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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
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I. INTRODUCTION Gymm,  mym,
F= = for r>r (1.1
r? M3,r? ¢
The intriguing idea that fundamental interactions can be
understood as operating in a spacetime of dimension higheo
than d=4 dates back at least to the work of Kaluza and
Klein (KK) [1]. A number of studies were carried out sub- Gn,4+nMiMy m;m,
sequently of higher-dimensional field theories, which we BT NITT2s, . p2en for r<rc (1.2
shall generically refer to as Kaluza-Klein theorigd. In a Atn=sen
modern context, Kaluza-Klein theories arise naturally fromyhere
(supejstring theories in the limit where relevant energies
are much less than the string mass scile~(a’) "2 2792
where a' is the slope parameter. In both generic Kaluza- Sd:r(d/z) 1.3

Klein and string theories, there has thus always been the

question of what dynamical mechanism is responsible fofs the area of the unit sphere itf. Sincer . depends om, it
compactification and at what sc@p{R} the extran space- will be denoted ag,. SettingM}2=(27)"M}12, as in
time dimensions are compactified, leaving the observed fouref. [7] [motivated by toroidal compactification, in which
spacetime dimensions. A conventional view has been that thiae volume of the compactified spacevs=(2r,)"] and
corresponding compactification mass stsléR™1} would  applying Gauss’s law at<r,, andr>r,, one finds that

be high,=Mg, with M4 being given(in a perturbative analy-

Si9 by Mo~gMp /87, where Mp=(fic/Gy) 2=1.2 Mg =raMzin (1.4

X 10'° GeV is the Planck mas$, is Newton’s constant,
and g§ is the gauge coupling at the string scale, of order”
g§/(47r)~0.04. However, recently, there has been consider- ) ( Mp, >2ln

able interest in the very different and provocative possibility =My,
that some inverse compactification mass gsple s
(are much less than the Planck scd®-16]. A related fea-
ture of this theoretical development is a profound change in
the role of the Newton constant and Planck mass; rather than
being fundamental constants of nature, these become derivégsuming that the higher-dimensional theory at short dis-
quantities, reflecting the change in spacetime dimensionalitytances is a string theory, one expects that the fundamental
from d=4 at large distances, to a higher dimensionality atstring scaleMg and Planck mashl,. , are not too different
distances <r . (where for simplicity, we assume throughout (a perturbative expectation is thds~9gsM4.,). Thus, a
this paper that there is single compactification radius relevantompactification radius such thla,'f1< Mp, corresponds to a
for gravity) and the resultant change of the gravitationalshort-distance Planck scale and string mikswhich are
force from also<Mp,.
It is a striking fact that there is an vast extrapolation of 33
orders of magnitude between the smallest scale(j €m to
*Email address: nussinov@post.tau.ac.il which Newton’s law has been testggl17,1§9 and the scale
"Email address: shrock@insti.physics.sunysb.edu that has conventionally been regarded as being characteristic

Mp,

M4+n

1 TeV)

2In
M4+n ) ‘ (15)

=(2.0x10° Y cm)(
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of quantum gravity, namely the Planck length,p, that the conventional hierarchy is absent, one motivation for
=#/(Mp,c)~10 33 cm, and it is not at all implausible that supersymmetry would be removed, although its original mo-
new phenomena could occur in these 33 decades that wouttyation — to avoid tachyons in string theory — would still
significantly modify the nature of gravity. It is therefore in- be present, given that the quantum theory of gravity is as-
structive to explore how drastically one can change the consumed to be a string theory.
ventional scenario in which both gauge and gravitational in- In a theory with extra dimensions compactified at a scale
teractions occur in four-dimensional spacetime up tor,, it would naively seem that for distances much less than
energies comparable to the Planck mass. Of course if onthe compactification scale, all of the fields would depend on
had a truly fundamental theory of everything, it would pre-the coordinates of the higher-dimensional space. Of course,
dict and explain the scal® of compactification and the if this were true, then low values ofincludingn=2 would
changes in dimensionality that occur. Here we shall take alearly be ruled out since, among other things, QCD and
phenomenological attitude of considering various values oélectroweak interactions have been well measured up to en-
n. From Eq.(1.4) it follows that for fixedM,.,,r, is a ergies of order 19GeV (lengths down to 10'® cm), and the
monotonically decreasing function of [From Eq.(1.5), one  data shows that these interactions take place in a spacetime
sees that in the formal limit—o,r , approache#1, !, from  of dimension 4. Hence, to avoid the danger of a contradiction
above; in a string theory context, the valueshafp to 6 are  with experiment, one is led to require that the known fermi-
of interest since this corresponds to spacetime dimensions uns and gauge fields be confined to four-dimensional space-
to 10 at short distancdsConsequently, the strongest chal- time at least down to distances of about (1 TeV)
lenge to the conventional paradigm is obtained for the small~10"1" cm. Several possible mechanisms for this dimen-
est values oM, ,, andn. From this point of view, one is sional confinement of standard model fields have been sug-
therefore motivated to consider values\df, , as low as the gested5,7,9. A particularly appealing mechanism is present
1-10 TeV region. For such values, the casel would in modern string theories with Dirichlgi-branes 3 (com-
yield a compactification radius larger than the solar systemnonly denoted D-brandd9]); see, e.g.[5,9,10,13,20 and
and hence is clearly excluded by existing measurements ¢eferences therein. Calculations of scattering processes in-
gravity and tests of Newton’s law. Favl,,,~30 TeV  volving D-branes suggest that when probed at high energy,
(which in fact is a lower bounfiL2]), the casen=2 yields a  these exhibit a thickneg@1]
compactification radius
o~M 1. 1.7
Fep=f,=2.7 um, ie., r,'~007 eV
Specifically, asr decreases past,, gravity would feel the
for extra n dimensions, but the usual gauge and matter fields
would be confined to @=3 D,-brane sweeping out the
M4+n=Mg=30 TeV. (1.6)  usual Minkowski 4-dimensional spacetime. The fact that the
gravitons do propagate in all#4n dimensions is responsible
As r decreases below this scale,. the gravitational forceg, the change in the gravitational force law fronrto
changes from a 1f to a 1t* behavior. Currently planned 120 ot distance scales below the compactification scale
experiments plan to probe gravity somewhat below thg — There are several specific scenarios of this type. One
present limit of @1) cm [17]. We shall concentrate on the example features a type-l string theory with 5-branes and
casen=2 because, among the allowed valwes2, it yields  9-pranes sweeping out 6-dimensional and 10-dimensional
(for a givenM,., ;) the largest value of the compactification spacetime volumes, respectively, and each having noncom-
radius_ and hence the strongest contrast to the conventiong&ct 4-dimensional Minkowski submanifolfg,10]. Asr de-
paradigm. o . _ creases below,, gravitons(the closed-stringschange from
Another reason for considering theories with very low propagating in four dimensions to propagating in six dimen-
string scales not too far above the electroweak sddlg,  sjons, so thah=2 andr.=r,, but gauge and matter fields
=216 1?=250 GeV, is that this essentially removes the (corresponding to open string stateontinue to reside on
old hierarchy problem, i.e., the problem of preventing the3-branes in the 5-branes. Asdecreases through an addi-
Higgs boson mass from getting large radiative correctiongional compactification scale slightly abot; *, the gauge
that would naturally raise it to the grand unified theory and matter fields extend to a 9-brane sweeping out the full
(GUT) or conventional string ¢ Planck scale. One must 10-dimensional spacetime. In this region the gauge couplings
acknowledge that a new hierarchy appears, namely the larg@n rapidly, since they have dimensions; studies of how these
ratio between the compactification mass' and the string  couplings might unify at the TeV scalesing several differ-
scale. Fom=2, with M¢~1 TeV, andr, ' as given in Eq. ent specific modejsinclude Refs[9,10]. If, as in the stan-
(1.6), this ratio is~(1 TeV)/(10°!) ev=10' which is  dard model and supersymmetric generalizations thereof, the
almost as large as the old hierarchylg /Mgy Or  fermions gain their masses from Yukawa couplings, then
Mp /Mey. Obviously, supersymmetry cannot be used to stathese also run rapidly for the same reason.
bilize this new hierarchy since it is broken at a scale of at Given the provocative new features of these proposed
least the electroweak level; some ideas for how this stabilimodels with large compact dimensions and TeV scale
zation might occur have been discussed recefitly,16.  strings, there is strong motivation for immediate phenomeno-
Note that if, indeed, the string scale is as low-a% TeV, so logical studies to assess their experimental viability, and
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these have been initiated in a number of works, e.g., Refsame, one has, for toroidal compactification, with the cir-
[7-13. Important issues that have been studied include theumferences
above-mentioned constraints due to experimental gravity

tests, and also proton decay, possible contributions to flavor- Li=2mr,=L,, i=1,...n (2.9
changing neutral currents and precision electroweak observ- L

ables, effects mimicking compositeness and changes in scdfl® quantization of KK momenta

tering processes measured in currefie” and pp collider oml |

experiments, rare decays, and astrophysical and cosmologi- ki= =2 i=1,...n (2.2

cal effects. One serious concern is that the contributions of Ln Fn

Kaluza-Klein _mode§ to the mean mass energy would OV€TT4 an observer in the usual four-dimensional spacetime, the
close the universe; however, it has been argued that th

theory can evade this problefd2]. Another severe con- gbo_ve graviton wo_uld thus appear to be a massive Kaluza-
, . . L Klein (KK) state with mass
straint arises from the effects of KK-graviton emission on

cooling of supernovae. This has been used to infer the lower n 1/2
bound[12] ( ) rit. (2.3

My, = 10157 45/(0+2) Tay 1.8
4+n 1.8 All of these KK states have the same Lorentz structure as the

graviton as regards their couplings to other particles. Since
the gravitons propagate in the full {4n)-dimensional
spacetime, their self-interactions must conserve not only the

i.e., for the case of main interest heres 2,

Me=30 TeV. (1.9 ordinary 4-momenta, but also the KK momentum compo-
nents. That is, if one envisions a scattering process involving
It has been argued that this may still be consistent with & gravitons with moment&(®, ... ki) (directed into the

fundamental string scal®l¢ of O(1) TeV [12]. Implications vertex, say, thenEg\'zlk(LjEO, so thatE}\'zlk(AjEO for the

for the cosmological constant have also been discu@sgd : N ()
. ; : ; usual spacetime components=0,1,2,3, and als@;_ kK
Refs.[12,13,15,1%). Effects on dispersion of light travelling —0 fori=1,...n. WhenceEszlli(”=0 fori=1, .. n.

over cosmological distances may also yield serious con., . th ticl dtob fined t
straints[22]. The problem of stablizing the new hierarchy "OWEVEr, SINCE OInEr particles are assumed 1o be contined to

. . » _1 .
Mg >1 has been addressed in several papers, includinlg?e thin membrane of thicknesé~M; ~, which breaks
anslational invariance in the extradimensions, they do

Refs.[15,16. ; ) .

In this paper we shall remark on some other phenomendl©t have well-defined KK momenta in these extra dimen-
logical implications of these theories with large compact di-SIoNS- Therefqre the interactions of gravitons with such par-
mensions and TeV-scale strings. In Sec. Il we review howicles do not, in general, conserve the KK momentum com-
the exchange of KK modes of gravitons can produce relaPonents{li/ro},i=1,... n — atleast so long as these are
tively large effects. We then give some estimates of theismaller tharMs, the ultimate cutoff scale in the field theory,
effects on high-energy scattering cross sections. In Sec. Ift Which it goes over into a string theory, i.e., so long as
we address the problem of obtaining light neutrino masses in |

I

the absence of the conventional meth¢isesaw mechanism — <M. (2.4)
and higher-dimension operatarS&ections IV and V contain Mn
some discussion of the equivalence principle and the cosmo- ) )
logical constant. Defining the graviton field as
. IVIN
Il. GRAVITON +KK EXCHANGES AND HIGH-ENERGY =Nt o1 (2.5
BEHAVIOR OF CROSS SECTIONS (MZin)

In the theories under consideration here, there are severphhere 7, is the usual flat-space metric tensor, with signa-
relevent ranges for the center-of-mass ene@wf a given  ture which we take as,—,—,—), and the details ofyyy
process(i) the extreme low-energy regiog's<r, %; (i) the  in the extra dimensions depend on the nature of the compac-
large rangerz‘1< Js<Mg which includes energies up to the tified manifold], the resulting interactions of the gravitons
TeV scale at its upper end: aridi) the range of energies With the usual gauge and matter fields on the 3-brane are
above the string scalg/s>M.~1 TeV. In this section, by given by T,,(x)h,,(x)/(M51 )Y for x restricted to lie on
“high-energy” behavior of cross sections, we shall meanthis 3-brane. Equivalently, one can treat the graviton-KK
intervals (i) and (iii). Let us denote the momentum of a emission in a four-dimensional framework, where the cou-
graviton as k=k =({k\}, K1, ... K,), where the usual plingis 1Mp, in an amplitude; the rate is then proportional
spacetime Lorentz index=0,1,2,3. Because of the compac- to 1M32, times a factor reflecting the multiplicity of KK-
tification, the extran components of the graviton momenta graviton emission. Since this factor-is(s%r,)", wheres'?
are quantized. With the simplifying assumption that the comis the center-of-mass energy available for graviton-KK emis-
pactification radii of all of the extran dimensions are the sion, when one subsitutes the expression riprfrom Eg.
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(1.4), the factor of M3, is exactly cancelled, and the final extensions of the standard model, the multi-KK exchange
product iss"?/M}*2 as one would obtain directly from Eq. and some of its consequences are unique to the present class
(2.5) [7]. Thus, from a four-dimensional viewpoint, although of models.
the KK-gravitons are coupled extremely weakly, this is com- Already at present, cosmic ray interactions have provided
pensated by their very large multiplicity, so that their netus withpp collisions having lab and center of mass energies
effect involves in the denominator a mass scale in the rangép to ~3x10° TeV and ~10° TeV, respectively[23], far
of 10 TeV instead oMp, . above the assumed string schg, the ultimate cutoff of the
Let us study the implications of this further. In consider- field theory. It has been heuristically argued that since the
ing the exchange of gravitons, and in particular, their KK bulk of the hadronic collisions are soft, the new TeV region
momentum components, in some process, one should fophysics will not be strongly manifest in these collisigag].
mally consider all; e Z for eachi=1, ... n and sum over One of our purposes in this paper will be to examine this
all of these exchanges. In the theories of interest herg/sas issué and the more general question of the impact of
becomes comparable to the string scalk,, one changes 9ravitontKK exchanges) in quasi-diffractive processes
over from a field theorywith effects of D-branes included Which are defined here to be-22 scattering processes with
to a fully stringlike picture, so thaMg serves as an upper CM Mass energy squaret-M3 but Q*<M3 (or evenQ?
cutoff to what is really the low-energy effective field theory <M3). Using the strong lower boun€l.8), which forces
with which we work. Accordingly, we shall impose an upper M4, to be substantially above the electroweak scale, we
cutoff obtain results that confirm the arguments of REf2].
Before proceeding, a comment is in order: in a generic
li <l max=Msln (2.6) Kaluza-Klein theory, there would also be KK excitations of
usual standard-model gauge, fermion, and Higgs fields.
However, in the type of theory that we consider here, since
L=0,x1,...*l.. fori=1,...n. 2.7) the compactification radius, is_ so large, and henc_e, as noted
above, the standard-model fields must be confined to usual
The value ofl ,,,,= Mr, is very large; for example, for the 4-dimensional spacetime even for., down to distances
case of primary interest hene=2, for Mc~1 TeV, one has r~M_* where a fully stringlike picture emerges, it follows
| max= M ,~10'® while for n=3,4),.,=MJ,~10" and  that standard-model fields do not have KK excitations in the
10°, respectively. When one is interested in the effect of theenergy range/s<M,.
exchange of these KK components of gravitons on the static Let us consider the scattering of two usual standard-model
gravitational potentional generated between two test massegarticles, indicated by their moment@,+p,—p;+p3.
at a distance, the resultant contribution of the higher KK These could be leptons and/or the quark/gluon constituents

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

modes is suppressed by a Yukawa-type factor: of energetic protons. As stated above, we concentrate on the
n 12 case oin=2 extra dimensions whose compactification radius
Vv :% e_m:ﬁ > exr{—( D I-z) } is given by (1.6). We defineP=p,+p,=p;+p; and g
mm; T ri ., n =1/ ' =p;—p;=p,—P,. The center of mass energy squared is

2.9 then given by

Formally, the summation is over eathe Z, but the actual
contribution depends on the value ofrelative tor,, since 5= Pp2= 2 PyPngVN= z P,P,g* (2.10
M,N

only the number wr=0123
n
Veffw(r_“) (2.9  and the momentum transfer squatedq’= —Q? by
r
of KK modes which do not suffer exponential suppression in t=q2= MN _ (21
Eqg. (2.9) contribute significantly. Thus, whersr,, only a l\% Amng M,V:E, ,2,3q“qu (219
the term with (4, ... ,l,)=(0,...0) contributes and one

recovers the usual Newton law>1/r, but asr decreases \yhere we have used the fact that the usual standard-model
throughr,, more KK modes contribute, and finally, for  particles are confined to four-dimensional spacetime. The
<r,, all of the KK modes up tdMr contribute, giving rise  third kinematic invariant isi=(p,— ps)? satisfying the re-

to the crossover in the behavior of the gravitational interaCiation that s+t+u is equal to the sums of the squared

; 1+
tion V—1/r="". _ masses of the colliding particles. A vector gauge boson

The consideration of the exchange or production of these_ v,Z°W, or gluon exchanged between the particles
KK components of gravitons in various processes, while “Oﬁlield’s a t-channel Born amplitude which, for

exhausting the full implications of the new theory, can serve
as a general guideline for studying the possible novel phe-
nomenological implications. Note also that unlike other pos-
sible signatures such as missing energy, apparent composite-
ness, etc. which could originate from other modifications/(whenceu~ —s) is of the form

s>mé, s>t, and s>m? (2.12
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9102(P1+ P1) (P2 P2),9"”  919x(S—U) 1 1
lvz 192 ! tl Mm22 2 = 1t2 mZ &HZ -..IE n (2-16}
- - 1 n
Y Y —agtlal®+ 2 (1i/ry)?
_ 291958 (213
t— m\z, ' where the range of the indicési=1, ... n in the summa-

tion is given by Eq.(2.7). To obtain an approximate value
for this expression, we note that there is a large range of each
whereg,,g, are appropriate gauge coupling constants, thg«k momentum squared, (/r,)2, from O toMi, and over
(pj+pj’)_ﬂ factors arise from the gauge-fermion couplings, much of this range, it is>Q? for typical Q2 values ofQ?2
andmy, is the mass of the exchanged vzector bc_)son. We ”e%AéCD~(150 MeVY that give the dominant contribute to
glect the contributions from the,q,/my term in theW  hadronic cross sections. Similar comments can be made
propagator numerator which give negligible contributions,ahout cross sections for other types of reactions. Therefore,
and the respective, q,/m5 and(gauge-dependent,q,/q?>  we consider the approximation of keeping only the KK
term in theZ and y propagator numerators, which give zero graviton modes in Eq(2.16) satisfying
contributions because th& and y have diagonal, current-
conserving, couplings. n
We next consider the graviton exchange amplitude and > (ilry)?>Q2% (217
begin with the usual four-dimensional massless graviton ex- =0
change. It has long been recognized that (fherturbatively
calculatedl scattering amplitudes involving the exchange of a
particle with spinJ in thet channel grow likes’; indeed, this
was one of the motivations for the development of Regg
theory, in which the spins of the exchanged particles wer
effectively made into a variable(t) and in which the result-
ant energy-dependence of the amplitude was much softer_ _, -
(e.g.,[24]). Since gravity couples to theconserved, trace- Q2 ~Imax ~Imax 12 n-2
less, symmetricenergy-momentum tensor, the amplitude for (2.18
the exchange of one graviton between the same particles,

with the same kinematic conditia®.12 yields an amplitude WhereS, was given in Eq(1.3. For n=2, we must retain
the Q2 term in the denominator of Eq2.16), and, again

approximating the summations by integrations, we obtain

For n=3, we then drop th&? term in the denominator of
Eq. (2.16. Further, recalling that,,, is very large, it is
reasonable to approximate the summations by integrations,
ielding

=———F—— for n=2

zflmax flmaxdnl raSn(Mgry)" 2
rn =

A1g=Gn[(P1+P1)(P1+P1),—(P1t pi)zg;w]

, , 1 :
X[(P2+P2)p(P2+P2) e —2—>77r§In 1+Q—2S for n=2. (2.19
.o -(g#Pg"7+permg  Gys®
~ (P21 P2)"0yo] t 1 Next, substituting Eq(2.16) in Eqg. (2.14), using the above
approximations, and inserting E¢L.5) for r,, we find for
(2.19 n=2
where the conserved nature of the graviton-fermion cou- ~ ws? M2
plings means that terms involving momeuta the numera- Agrav-zl 2 | A19+KK:WIn 1+ = (2.20
tor of the graviton propagator do not contribute. Hfebe- to " 6
havior in Eq.(2.14 conforms to the expectesd behavior for and forn=3
spinJ exchange. Comparing with EQ.13), we see that '
_ SnSZ M n—-2
A s/IM2 Agrav.: 2 A1g+KK:T > . (221
1o Pl (2.15 ERRERE n 4+n\ AN
A, 0102 '

As one might expect, the amplitud%gravl becomes large
onces significantly exceedM? . .. In particular, we find, in
this new Born approximation of one gravitoh KK ex-
%hange, a differential cross section which, for 2, is

This ratio becomes of order unity fafs=Mp,, i.e., ordi-
nary four-dimensional quantum gravity becomes strong onl
at superplanckian energies.

However, the contribution of the many KK components

2 2
of gravitons changes this picture significantly. Reverting to d_‘T: L A 2 S 2 %
|Agra | gin?| 1+ (2.22
the case of general, we observe that, from Eq$2.4) and dt  16m7s? 16Mg Q?
(2.7), this contribution has the effect of replacing the propa-
gator 1Q? by and, forn=3, is
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do S2s? Mg |22 where ¢ is the azimuthal angle relative fa Denoting|b|
at - 16mME, (2.23 =D, we recall thatl=|g|b. We can thus write an integral
" transform defining the eikonal amplitudgs,b):

In the following we shall restrict ourselves to momentum
transfers that are soft on the scaleMf, i.e., to

Q*=¢M2 (2.24

o 2
where we takef<10"2. We also apply a similar softness =sf bdbf dgp e kbocos¢ (g )
cutoff to the allowed KK graviton exchanges by having the 0 0
sums in Eq.(2.16 extend not over the range<gl;|<Mr, (2.28
but instead only over the range<Ql;|< £Y2Mr,,. This will .
simply introduce an extrg("~ 22 factor in Eq.(2.18 and, :sf bdb J(kb8) a(s,b). (2.29
for n=2 will remove the logarithmic enhancement factors in 0
Egs. (2.19 and (2.22. Integrating over the region<9—t
<¢M2, we find the total cross sections, for=2,

Msin

A(st)=s @e‘q'basb 2.2
(sit) o (s,b) (2.27

The inverse relation is then, formally,

202 ~sp)e 2 [ F9gan
do 0 do mESTM a(s,b)=—| =—¢e'9PA(s,t) (2.30
o= —dt?f —dt= s) 2w
dt —em2dt 16M¢
where it is understood th@?=|q|?< ¢éM2<M?2 because of
2 S S
s 1 TeV|® Mg\ ., the quasi-diffractive kinematic conditions assumed for our
=¢£ —| X103 cn? : j o 9o
1 Te\? Mg Mg estimate. In accordance with our unitarization, we set the
eikonal functiona(s,b) equal to unity forb< by, whereb
(2.29 =1y/|q|. A rough estimate of the total cross section is then
and, forn=3, o=mh?. (2.3)
o gSﬁszMg( Mg )2(”_2) Substituting Eq(2.20 into the inverse transforrt2.30, we
167M8§, | Magsn obtain the dimensional estimate
2 8 2(n—2)
1 TeV M ~ S
=¢S2 S ( © ) ( > ) X103 cn?. a(s,b)~consx —-—. (2.32
1 TeV?) \ Mayn ) \Myyy Mgb

(2.26 This functiona(s,b) decreases monotonically as a function

As noted before, thiss? growth is characteristic of a pro- ©f P and
cess involving the exchange of a spin-2 partitdee also
Refs.[25,26]). One can, in addition, consider the contribu-
tions of higher-order gravitohKK exchanges, but it is a
challenging problem to calculate thel@me further beloyv

We next consider a different approach which yields, byHence, from Eq(2.31) we have the unitarized estimate
construction, a unitarized amplitude and cross section. As
elsewhere in this paper, we focus on the case2. The S
unitarization procedure starts by performing a partial wave T (234

M

decomposition of the original, non-unitarized Born ampli- 6
tude. The resulting partial waves &ie general, away from  gyidently, the behaviow=s is a less rapid growth than that
possible resonancesnonotonically decreasing with For suggested by the analysis of 1-graviton exchange above,
our estimate, let us assume that fetly(s), all of the partial  \ypich yielded the behavior=s2. We consider the eikonal

waves exceed the unitarity bourgj(s)<1 and for alll " method to be more reliable because, by construction, it pro-
>1o(s) they obey this bound. The method is then to set ally,ces a unitarized amplitude, whereas the 1-gravitok

a(s) for I<lp(s) equal to unity. In the present context of exchange calculation(and the additions of multiple
small momentum transfes>—t, and hence small center- gravitont+KK exchangé does not automatically do this.
of-mass scattering angle= 6., (recall 63,,~ —4t/s in this Another way of seeing this result is to consider two par-
limit), we can make use of the eikonal or related peripheraficles of energyw/2, each moving in opposite directions in
approximation(for a review, see, e.g[24]). We introduce the center of mass frame, so that the compound system has
the notationk=p;.y, and k’=p;, and note thatk=|k|  energyw(=/s). Now recall that the Schwarzschild radius
=|k’[=+/s/2 in the limit that we are considering. The impact of a black hole of massn is Rgcp=2Gym=2m/M2,.

parametetb satisfiesb L k, soq-b=—k’-b=kb6#cosp,  Therefore, if the impact parametésize) of the system is

- s
a(s,b)=1 for b§~const><M—g. (2.33
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smaller than~2W/M3,, we might expect it to collapse to a nances inA(s,t) [28,29. However, precisely because of the
black hole. The critical impact parameteg=2W/M32, may  basic feature of string modelgwhich actually predates
thus serve as an effective interaction range. Note that thi§trings, namely the Horn-Schmid dualify80], we need not
argument applies for both elastic scattering and inelasti€ompute A, ,(s,t) by summing the contributions of
scattering involving multiparticle production. This then leadss-channel resonances. This specific duality implies that we
to the estimate for the total cross sectiam=wbj can equally well represenf,_,(s,t) by summing over
~(4ms)/M%,. Making the replacemen p;— M., , appro- t-channel contributions. In particular, for the region of inter-

2 2 :
priate for the models considered hefgovided thatb,< St here, namelg>Mg,—t<Mg, the second, asymptotic

<r,,), we obtain for the total cross section series description is much easier to compute, as it consists of
only the contribution from the leading Regge trajectories.
4s Hence,
o= . (2.35
Mi+n

—t
. . A(s,t)= @ for nd —<1. (2.
In particular, for the casa=2 of main interest here, (8,H=BU)s or s—e and S (.39

S
1 Te\?

o= 47"32 033 cn? In the present case we know what the leading Regge trajec-
Mé tory is, namely the graviton, with intercepi(t=0)=J=2

(2.3  and slopea’:

1 TeV 4><1
Mg

which exhibits acoexs behavior, in agreement with Eqg.
(2.34. Given the lower boun®1=30 TeV in Eqg.(1.9), we

have ag(t)=2—a't with a'=

T gz 2%

o= 0.6( S X 1038 cnd. (2.37)  WhereT is the string tension. The estimate that we performed
1 TeV? of the 2—2 scattering amplitude is equivalent to this
t-channel summation, with two modifications: first, in ap-
We shall discuss the phenomenological implications of thigsroximatings®c®~s?, we neglected the shift't; however,
below. _ since —t<&M2 with £<1072, the corrections due to this
In passing, we note that the behavio=s of EQs.(2.34  ghift is O(10" %) and therefore negligible. The second modi-
and (2.36 may be viewed as the analogue of the Froissartication is that together with the graviton, we summed also

bound[27] over thet-channel KK excitations. But this is, indeed, a basic
feature of these models, as we recall from the fact that it is
o $4_7T Inz(i) (2.38 actually responsible for the crossover of the gravitational

w2 \so ' force from 1f2 to 1k2*" asr decreases below,. Note

further that whatever the intermediasechannel states are,

in ordinary hadronic physics. Since the quaniity that ap-  our general arguments above show that they cannot conspire
pears in Eq(2.38) is the squared mass of the lightest particleto remove thes growth of the cross section.
exchanged in thechannel, which for the present case is the Finally, we would like to address the issue of composite-
massless graviton, the original Froissart bo{@d is clearly = ness of the colliding particles, since hadrons are certainly
not applicable here. In the following we will adopt the con- composites and even quarks and leptons might exhibit com-
servative estimaté2.36). positeness as length scales smaller than the current limits of

We have seen that the behaviers does not conflict order(few x TeV)~'. Itis well known that because of the
with any unitarity bounds; in fact, we have incorporateduniversality of the static gravitational interaction, it is inde-
these bounds for our estimate of the total cross section. Owendent of the compositeness of the objects involved, and
arguments above based on the eikonal model and black-hofly depends on their total massesFasGym;m,/r?. Itis
considerations are rather general and do not depend on caiteresting to observe that the asymptotic behavior of the
culating specific field-theory diagrams. This is important,cross sectiongos/Mg is also independent of the possible
since in the energy regio$1>M§, there are stringy effects. (partonic or preonicstructure of the colliding particles. To
Although it is not necessary for our arguments, we brieflyshow this, we let the colliding particles labelled 1 and 2
comment on these. Ond&>M,, the massive string states Cconsist, respectively, dfi; andN, partons(preons. We first
consisting of a toweMZ:ng, wherer=1,2,... can be note that for particles with masses satisfyinﬁ<s and
excited. These have exponentially rising degeneragy hence negligible for the present purposes, one can approxi-
~exp(/r). A description in terms of-channel string state Mate the kinematics by settingy =0, so thats=2p;-p,
production would be challenging, expecially given the neces=4E1E,, where the energie&; andE; are specified in the
sity of carrying out fully the multi-loop string unitarization center-of-mass frame or any Lorentz frame obtained from it
program to all orders in order to avoid poles on the al via a boost along the collision axis Writing the energy of
axis and obtain physical behavior involving finite-wide reso-each particle as the sum of the energies of its constituents,
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Ny Na [35] of Egz¢=5X10'° eV, which was based on the fact that
Ele Ey E2=E Ey; (2.4 above this energy, the cosmic rays would lose energy by
=1 scattering off the cosmic microwave background photons

and substituting, we obtain, for the total cross section and producing pions, via the reaction

Ny Ny Ny Ny P+ ycms— N+ 3.9

=] EliEZj:Zal 12’1 i which can proceed resonantly through th€1232). A num-

(2.42) ber of mechanisms have been proposed to try to account for
this [23]. For the illustrative energfE=10 eV, i.e., s=2

where k=4 in Eq. (2.36) but its precise value is not im- X10" TeV?, the cross section estimat@.36) for the new

portant here. That is, we write the particle-1 particle-2 crosgravitort- KK contribution to pp scattering, together with

sectiona;, as the incoherent sum of tie N, parton-parton  the lower bound1.9), givesog,a, - kk=10"3* cn?. This is

(preon-preoh cross sections and find that, to this ordef,  quite small compared to the usual hadropfzcross section,

is invariant under composition. This is to be contrasted withwhich, at this energy, isr,,=150 mb=1.5x10" 2> cn?.

a 01,xs? cross section, which would not have this invari- Thus, using our unitarized estimat2.36), we find that the

ance. In passing, we also note that because of the specififienomenological impact of models with two large compact

limitation —t< éM2<M? that we used, and the fact that the dimensions on UHEpp scattering is innocuous.

string scale isMﬁ, we do not expect here any form-factor

effects on the gravitorKK couplings. Thus, the cross sec- B. Ultra-high energy neutrino scattering

tion behavioro>s in Eq.(2.36 can be interpreted in a cer- A gyriking feature of the new contribution to high-energy

tain sense, e.g., in the context of composite models, as Pregattering cross sections due to gravitdtK exchange, Eq.

serving the counting of degrees of freeddithe criterion of (3 3g is the fact that it is projectile-independent, and thus

preserving degrees of freedom and assomateq mf_ormau%e same for the scattering pb, yp, vp, etc. We focus here

content has also been used to infer a holographic principle ig, ultra-high energy neutrinos; one of the reasons why these

quantum gravity31,32.) are of current interest is that they occur as the decay products

One may wonder whether the growth of the cross sectioRy the pions produced by the reacti¢®.1) and analogous
over many decades of accessible ener¢8%34 does not eactions in which the protons scatter off of the radiation

constitute a fundamental difficulty and potential fatal flaw, in i1 of a source such as a gamma-ray bur€gRB) [36,37.

principle, of the quel. If the trul_y naiwve estlmabexs_N Calculations of UHEvp and vp weak charged and neutral
from the consideration of thid-graviton exchange amplitude ; : ,
current cross sections find that these grow with energy ap-

were valid, then it would appear that this would, indeed, be & roximately asE%2 [38]. Since this is a lower power than

serious problem. If, however, the cross sections grow onl e linear growth irs, and hence, exhibited by our estimate
like s, as suggested by our discussion above, then ther 36 of the cross section due to gravitoK exchange,

may not be any fatal difficulty. To see this point, let us the latter would eventually exceed the neutrino cross sections
assume that the forward dispersion relation for some22 based orW and Z exchange. Using the lower bourit.9

scattering amplitude, such as+N— v+ N holds (where . . . Lo -
N = nucleon). Then, with the optical theorem that the imagi- with our estimaté?2.36), yields, for the contribution of gravi

nary part of the forward scattering amplitudés,t=0) sat-  tational scattering tovp (or vp) scattering, thelresult
isfies IMA(s,t=0))xso(s)xs?, it follows that in these Cgrav+kk ™10 "(E,/GeV) sz’ so that atE,,~713(32 ev,
models, this forward dispersion relation would need ondhis gravitational contribution isoga,+kk~10"* cn?,
more subtraction than in the usual case whereconst roughly 10 % of the sum of the conventional charged and
X In?s. The subtraction term is likely to involve the factor neutral currentvp (or vp) scattering cross sections, as cal-
a's~s/M2, which is also what the field-theory limit, via the culated in Ref.[38]. Clearly our estimatg2.36) and the

Taylor-series expansion in’s, of string theory scattering lower bound<1.8), (1.9 are only approximate, so the impli--
amplitudes, would suggest. cation that we draw from the present discussion is that in

theories with large compactification radii and TeV scale
quantum gravity, it is possible for gravitational scattering to
make a non-negligible contribution to ultra-high enengy

and?p total scattering cross sections. If, indeed, this new

gravitational contribution tap and vp scattering is signifi-

In recent years, there has been considerable progress @ant, this will be important for large detectors like such as
the measurement of ultra-high-energy UHE cosmic raysthe Antarctic Muon and Neutrino Detector Array
These have been observed with lab energies u -+ (AMANDA ) [36] and the Auger Cosmic Ray Observatory
x 107% eV [23]. The cosmic rays consist of protons together[39] which will measure these UHE neutrinos; if one just
with some nuclei having charge>1 (the relative fractions used the conventional C& NC cross sections, one would
depending on the energyThe highest-energy cosmic rays infer a somewhat larggantineutrino flux than would actu-
are of considerable current interest because their energies aatly be present. Since at energies 10" eV, the interaction
above the Greisen-Zatsepin-Kuzmi®ZK) upper bound length for(antjneutrinos is smaller than the diameter of the

lll. EFFECTS OF HIGH-ENERGY GRAVITATIONAL
SCATTERING CROSS SECTION

A. Ultra-high energy cosmic rays
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earth, and foE=10'® eV, the earth is opaque tantneutri- _

nos [38], it follows that this possible enhancement of the .E vi LtMp;jN; rtH.C. 4.7
observed event rate would only occur for downward going !
(antneutrinos. It should be emphasized, however, that our . T
discussion concerning the gravitational cross section is subqnd Majorana mass terms of the folfy ;N; sMgjCN; =

ject to the uncertainty regarding the characteristics of the+H'C" wherei,j are generation indices. Because the Majo-

. . : P : fana terms are electroweak-singlet operators, the coefficients
minant final states in gravitational ttering of Uk . . ’
do ina ) _a staes ga a.o al scattering of Ukifr . in the matrixMg should not be related to the electroweak
and vp collisions. In particular, it could be that these colli-

X X ) . X i "~ symmetry breaking scale, but instead, taking a top-down
sions involve considerable multi-graviton-KK production, in view, would naturally be of order the largest mass scale in

which case it would be interesting also to study the resultang,q theory. The specific S00) GUT provides an explicit

propagation and interaction of these KK modes. realization of this expectation, with the coefficients Ny
naturally of order the GUT scale. Mg has maximal rank,
IV. LIGHT NEUTRINOS then the diagonalization of the full Dira¢ Majorana neu-

For a number of years there has been accumulating eviN® mass matrix yields a set of heavy, mainly weak-singlet

dence for neutrino masses and associated lepton mixing; Maiorana neutrinos with masses of ordiég,r and the three
present, it is generally considered that the strongest evidend@ht mass Majorana eigenstates, which are mainly linear
arises from the deficiency of the solar neutrino flux measure§ompinations of the observed isodoublet weak neutrino.
by the Homestake, Kamiokande, SuperKamiokande?'genStateS' Thg masses of Fhe obseryed left-handed neutri-
GALLEX, and SAGE detector§41] and the atmospheric NS @ré determined, to leading order M,,/Mg, as the
neutrino anomaly first observed by the Kamioka and IMBe€igenvalues of the matrix
detectors, confirmed by the Soudan-2 detector, and recently 1T
measured with high statistics by the Superkamiokande de- M,=—-MpMg"Mp. 4.2
tector[42]. An appealing explanation of this data is neutrino
oscillations and associated neutrino masses and mixing. As [s0r a generic matriMg (with maximal rank, this provides
well known, fits to the solar neutrino data yield values ofa natural explanation of why these masses are much smaller
AmiZJ_ = |m(,,i)2_m(,,j)2| of order 10°° eV? for v.— v; (al- than the scale _of the quarks anq charged Iepto_n_s. At a more
though “just-so” oscillations featurelj,\,l()*lo eV?), and phenomenologmal Ievgl, even wnhout any explicit consider-
the SuperKamiokande experiment fits its atmospheric nei@tion of electroweak-singlet neutrinos, one can also get natu-
trino anomaly as being due to the neutrino oscillations rally small nel{mno masses by dlmenS|o_n—5 op'erators of the
—w, (or v,—vs, wherev is a light electroweak-singlet form (1My)L,CL, ¢¢, whereL=(u,]) is thel'th lepton
neutring with central valueA,;~2x1073 eV? [42,43.  doublet and¢ is the Y=1 Higgs boson in the standard
This data, then, suggests neutrino masses in the resige ~ Model or its supersymmetric extensidior an explicit ex-
eV for the mass eigenstates,i = 1,2,3 whose linear combi- Pression, see, e.g., R¢#5]). Such higher-dimension opera-
nations comprise the neutrineg, v,,, andv,. Many details tors occur naturally if one regards the standard model as an
require further experimental clarification, but the most strik-€ffective low-energy field theory; however, the success of
ing aspect of this is the smallness of these masses relative {8is model requires that one maké>Me,,. The resulting
the masses of the quarks and charged leptons. Indeed, indeeutrino masses are-M3,/My and hence are naturally
pendently of these suggestions for nonzero neutrino massesnall.
direct mass limits yield upper bounds on the masses of the In atheory in which there are no fundamental mass scales
mass eigenstates comprisimg,| =e,u, 7 are much smaller >Meg,, this type of mechanism is not available to explain
than the masses of the respective charged leptons. small neutrino masses. It is true that rapid running of gauge
A fundamental theory should therefore give an explana@and Yukawa couplingg, andY;; will occur once the energy
tion of why neutrinos are so light. The well-known seesawgets to the point where the standard model fields feel the
mechanism does thjg4]. However, we are not aware of any €xtra dimensions, since dig(=dim(Y)=(4-d)/2 and
mechanism of comparable simplicity and elegance in theohence are dimensiondll2]. However, the corresponding
ries in which the highest fundamental scale is of order 1@owers ofE in the effective couplings divide out in ratios, so
TeV. To see the problem, we recall how the seesaw mechat is not clear how this mechanism would specifically pick
nism works. This is based on the assumption that there exi§tut the neutrinos to be so light.
some number of electroweak-singlet neutringblg}. In Of course, one notices that for the case 2, with Mg
SO(10) grand unified theory, this is not @d hochypothesis  near its lower boundl.9), the theory exhibits a mass scale
but an intrinsic feature; the fermions of each generatioﬂ§l~0.07 eV, as in Eq(1.6), and the square of this scale,
transform according to the 16-dimensional spinor represerr—2_2~5>< 103, is comparable to the value &, inferred by
tation, 16 =10, +5{ + 1, , where the SI(b) representations the SuperKamiokande collaboration to fit their atmospheric
are indicated, and the $8)-singlet state is thé\] (equiva- anomaly. But it is not clear to us how to relate the compac-
lent toNg). This also fixes the number of electroweak-singlettification mass scale; ' to masses of fermions, and in par-
neutrinos as equal to the number of the usual fermion gerticular, neutrinos. It is also not clear how to get a genera-
erations,Nge,=3. These electroweak-singlet neutrinos leadtional (family) structure, and corresponding spectrum of
to Dirac mass terms of the form mass values, out of a singlg, although one should remem-
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ber that the assumption of a single compactification radiushe electroweak interaction, which does not couple to par-
was only made as a simplication, and, in the absence of sontiles in a manner dictated by the principle of equivalence
symmetry to guarantee equal compactification radii for thebut instead according to their gauge group representations.
different extra dimensions, the generic expectation is thatVe obtain a rough estimate of the violation of the equiva-
these radii would be at least somewhat different. lence principle in the present class of theories as follows. As
discussed before, the KK modes of the gravitons couple like
the graviton, but, from a four-dimensional point of view,
have a mass given by E.3. The minimal value of this

One of the deepest goals of a physical theory is to providenass is jusiu=r,* and, in then=2 case where,, is larg-
a unified understanding of a wide range of different quanti-est, this is listed in Eq.1.6) for Mg=30 TeV asu~0.07 eV.
ties and phenomena. Thus, one of the greatest appeals ©he long-distance effects of this lightest KK particle are sup-
grand unified theories is that they provid¢ a basic unifi- pressed by a usual exponentiel,*". For values of in the
cation of the QCD and electroweak gauge interactions, emmacroscopic range, say-10 cm, this suppression factor is
bedding the associated &) and SU(2)X U(1)y gauge far below the 10%? level.
groups in a simple group; and) correspondingly, a unifi-
cation of quarks and leptons, since these are transformed into VIl. COSMOLOGICAL CONSTANT
each othefor their conjugatesby the GUT gauge transfor- ) ) )
mations. Proton and bound neutron decay is a natural conse- 1Nhe issue of the cosmological constantand the associ-
quence of this unification, and the slow, logarithmic running@téd vacuum energy density
of the gauge couplings is nicely concordant with the high A
mass scaleM ¢t which is necessary to suppress nucleon e r—
decay adequately to agree with experimental limits. Conse- 8mGy
quently, a fundamental concern with theories whose largest . . . .
fundamental scale is of order 10 TeV, say, is that this scal&@S Deen alongstanding and vexing one in cosmology. As is

may be so close to the electroweak scale, where the standa‘Hf” known, vacuum fluctuations of quantum fields naturally

model gauge group is definitely not unified in a larger group,y'eld contributions tgp, that are many orders of magnitude

that it may be unnatural for such a unification to occur. Everf@r9€r than the upper limif <2 derived from the require-
if the rapid power-law running of gauge couplings were toMent not to overclose the universe, where

lead to some sort of unification of these couplings, one )

would obviously not want this to be accompanied by the QA:”_A: A_ 7.2
onset of a simple grand unified group with GUT scale of Pc 3H(2)

order 10 TeV, since this would generically lead to prohibi-

tively rapid proton decay. This is not to say that one cannotind the critical mean mass densipy, is given by

contrive special mechanisms to suppress proton decay in

V. QUARK-LEPTON UNIFICATION

(7.9

2
such modelgsee, e.g.[12,9,10), but true quark-lepton uni- _3Hp P
fication generically leads to proton decay at the scale of uni- pc_ngN =1.05<10"° hg GeV/en?
fication, so if one attempts such unification at the TeV scale, ho2
one must resort to special suppression mechanisms. —397% 10_11( 0_07) eV 73

VI. EQUIVALENCE PRINCIPLE with Hy the current value of the Hubble constahtdefined

A basic experimental property of gravity is the equiva-2sH=R™'dR/dt, whereR(t) is the scale factor in the stan-
lence principle, that inertial and gravitational mass are equadard Friedmann-Robertson-Walker metric. In termshgf
or, in Einstein’s formulation, the statement that the effects of=Ho/(100 km/sec/Mpc), the current value of the Hubble
a uniform gravitational field are equivalent to the effects of aconstant is 0.5h,<0.85 (e.g. Ref.[40]). Specifically, in
uniform acceleration of the coordinate frame and, related tgluantum gravity without supersymmetry one would generate
this, that gravity couples only to mass, independent of othe@ contribution top, of order M3, a factor of 18% times
guantum numbers of the particles involved. This has beetarger than the upper limit. Even if this is avoided by super-
tested in laboratory and solar system measurements down gymmetry, the electroweak symmetry breaking contributes a
the level of about 10%2 [18,46,47. This principle can be term of orderM2,, which is 16° times larger thamp., and
derived from the properties of the coupling of the masslesshis cannot be avoided by supersymmetry, since supersym-
spin-2 graviton required to yield Lorentz-invariant ampli- metry must be broken at energies of at least the ddalg.
tudes[48,4€. Thus, modifications to this formalism will, in From a field-theory point of view, one would argue that since
general, lead to violations of the equivalence principle. Fomo symmetry prevents a nonzero, it should be present
example, it was recognized that such violations would resulf50]. Indeed, recent data on type la supernop&k52 and
from a massless or sufficiently lightf= 103 eV) dilaton in  other observational dats3] suggests thaf), is nonzero
string theories of quantum gravifg9]. Moreover, one might and of order unity(see, e.g., Figs. 6 and 7 of R¢62)).
guestion how natural it is to propose that the fundamental It is natural that whenever a new type of theory is pro-
scale of gravity is close to the scale of an interaction, namelyposed, one tries to explore its implications for the cosmologi-
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cal constant. In any theory with compactified dimensionsdamental particle theory including grand unification and con-
one is led to investigate the effects of compactification orventional string theory. They serve to emphasize that a vast
vacuum fluctuations and resultant contributions to the cos33 orders of magnitude separate the length scale of about a
mological constanf54]. One observation is that if one sim- centimeter at which gravity has been experimentally mea-
ply extracts mass and length scales phenomenologically frorsured from the Planck length of 18 cm, and it is quite
pa by using the valug) , ~1 suggested by the supernovae possible that new phenomena occur in these 33 decades of
data[52,51], setting energy or length which significantly modify gravity from
4 one’s naive extrapolations. We believe that it is healthy to
PA=TA (7.4 formulate and study such radical challenges to the orthodox
paradigm in order to assess how experimentally viable they
are. Indeed, an intense effort to analyze the phenomenology
fX1~2-5>< 1073 eV, ie., r,~0.8<10°2 cm. (7.5 of thgse types of theories is currently underway. In these
theories the Planck mass becomes a secondary rather than
This is intriguingly close to the value of the compactification Pasic quantity, and is expressed via Eg5) as a function of
radiusr ,~O(1) millimeter implied by Eq(1.5) if one were  the short-distance string scale and the compactification ra-
to use the original estimat®™,,,=Mg~1 TeV for then  dius. In this paper we have contributed a few results to this

=2 case. The supernova cooling constrainiva= 30 TeV gffort. We ha_lve made an _estimate of high.—energy gravita-
in Eq. (1.9 reduces, to ~ a micron rather than- a mil- tlonql sc;atte_rmg Cross sect'lons and have d]scussed some of
limeter, thereby removing a close similarityitg. Neverthe-  the implications for ultra-high-energy cosmic ray and neu-
less, in view of the disparity of 65 orders of magnitude be-{fin0 scattering. We have also commented on some other
tweenM;‘W and the upper bound o, , there is perhaps a topics, |n.cllud|_ng naturally light neu_trlno masses, quark-
hint of some interesting physics relatimg andr , . In the Iep.ton unification, the equwale_nce pr”.‘c'p'e’ anq the cosmo-
theoretical context of both KK theories and D-branes, one igoglcal constant. Many more interesting questions deserve
also led to consider Casimir-type contributions to theStUdy-

vacuum energy densityf55], which are of the form

then one obtains
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