMX@Mew . The resulting
neutrino masses are;Mew

2 /MX and hence are naturall
small.

In a theory in which there are no fundamental mass sc
@Mew , this type of mechanism is not available to expla
small neutrino masses. It is true that rapid running of gau
and Yukawa couplingsga andYi j will occur once the energy
gets to the point where the standard model fields feel
extra dimensions, since dim(g)5dim(Y)5(42d)/2 and
hence are dimensional@12#. However, the correspondin
powers ofE in the effective couplings divide out in ratios, s
it is not clear how this mechanism would specifically pi
out the neutrinos to be so light.

Of course, one notices that for the casen52, with M6
near its lower bound~1.9!, the theory exhibits a mass sca
r 2

21;0.07 eV, as in Eq.~1.6!, and the square of this scale
r 2

22;531023, is comparable to the value ofD23 inferred by
the SuperKamiokande collaboration to fit their atmosphe
anomaly. But it is not clear to us how to relate the comp
tification mass scaler 2

21 to masses of fermions, and in pa
ticular, neutrinos. It is also not clear how to get a gene
tional ~family! structure, and corresponding spectrum
mass values, out of a singler 2 , although one should remem
2-9
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ber that the assumption of a single compactification rad
was only made as a simplication, and, in the absence of s
symmetry to guarantee equal compactification radii for
different extra dimensions, the generic expectation is t
these radii would be at least somewhat different.

V. QUARK-LEPTON UNIFICATION

One of the deepest goals of a physical theory is to prov
a unified understanding of a wide range of different qua
ties and phenomena. Thus, one of the greatest appea
grand unified theories is that they provide~i! a basic unifi-
cation of the QCD and electroweak gauge interactions,
bedding the associated SU~3! and SU(2)3 U(1)Y gauge
groups in a simple group; and~ii ! correspondingly, a unifi-
cation of quarks and leptons, since these are transformed
each other~or their conjugates! by the GUT gauge transfor
mations. Proton and bound neutron decay is a natural co
quence of this unification, and the slow, logarithmic runni
of the gauge couplings is nicely concordant with the h
mass scaleMGUT which is necessary to suppress nucle
decay adequately to agree with experimental limits. Con
quently, a fundamental concern with theories whose larg
fundamental scale is of order 10 TeV, say, is that this sc
may be so close to the electroweak scale, where the stan
model gauge group is definitely not unified in a larger gro
that it may be unnatural for such a unification to occur. Ev
if the rapid power-law running of gauge couplings were
lead to some sort of unification of these couplings, o
would obviously not want this to be accompanied by t
onset of a simple grand unified group with GUT scale
order 10 TeV, since this would generically lead to prohi
tively rapid proton decay. This is not to say that one can
contrive special mechanisms to suppress proton deca
such models~see, e.g.,@12,9,10#!, but true quark-lepton uni-
fication generically leads to proton decay at the scale of u
fication, so if one attempts such unification at the TeV sc
one must resort to special suppression mechanisms.

VI. EQUIVALENCE PRINCIPLE

A basic experimental property of gravity is the equiv
lence principle, that inertial and gravitational mass are eq
or, in Einstein’s formulation, the statement that the effects
a uniform gravitational field are equivalent to the effects o
uniform acceleration of the coordinate frame and, related
this, that gravity couples only to mass, independent of ot
quantum numbers of the particles involved. This has b
tested in laboratory and solar system measurements dow
the level of about 10212 @18,46,47#. This principle can be
derived from the properties of the coupling of the massl
spin-2 graviton required to yield Lorentz-invariant amp
tudes@48,46#. Thus, modifications to this formalism will, in
general, lead to violations of the equivalence principle. F
example, it was recognized that such violations would re
from a massless or sufficiently light (m&1023 eV! dilaton in
string theories of quantum gravity@49#. Moreover, one might
question how natural it is to propose that the fundame
scale of gravity is close to the scale of an interaction, nam
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the electroweak interaction, which does not couple to p
ticles in a manner dictated by the principle of equivalen
but instead according to their gauge group representati
We obtain a rough estimate of the violation of the equiv
lence principle in the present class of theories as follows.
discussed before, the KK modes of the gravitons couple
the graviton, but, from a four-dimensional point of view
have a mass given by Eq.~2.3!. The minimal value of this
mass is justm5r n

21 and, in then52 case wherer n is larg-
est, this is listed in Eq.~1.6! for M6530 TeV asm;0.07 eV.
The long-distance effects of this lightest KK particle are su
pressed by a usual exponential,e2mr . For values ofr in the
macroscopic range, sayr;10 cm, this suppression factor i
far below the 10212 level.

VII. COSMOLOGICAL CONSTANT

The issue of the cosmological constantL and the associ-
ated vacuum energy density

rL5
L

8pGN
~7.1!

has been a longstanding and vexing one in cosmology. A
well known, vacuum fluctuations of quantum fields natura
yield contributions torL that are many orders of magnitud
larger than the upper limitVL&2 derived from the require-
ment not to overclose the universe, where

VL5
rL

rc
5

L2

3H0
2

~7.2!

and the critical mean mass density,rc , is given by

rc5
3H0

2

8pGN
51.0531025 h0

2 GeV/cm3

53.97310211S h0

0.7D
2

eV4 ~7.3!

with H0 the current value of the Hubble constantH defined
asH5R21dR/dt, whereR(t) is the scale factor in the stan
dard Friedmann-Robertson-Walker metric. In terms ofh0
5H0 /(100 km/sec/Mpc), the current value of the Hubb
constant is 0.5,h0,0.85 ~e.g. Ref. @40#!. Specifically, in
quantum gravity without supersymmetry one would gener
a contribution torL of order M Pl

4 , a factor of 10125 times
larger than the upper limit. Even if this is avoided by sup
symmetry, the electroweak symmetry breaking contribute
term of orderMew

4 which is 1065 times larger thanrc , and
this cannot be avoided by supersymmetry, since supers
metry must be broken at energies of at least the scaleMew .
From a field-theory point of view, one would argue that sin
no symmetry prevents a nonzeroL, it should be presen
@50#. Indeed, recent data on type Ia supernovae@51,52# and
other observational data@53# suggests thatVL is nonzero
and of order unity~see, e.g., Figs. 6 and 7 of Ref.@52#!.

It is natural that whenever a new type of theory is pr
posed, one tries to explore its implications for the cosmolo
2-10
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cal constant. In any theory with compactified dimensio
one is led to investigate the effects of compactification
vacuum fluctuations and resultant contributions to the c
mological constant@54#. One observation is that if one sim
ply extracts mass and length scales phenomenologically f
rL by using the valueVL;1 suggested by the supernov
data@52,51#, setting

rL[r L
24 ~7.4!

then one obtains

r L
21;2.531023 eV, i.e., r L;0.831022 cm. ~7.5!

This is intriguingly close to the value of the compactificati
radiusr 2;O(1) millimeter implied by Eq.~1.5! if one were
to use the original estimateM41n5M6;1 TeV for the n
52 case. The supernova cooling constraint ofM6*30 TeV
in Eq. ~1.9! reducesr 2 to ; a micron rather than; a mil-
limeter, thereby removing a close similarity tor L . Neverthe-
less, in view of the disparity of 65 orders of magnitude b
tweenMew

4 and the upper bound onrL , there is perhaps a
hint of some interesting physics relatingr n and r L . In the
theoretical context of both KK theories and D-branes, on
also led to consider Casimir-type contributions to t
vacuum energy density@55#, which are of the form
UCas.}r 24, wherer is a relevant distance scale, such as
compactification scale. In this context, there is, indeed
natural connection betweenrL and r n

24 ~see also Refs
@10,13,15,56#!.

VIII. CONCLUSIONS

Theories with large compactification radii and a very lo
string scale represent a radical departure from previous
nd

B

li,

10500
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n
s-

m

-

is

e
a

n-

damental particle theory including grand unification and co
ventional string theory. They serve to emphasize that a v
33 orders of magnitude separate the length scale of abo
centimeter at which gravity has been experimentally m
sured from the Planck length of 10233 cm, and it is quite
possible that new phenomena occur in these 33 decade
energy or length which significantly modify gravity from
one’s naive extrapolations. We believe that it is healthy
formulate and study such radical challenges to the ortho
paradigm in order to assess how experimentally viable t
are. Indeed, an intense effort to analyze the phenomeno
of these types of theories is currently underway. In the
theories the Planck mass becomes a secondary rather
basic quantity, and is expressed via Eq.~1.5! as a function of
the short-distance string scale and the compactification
dius. In this paper we have contributed a few results to t
effort. We have made an estimate of high-energy grav
tional scattering cross sections and have discussed som
the implications for ultra-high-energy cosmic ray and ne
trino scattering. We have also commented on some o
topics, including naturally light neutrino masses, qua
lepton unification, the equivalence principle, and the cosm
logical constant. Many more interesting questions dese
study.
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