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We propose a framework in which the quantum gravity scale can be as low Y0 The key assumption
is that the standard model ultraviolet cutoff is much higher than the quantum gravity scale. This ensures that we
observe conventional weak gravity. We construct an explicit brane-world model in which the brane-localized
standard model is coupled to strong 5D gravity of infinite-volume flat extra space. Because of the high
ultraviolet scale, the standard model fields generate a large graviton kinetic term on the brane. This kinetic term
“shields” the standard model from the strong bulk gravity. As a result, an observer on the brane sees weak 4D
gravity up to astronomically large distances beyond which gravity becomes five dimensional. Modeling quan-
tum gravity above its scale by the closed string spectrum we show that the shielding phenomenon protects the
standard model from an apparent phenomenological catastrophe due to the exponentially large number of light
string states. The collider experiments, astrophysics, cosmology and gravity measuiadegeadentlyoint
to the same lower bound on the quantum gravity scale2 Y. For this value the model has experimental
signatures both for colliders and for submillimeter gravity measurements. Black holes reveal certain interesting
properties in this framework.
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. INTRODUCTION “standard paradigm.” According to this paradighp is the
fundamental scale of quantum gravity, i.e., the scale at which

One of the great mysteries about gravity is its inexplicablethe classical theory of gravitation, as we know it, should
weakness compared to all the other known forces of natureease to be valid description of nature. This is based on the
For instance, the magnitude of the Newton gravitationalassumption that the effective low-energy description in terms
force between two protons is ¥0times smaller than the of Newtonian or Einstein gravity breaks down at the Planck
magnitude of the Coulomb force between them. In the |ahenergie5~|\/|P or, equivalently, at the Planck distancks
guage of the low energy field theory the Newton force is=1/Mp~10 3% cm, and therefore, quantum gravity effects
mediated via the exchange of a virtual massless spin-2 pabecome important. On the other hand, the validity of the
ticle, the gravitonh,,,,, which couples to the matter energy- Newtonian interactions is experimentally measured only for
momentum tensof ,,,, as follows: distances bigger thar-0.2 millimeter [1]. The standard
paradigm uses the following assumptions:

It assumes that nothing is happening with gravity all the
way down to the distances of order 18 cm, or equiva-
lently, all the way up until the energies of ordér,. There-
The corresponding coupling constant has the dimensionalitfore, it extrapolates the known experimental result of the
and magnitude of the Planck magp~ 10'® GeV. There- gravitational measurements by 31 orders of magnitude.
fore, the dimensionless ratio that governs the strength of the It also assumes thall s is a natural field theory cutoff not

1
WP T (1.1)

Newton force between the two protons is only for gravity, but for the whole particle theory including
the standard modé€BEM) and its extensionge.g., grand uni-
erOmn fied theoriesSGUT), etc).
Agravity™ —g (1.2 The existence of an energy “desert” stretched over 17
Mp orders of magnitude gave rise to the hierarchy problem. As

seen from such an angle, the assumptions of the standard
This has to be confronted with the electromagnetic couplingharadigm look somewhat unnatural. After all, if we think of
constantagy = 1/137 when one compares the Newton andknown field theory examples such as, e.g., electrodynamics,
Coulomb forces. In this language gravity is weak because ofjuantum effects become important at scales at which the
the huge value oM, compared to the particle masses. coupling is still very weak and perturbation theory is valid.

What is the meaning of the scalép? For some time the There is noa priori reason for a theory to “wait” until the

answer to this question has been known as what is called thefassical interactions blow up, in order for the quantum ef-

fects to become important. From this perspective, it is natural

to question this paradigm and ask whether the gravitational
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field theory cutoff of SM and its possible extensions, referredstring scal¢ for gravity at an inverse millimeter with the
below asMgy,,, were around the electroweak scale, i.e.,purpose to solve the cosmological constant problem.
~1 TeV. In theories with a super low quantum gravity scéle.,
Although the quantum gravity scaM, is very low inthe whenM,<Mgy) there are at least three important issues to
framework of[2], it nevertheless shares one common asbe addressed. First, it is not cleampriori why the gravita-
sumption with the standard paradigm: in both these aptional constant is determined by the scalt/if its field-
proachesM , ~Mgy. theory description breaks down at the sdslg ; one would
In the present paper we relax this assumption and showather expect in this case that the gravitational coupling is
that the quantum gravity scaM, can be much lower than determined by M2 . As a resolution of this puzzle, we will
the field theory cutoffM gy, without conflicting with any of  show that the loops of the SM with the UV scalk), renor-
the existing laboratory, astrophysical or cosmologicalmalize the strong gravitational couplingMf to make it
bounds. o _ _ weak, that is W3. The second issue deals with the huge
We consider a theory in which gravity, becoming “Soft” hierarchy between the scalés, and Mgy. Although this
above the scalé/, , is coupled to the SM which remains higrarchy is stable by itseli.e., the hierarchy is technically
consistent field theory up to the sca¥esy>M, . We show  natra), still it is desirable to have some dynamical realiza-
that despite the small quantum gravity scale, the weakness @b, for it. We will argue in Sec. lll that brane-world sce-
an observable gravity is guaranteed by the high cutoff of thé,arios can offer such a realization. In fact, we present a toy
SM. In this framework, the Planck masp is not a funda-  prane-world model which has a string theory realization and
mental scale but is rathgr a denyed parameter. The 'argﬁaturally gives rise to the hierarchyl, <Mgy. The third
value of the observablip is determined by rather than  jssye concerns the assumed “softness” of gravity above the
M - . scaleM, . In order to understand this issue in more details
In the present work we will mostly be concentrated on agne should have a model for quantum gravity. At present, a
brane-world model of Re{4]. However, the similar consid-  cangidate for quantum gravity is string theory which is for-
eration is applicable in a conventional four-dimensionalmyated in higher dimensions. Therefore, the latter two is-
theory which we will discuss in Sec. Il. As an example of ges motivate us to go to higher dimensional theories. An
this phenomenon in four dimensions consider the followingattractive possibility for this, as we mentioned above, is the
action(we will clarify the origin of this action in Sec. )i brane-world scenario.
A 5D brane-world framework which explicitly realizes
5 - nt+i this idea was introduced in R4#]. The model has a 3-brane
MpR+ Z G o) | (1.3 embedded in flat uncompactified 5-dimensional space where
n=1 M* . .
gravity propagates. The SM fields are assumed to be con-
. ) o fined to the brane. The field theory cutoff of the bulk gravity
HereM, <Mp, R denote the four-dimensional Ricci scalar js v . The effective world-volume theory on the brane is a
and higher powers ofR denote all possible higher- fie|q theory with a very high cutoffidy,. In this framework
dimensional invariantsc(,'s are some constantsSuppose Mgy>M, (see discussion of an example of this type in Sec.
that this gravitational theory is coupled to the SM fields in g ). The world-volume theory is coupled to the bulk gravity.
conventional way. Let us consider the gravitationz?\l interac- Despite the existence of an infinite-volume 5D space with
£ strong gravitational constant proportional th/, an ob-
server on the brane measures the 4D weak gravity with the
conventional Newton couplingsy= 1/1677M§, within the
following intermediate distances:

S= f d*xv|g|

1/M, . Since the coefficient in front of the Einstein-Hilbert
term is M2, the gravitational coupling of the SM fields is
proportional to ¥ and is very weak. However, the higher
derivative terms in Eq.1.3) become important and the gravi-
tational self-interactions become of order 1 at the distances

below 1M, . Thus, the effective low-energy approximation M%
to gravity breaks down at an energy scale of ordiy . M i<r<re=—1 (1.4
Above this scale quantum gravity corrections should be *

taken into account. If these corrections are “soft,” i.e., if

they do not lead to an effective increase of the coupling OfHowever, for the distances>r, gravity becomes five di-
the SM to gravity, then this breakdown of the effective gravi-mensjonal. The reason for such an unusual behavior is as
tational theory would not be observable in any present daygiows. Consider the renormalization of the graviton kinetic
h|gh-energy particle physics experiments which are insensiarm due to matter loops on the braffég. 1). The diagram

tive to the effects of the gravitational strendtdtefined by \yith massive states in the loop gives rise to the renormaliza-
1/Mp). Therefore, the gravitational interactions for the SMyjon of the 4D graviton kinetic term which is dominated by
particles with energies abow,, will still remain very weak  tne states with the masses close to the SM cuébif,. The

compared to the SM gauge interactions. _ resulting term in the action has the form
The idea that effective field theory description of gravita-

tion can brake down at distances smaller than, but close to, a

millimeter was put forward by Sundrufif]. Motivated by _ 2 a
toy QCD examples he discussed the “compositness scale” Sna=7Msy | d x\Ig[R(), €9
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desired phenomenological properties is difficult.
For this reason, we attack this problem from a somewhat
\ pragmatic point of view. We assume that above the degle
gravity is described by a model which mimics in many re-
spects the crucial properties of string theory. In particular, we
assume that the bulk theory has the mass spectrum and mul-
SMfielss |~ tiplicity_whic;h is s?milar _to that of a closed bosonic string
ran in loop™ | theory in critical dimensiorineglecting tachyp)n Doing so,
upto My we will be able to construct a toy model with some of the
Bulk crucial features of string theorymost importantly, the huge
multiplicity of stateg which would naively invalidate any
proposal with a low quantum gravity scale.

In the present model the massive stringy states become
important at the scal®, . Furthermore, we assume that the
stringy tower of bulk states couples to the fields of the stan-
dard model which are localized on a brane. Such a setup,
although far from being a self-consistent string theory, nev-
ertheless serves our purpose of putting phenomenological
whereg is the induced metric on the brane aR(Xx) is the  constraints oM, and studying possible signatures.
corresponding four dimensional Ricci scalar. The coefficient \we discover that the lower bound oM, is still

of this term, y, depends on the number of states and particle g-3 ev. This, surprisingly enough, comes from several
content of the SM running in the loop. The multiplier in Eq. rather independent considerations:
(1.5), that is yM§, should be set equal to the 4D Planck  The model, as we discussed, predicts the modification of

massMp due to phenomenological requirements. Indeed, weyewtonian gravity at distances<M,*. This constrains
will see that the effective Newton constant measured by tha/v, to be smaller than-0.2 mm, i.e.,M, to be bigger

brane observer is equal to the inverse value of this constanyan 1073 ev.

Gy=1/(16myM§,). Therefore, the Planck scale in this  Collider phenomenology puts the same constrainMyn
framework is not a fundamental quantity but is rather a desince the rate of the production of the bulk stringy Regge
rived scale which is related to the SM cutdffsy (or to the  recurrences would become significant at the energies of order

5D graviton

Brane

FIG. 1. SM fields on the brane induce localized kinetic term for
the bulk fields.

GUT cutoff) and its particle content. , VM, Mp which would be less than a TeV M, was smaller
The crucial point is that the 4D Newton constant is set bythan 1073 eV.
the cutoff of the SM which is much bigger thav, . The Astrophysical bounds arising from constraints on the rate

induced term p|ayS a crucial role in what follows. It .ensure.S()f star Cooling due to the emission of Stringy Regge states
that a brane observer measures the weak 4D gravity at digyt the same bound o, .

tanceS’<rC . F.Or the values OM* that al’.e of our .intereStS, The Hagedorn type phenomenon can Strongly affect the
rc is astronomically large. Thus the crucial question follows:early universe and in particular the big bang nucleosynthesis.
what is the lower bound oM, ? These cosmological considerations also constkajnto be

It was already noticed in Reff6] that in the effective field  pigger than 103 eV or so.

theory picture there is no phenomenological constraint that Eqr the value oM, which saturates the bound 19 eV,
would forbidM, to take any small value all the way down to the model has a number of very distinctive experimental sig-
10°° eV. The reason is as follow§]: Because of the in- natures including the deviation from the Newtonian gravity
duced tern(1.5) gravity on a brane becomes more and moreat sub-millimeter scales, as well as the collider signatures
four-dimensional as we increase energy and all the high erjye to the production of stringy Regge recurrences with the
ergy reactions with graviton emission from the SM statesmass gap of the size of an inverse millimeter. Surprisingly
proceed as in the conventional weak 4D gravity. Thus thenough, these prediction are somewhat similar to those ob-
rigid SM “shields” itself against the strong bulk gravity. tajned in the models of Ref2] with two sub-millimeter
Nevertheless, as it was suggested in R€f, the low value  extra dimensions. However, both the modification of New-

of M* may still manifest itself in graVitational measurementStonian potentia| as well as the Spectrum of missing energy in
at scalesr<M;1. This constrains the value cbﬂ;l to be collider experiments are different.

smaller than the distance at which the gravitational interac- In the present scenario the behavior of black holes is
tions between static sources are presently measured, i.@ather peculiar. Elementary particles heavier thdp can

M, *<0.2 mm[1]. ThereforeM, >10"° eV. turn into long-lived black holes if emitted from the brane

In the discussions above the graviton momenta were efinto the bulk.

fectively cut off atM, in all the high energy SM processes  One interesting range for the parameké is M, ~10

due to the lack of the knowledge of the precise theory ofMeV. In this case, our model predicts in addition the modi-
quantum gravity above the scalg, . However, the behavior fication of gravitational laws at scales comparable with the
of gravity above this scale may dramatically change the conpresent cosmological horizon. This gives rise to a possibility
clusions. At present, the construction of a realistic brango accommodate an accelerated 4D Univ¢Benhich is in
world model from string theory which would possess all theagreement with the recent supernovae and cosmic mi-
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crowave background observatiof@|. The remarkable fea-
ture of this scenario is that is does not require a small non- Ssz d*xv/|g]
zero cosmological constant, instead, the acceleration takes

place due to the presence of an infinite volume fifth dimen- . . _
sion. whereR", n=2,3, ... ,stand for all possible higher deriva-

One more attractive feature of the present scenario is thdlve curvature invariants. So far the only scale in this model
the SM fields are confined to the brane, and, therefore, if8 M, . Since this scale is small, i.eM, <10" GeV, the
supplemented by low-energy supersymmetry, the converself-interactions of gravitons are strong. The corresponding
tional logarithmic gauge coupling unification of a 4D theory Newton constant is defined as follows:
[10] holds unchanged.

Furthermore, since quantum gravity in the present model 1

1

M2R+ >, ¢, (2.2
n=1

n+
2(n=1) |’
M*(n )

becomes important at a millimeter, it is natural to explore the Gy = 167 |\/|*2 ' 23
idea of Ref[5] on the cosmological constant in this context
[7]. This will be discussed in Ref7]. Furthermore, the effective field-theory description of gravity

The paper is organized as follows: In Sec. Il we discuss an Eq. (2.2) ceases to be valid for energies abdwe .
4D theory with no branes or extra dimensions. We show how As a next step, let us couple the standard model fields to
the scale of quantum gravity can be much smaller than théne gravity described by the actid@.2). For this we intro-
SM ultraviolet cutoff. Moreover, we show how the SM fields duce the action of the SM fields:
“shield” themselves from strong gravity. In Sec. Il we de-
scribe the basic ingredients of the 5D brane-world model. In
addition, we propose a mechanism for localization of mas- stFf d*x\[ gl Lsm(¥ . Msw), (2.4
sive fields in the model; we also study the tensorial structure

of the graviton propagator. In Sec. IV we describe qualitayyhere M, is the ultraviolet cutoff of particle physics de-
tively why the presence of light Regge recurrences in acrihed by Eq(2.4) and ¥ collectively denotes all the SM

theory with lowM, cannot affect strongly the 4D physics on fig|ds. The total action we deal with is the sum
the brane. In Sec. V we develop a model which mimics basic

properties of the string spectrum. We show how the SM can S=Sg+Sey. (2.5
“shield” itself from the huge multiplicity of the Regge

states. In Sec. VI we study high-energy, astrophysical angravity in Eqs.(2.2), (2.5) is considered as an effective low-
Cosmological constraints d\?l* which arise due to the h|gh energy field theory up to energies of Ordd["‘ . The SM, on
multiplicity stringy Regge states. Section VII discusses somene other hand, is supposed to be treated as a quantum field
curious aspects of black hole physics in the present contexfheory up to the scaldy,. This is the classical picture.

In Sec. VIl we study the processes of baryon number viola-  The crucial point is that at the quantum level the standard
tion due to quantum gravity effects. Conclusions are given inmodel loops renormalize the gravitational acti@?). This

Sec. IX. Some useful derivations and formulas are collectegenormalization is due to perturbatif&l] as well as nonper-

in the Appendix. turbative[12] SM contributions. For the illustrative purposes
consider a one-loop polarization diagram with two external
Il. A FOUR-DIMENSIONAL EXAMPLE graviton legs and only SM heavy particles in the Iddpet

us set the momenta in the graviton external legs to be smaller
WéhanM* so that Eq(2.2) provides valid classical description

Before we discuss the five-dimensional brane model, f ext I iton i On the other hand. th i
are going to show in this section how the gravitational coy-2t €xternaigraviton fines. In the other hand, the momentum

pling constant can be determined by “non-gravitational” " the loop in which the SM fields are running can take any

physics already in a simple four-dimensional example. v,_';mlue ffo”_‘ zero all the way up tM SM- As a result, .th's .
Let us consider a model with the following two scales: diagram gives rise to the renormalization of the graviton ki-
netic term[11] which generically is determined by the mass

square of the heaviest SM particle in the lodipe latter we
set to be of the order d¥13,,). On the other hand, the similar
diagrams with the gravitational lines in the loop cannot be
Here we assume that the SM cutdffsy, can be as large as calculated within the effective field theory approximation
the conventional GUT scale. In the latter case one needs igiven by Eg.(2.2. However, given the assumption of the
stabilize the Higgs boson mass against radiative correctionssoftness” of gravity aboveM, these corrections become
Therefore, above 1 TeV the standard model should be ensub-dominant(see detailed discussions below and in Sec.
bedded in some bigger theorsupersymmetry, extended 1V). In general, while dealing with the renormalization of the
technicolor or something elsein the paper we use for con- graviton kinetic term, one should take into account nonper-
venience the name standard model for this theory.

Note that the hierarchy between the scadiés and Mg,
(2.1 is stable this is similar to the stability of the QCD scale  For simplicity of arguments we do not discuss here the other
with respect to the electroweak scale. diagrams in the same order in which two graviton lines join at the

Consider the following gravitational action same point.

M, <Mgy. (2.2
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turbative SM contributions as well. All these contributions  The matter fields are coupled to gravitons very weakly,
can be summarized by adding to the total acti@rb) the via the ordinary 4D Newton constaﬁINzlll&-rME,.
following induced terms: At low momenta, i.e., fop<M, , gravity couples to it-
self via the ordinary Newton consta@i, . However, at high
momenta,p=M, , the higher derivative terms in E{R.2)
become important and there are additional contributions of
the typep™/ M} in the graviton self-interaction vertices.
where the induced scale is defined as follgd®,13: For low momenta,p<M, , the graviton propagator is
that of a normal 4D massless particle. Howevemp# M,
the propagator is modified by higher derivative terms.

As we discussed before, we assume that gravity becomes
5 “soft” above the scaleM, so that the coupling of matter
_(<O|Tﬁ(0) 0))°1, 2.7 fields to gravity remains weak at any reasonable energies

4T d h f th Og]elowMSM. From the practical point of view this means that
andT), denotes the trace of the energy-momentum tensor o, «softening” of gravity due to quantum effects could be

the fielgs of the particle theoristandard modgf Generi- o qeled by some kind of formfactors in the gravitational
cally M7, is expected to be of the order of the cutoff of SM, \artices and propagatofsee Secs. IV, Y.
that iSM%dNMéM'_ _ . _ ~ What we have seen in this section is that the SM particles
The higher derivative terms which are also induced viarenormalize their own gravitational couplings and make it
the loop diagrams are suppressed by powerlgf;. Since  weaker. The mass squared parameter in front of the Ricci
the latter scale is much bigger thavi, , we can neglect scalar in the Einstein-Hilbert action is similar in this respect
these higher derivative terms in comparison with the oneso the Higgs boson mass in the standard model: no matter
which are suppressed by the smaller sddlg and are al- how small it is in the classical theory, the quantum loops

2

R+0O ¥

ASp=MZ4 f d*x]g| VN , (2.6
SM

|\/|2—i

24=ag] dRUOIT T THO)0)

ready present in Eq2.2). drive its value all the way up to the corresponding ultraviolet
Therefore, the total action takes the form cutoff.
_ Let us try to understand this phenomenon in terms of a
Stotal= S T Ssmt ASing- (2.8 simple physical picture. Suppose there is a single heavy sca-

The net result is that due to the induced term the coupling oﬁref':rlﬁ V\Q;Ctg ?r?;t ?ur::gsif] ?Léhgl\ar?:orM%I'Mheem((:jo\r,\rlggmol: din
gravity to the SM fields is renormalized. In fact, this cou- y P P 9

pling becomes weaker. The physical interpretation of this(additives renormalization of the gravitational constant is

phenomenon will be given at the end of this section. Here we
write the resulting Newton constant: M2
2 SM
M5M|09 Nk (21])
1 1 1 m

167 Gy= _—a
MZ+Mpy Mbg M3y,

(2.9

Here u is the energy scaléhormalization pointin the SM
For phenomenological reasons we have to Mifi;=M3.  process which is less thavig, and bigger than the infrared
Therefore, the Planck scale is a derived parameter and igutoff of the SM. Thus, the renormalization of the gravita-
completely defined by the content and dynamics of the cortional coupling is proportional to the mass square of the par-

responding particle physics theory. ticle. This can be understood as follows. Consider a heavy

Let us now turn to the higher derivative terms. As before,static source the gravitational pull of which we are measur-
they are suppressed by the scilg : ing at some distance bigger tharMl/ . If the SM massive

- particles are pr(_asent, they create virtual particle—antipartic!e

\/@ R 2.10 pairs and “polarlze” the vacuum around the source. The pair

Mi(n—l)' ' consists of a virtual positive energy state which is gravita-

tionally attracted to the source and a virtual negative energy
As a result, the effective field theory approximation to grav-state which is repelled from the source. Therefore, the

ity breaks down at the scaM, . vacuum is polarized with virtual “gravitational dipoles.” As
Based on these considerations we can draw the following result, these dipoles screen the original gravitational inter-
conclusions: actions. Thus, standard model particles “shield” sources

(and themselves as wgffom strong gravity. The heavier the
particle, the more effective is the shielding.
2In the one-loop approximation scalars and spin-1/2 particles give [N the following sections we consider the higher dimen-
rise to a positive contributions to the induced kinetic term while Sional framework in which we will study the effects of quan-
gauge bosons lead to negative terms. We will assume that in théim gravity modes on the observable 4D physics. The
present model the overall sign a2, is positive. Moreover, “shielding” phenomenon described above plays the crucial
through the paper we negleGte., we fine-tune to zejothe 4D  role in our considerations. The main motivation for going to
cosmological constant which is also induced by loops. higher dimensions, as was already mentioned in the Intro-
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duction, is that some brane-world scenarios can provide an Before we proceed further let us make a digression and
opportunity to produce the hierarchy between the sdslles  address the issue whether it is possible to have the scale of

and M gy, dynamically. the worldvolume theor gy, much bigger than the bulk fun-
damental scal®, within any dynamically realizable frame-
IIl. THE FIVE DIMENSIONAL FRAMEWORK work. As an existence proof of such a scenario we give an

_ _ ) example of 4DAN=1 supersymmetricSU(N) Yang-Mills
lows to lower the fundamental Planck scéle, much below  there are BPS domain wall¢4] which in many respect re-
the field theory cutoff of the SM. In fact, this is the model of semple D2-branes of string theofit5]. In particular, the

Ref. [4] which we shall discuss briefly. - _ tension of this wall scales a@$A32,,, [14] and the width of
Consider five-dimensional Minkowski space with a stan-ihe \ya| scales as INAsyw) (Asyym being the strong inter-
dard bulk gravitational action action scalg [16] as it would for a D2-brane. The world

volume theory of this toy (2 1)-dimensional “braneworld”
sbulk:f d(4+l)x\/@E(GABaRABCDl¢)): (3.2 provides a precise realization of the scenario which we are

alluding to in the present work. Indeed, the bulk fundamental
scale in this model is\ gy (the counterpart of ouM,).
However, there is much higher scale present in the theory,
that isNA gy A gym (the counterpart of ou¥ gy) . In other
words, there is the distance scale in the mode\Aldy,,,

where the capital Latin indexes run  over
D=(4+1)-dimensional space-tim& ,g denotes the metric
of 5-dimensional spaceR gcp iS the 5-dimensional Rie-

mann tensor and collectively denotes other possible fields. hich is much smaller than the fundamental length scale

We shall assume that there is a 3-brane in this space. Al o : .
though the 3-brane can be realized as a soliton of the corr s_ﬁz)?t\:a er.s-[:g?ebrlfll?\e W'dg;u'jn ;rc];ts Lhe(t)rré '? ?3;;?;2; ? Z)é;r;e
sponding field equations, at this point we shall keep our dis: SYM y u

cussion as general as possible, and will simply treat th(;,UASYM [16]. Furthermore, as was argued in REl7] there

3-brane as a hyper-surface that breaks five-dimensionanculd exist in the theory nonperturbative states the mass of
. which scale adNA gy . These states can be present as in the

translational invariance. We split the coordinates lnb Ik I in th 1d vol th M th

s-dimensions as followsx™=(x,y), where Greek indexes oL ol *Ciatec Consist of the localized Goldston par-

run over the four-dimensional world-volume,=0,1,2,3, . ) P
icles and the heavy states the masses of which scale as

andy is the coordinate transverse to the brane. In order t .
reduce our discussion to its main point the brane will be Asym. Thus, the true ultraviolet cutoff of the worldvolume

taken to have zero widthln this approximation the brane theory should beNAsyy, which is ”?“Ch bigger than the
classical world volume action takers)pthe form: bulk fundamental scalé\syy at which the bulk theory

changes dramatically its regime due to the confinement.
We might hope that a similar scenario can be realized in
Ssbranc —Tf d*x+[g|, (3.2 string theory. Here the origin of the huge scale separations
betweenM, andMg) could be provided, for instance, by a
where T stands for the brane tension ang,, VeV small string coupling constagg. The small string cou-
=3MXA3VXBGAB denotes the induced metric on the brane.Pling gives rise to a new nonperturbative scgle in string
For simplicity of arguments we neglect brane fluctuatidns. theory which is related to the fundamentals string length as
and go to the coordinate system where the induced metri@s!s [18]. The gs should play the role of the small number

takes the following form: similar to that played by the parameteNlih the aforemen-
tioned example of supersymmetric gluodynamics. These is-
9,,(X)=G,,(x,y=0). (3.3  sues will not be discussed in this paper, but will rather be

postponed until further investigations.
We assume that the world volume theory on the brane is After this digression let us turn back to our main discus-
some gauge theory that includes standard model and its posions. Thus, the unified tree-level bulk-brane action can be
sible high-energy extensiorisuch as models of grand unifi- written as follows:
cation, with a field theory cutoffMgy,. The effective low-

energy theory in the bulk is just 5D gravity with a R2
fundamental Planck scald, , above which quantum grav- S= Mij d*x dyv|G| [R+O —2)]

ity effects become important. The crucial assumption is that M

M, <Mgy, and in fact we will be mostly interested in the

case wherM, <1 TeV. + f d*x\]g] Lsm(¥ Mgy (3.4)

3 fact, we assume that the brane width is of the order ofHere the first term is the standard 5D Einstein-Hilbert action,
1Mgy<1M, , see discussions below. whereas the last term describes coupling of bulk gravity to

40ne could do this by, e.g., putting the brane onto an orbifoldthe brane world-volume SM field theory which has the cutoff
fixed point in extra dimension. In this case the brane is just atMsy>M, . We assume that the SM fields are confined to
“end” of the infinite extra dimension. the brane. Moreover, in what follows we will imply, without
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manifestly writing it that the Gibbons-Hawking surface term A. Four-dimensional gravity on a brane
is included in the brane action as it gives rise to the correct pare we recall how the 4D gravity is obtained on the

bulk Einstein equations. ) brane with uncompactified infinite volume extra dimension
What would be the observational consequences of the aggee Ref[4]). At the end of the subsection we obtain certain

tion (3.4 Naively, the theory based on such an action isye\y resuits on the localization of massive fields on a brane.
ruled out by everyday gravitational observations; the extra \ye start by including in the actiof8.4) the induced 4D
dimension is not compactified, it has an infinite volume andginstein-Hilbert term. Let us neglect for a moment the higher

a brane-localized observer would measure the strong fivegerivative termgthey will be discussed in the next subsec-
dimensional gravity with the small Planck scalg, rather tion). The action takes the form

than the weak 4D gravity witiMp~10'® GeV. However,
the above naive argument is false; the reason being that the
important terms which are compatible with all the symme- — 3f 4 f 4 2
tries of the action have been left out in £§.4). Such terms, S=My | dx dy\/@R+ d X\/@{MPR(X)
even if not included in the classical action, will be generated
by quantum loops on the brane. To see this let us concentrate
on the one-loop diagram of Fig. 1.

This diagram describes the renormalization of the graviAs before we imply the presence of the Gibbons-Hawking
ton kinetic term, due to the SM matter loops localized on thesurface term on the world volume. The graviton propagator
brane. Just as in the 4D case, the corresponding operatff#sulting from such an action is quite peculiar. Ignoring the

which is induced by this correction has the fof#19] tensor structure for a moment we obtain the following ex-
pression for the two-point Green functid4]:

+ Lsm(V, Mgy} (3.7

S M| dx:TgIR00), @5

G(p.y)= 13 zpzexp{—plyl}- (3.8

. : : : . p+M
where g is the higher dimensional metric evaluated at the * 3

position of the brane defined in E@.3), and R(x) is the 5 . . .
corresponding four dimensional Ricci scalar. As in the 4DHerep is the four-dimensional Euclidean momentum and

case of the previous section the induced gravitational conP= Vp?. For sources which are localized on the brane, i.e.,

stant has to equal to the 4D Planck magd,=M2. This [of ¥=0, this propagator reduces to a massless four-
term should be added to the actit®4). dimensional Green’s function

Thus, the bulk graviton acquires a four-dimensional ki-
netic term which is localized on the brane. To realize the
importance of this correction, note that this term is weighted G(p,y=0)=
by the factorME, which is much bigger than the bulk scale |V|§>p2
M, that multiplies the bulk Einstein-Hilbert term. As we

shall see the scalp will play the role of a 4D Planck scale provided thap>1/r ;=M2/M3. Thus, at distances<r . we

for an observer on the brane. In this framework, similar toghserve the correct Newtonian behavior of the potential cre-
the 4D case, the Planck scale is determined by the cutoff oted by a static source of mask

the standard model. The high SM cutdfs,, makes its own
gravitational coupling to be naturally small. Thus, the SM
“shields” itself from strong 5D bulk gravity by means of the
vacuum polarization effects described in the previous sec- U(r<re)=
tion.
Let us remark here that in addition the following 4D in-
duced terms should be included in the world volume actionAt large distancesy>r., however, the behavior of the
Green function changes

+oeey (3.9

—+ (3.10
167M3ar

Swr M7 [ della+oR)] 39

G(p,y=0)= T (3.11)

3
where A in Eqg. (3.6) denotes an induced four-dimensional 2Msp
cosmological constant. The role of this term is to renormalize
the brane tension. In five-dimensional Minkowski space alhis gives rise to the Newtonian potential which scales in
brane with nonzero tension inflaté80—22. Therefore, to accordance with the laws of a five-dimensional theory
avoid worldvolume inflation we fine tune the brane tension
and the brane world volume cosmological constargo that
the net tension is vanishiiy =T— AM2=0. This is a usual Ursry)=——s—g5——>5+ . (3.12
fine-tuning of the four-dimensional cosmological constant. 16m“My r
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The explicit corrections to these expressions can be found itheory. In contrast, when<r the picture changes since the
Ref. [4].° This somewhat unusual behavior can be undermodes withm>1/r . have suppressed couplings on the brane.
stood in two equivalent ways which we briefly discuss. Although the number of the modes which participate in the
First let us adopt the five-dimensional point of view. In exchange at a given distancecr. is the same as in the
this language, although there is no localized massless paifive-dimensional picture, their contributions are suppressed
ticle, there exists a localized unstable state in the spectruffi§,25]. Thus, the number of the light modes effectively con-
(we call it a resonance state for convenigndée lifetime of  tributing to the exchange “freezes-out” and the resulting be-
this resonance is-r.. The resonance decays into the con-havior of the potential is 1/
tinuum of modes. This can be manifestly seen using the The same consideration can be applied to other spin
Kallen-Lehmann representation for the Green’s function  states, for instance, to scald®,19,29 or to gauge fields
[26—-29. In general, the picture is similar: One obtains 4D
1 ): f@p(s)ds (3.13  behavior forr<r and 5D behavior at>r..
2p+rcp? o s+p?’ 7 We will investigate these properties further by adding
mass terms for the bulk fields. This is in particular important
where the spectral density as a function of the Mandelstarfor scalars the mass terms of which are not protected by any

- 1
G(p,y=0)=
M3

variables takes the form symmetries. Below, we will discuss a scalar field which has a
nonzero mass terms in the bulk and on the brdhe same
1 consideration applies to other massive fields as)wale-
p(s)e ﬁ 4+s rﬁ' (3.19 glecting all other fields the action takes the form

As r.— the spectral density tends to the Dirac function,

p(s)—const §(s), describing a stable massless graviton

(this corresponds to the limit when the bulk kinetic term can

be neglected At the distances <r . the resonance mimics 2| 4 — 12— 242

the massless exchange, and therefore mediatesrthéide. + MPJ d**{[d,P(x,y=0)]"—p®“}. (3.17)

At larger distances, however, it decays into the continuum

states and the force law becomes that of a five-dimensionalMe choose somewhat unconventional normalizations where

theory, ~ 1/r3. the scalar field is dimensionless. This system is analyzed in
A different but equivalent way to understand the abovedetail in Appendix along the lines of what we did for the

result is to adopt the point of view of the four-dimensional massless case. The resulting propagator has the (fargu-

mode expansion. The analysis of the linearized equation fotlidean space

the small fluctuations showsee Appendix Athat there is a

s=m3 f PX{[ 9P ]2~ MED?}

continuum of 4D massive states with wave-function profiles 5 expl — /—pz + M2y
dm(y) which are suppressed at the location of the brane by G(p,y)= 3 il > > 32 > (3.18
the following factor 2ZMINpP Mg+ Mp(p~+ 1)
For p>1/r. and aty=0, the propagator resembles that of a
—0n)l2 c !
|$m(y=0)" 4+mr2’ @19 fourdimensional field of massu, i.e., G(p,0)~(p?

+u?) 1. As before, it is the four-dimensional part of the
where m denotes the continuous mass parameter of thection that determines the short distance behavior.
Kaqua—KIein(KK) modes. The Newtonian potential on the Moreover, as in the massless case, we could Study the
brane is mediated by the exchange of all these Kaluza-Kleifgur-dimensional mode expansion. The detailed analpss

modes. These give rise to the expression Appendix reveals that we should distinguish two cases. We
will discuss them in turn.
U(r)ocﬂfm dm Lmr (3.16 (1) For u>Mpg there is no zero mode, but rather a con-
Mi 0 4+ m2r§ ro : tinuum of massive modes with masae[Mg,»). The

wave-functions of the continuum modes have the following
At any distance the dominant contribution comes from the transverse space profiles at the position of the brane:
modes lighter thamm=1/r. The modes withm<1/r. have
unsuppressed wave functions on the brane. Therefore, for
>r,. the picture is similar to that of a five-dimensional |pm(y=0)|%e

. (3.19

4+r2m?

(1_M2/m2)2
1—-M3/m?

5The crossover behavior in this theory is similar to an otherwiseS Shown in the Appendix, this profile results in the suppres-
very different model off23], in which gravity is also becoming SION of all the continuum modes on the brane except those in

five-dimensional at large scales. Note that the long-distance mod@ Narrow mass band of the widthl/r . centered around the
fication of gravity was suggested earlier[@4] in a different con- ~ value of u. In other words, to a four-dimensional observer
text. None of these possibilities will be considered in the presenthe continuum of modes effectively appears as a single meta-
work. stable mode of the mags.
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(2) For u<Mg we still have a continuum of massive higher-order operato&As we discussed before, we also ex-
modes starting ah= Mg with the same profiles at the brane Pect that additional higher-dimensional operators will be i.n—_
position given by Eq(3.19. In addition we also find aor- ~ duced on the brane, in analogy to the induced brane Ricci
malizable modef mass~ x. This is to be interpreted as a term. The strength of these operators, however, is suppressed

truly four-dimensional localized state with the well defined ®Y Msu- Below we will compute the modification of the 4D
4D mass. Green function on the brane due to the higher-order opera-

The existence of this localized mode can also be seet?rs in the bulk action(3.20 and discuss the corresponding
e

. . 2 nsorial structures.
fro:; tntw ig(ﬁagastﬁfgélﬁ)] eW C;Se:asﬂaﬁ?ﬁ?;bpeoIteh:tg)n We need to calculate the gravitational perturbations cre-
~ 5. ~ .

. . ) . ated by a static source which is localized on the brane. Let us
tinuum band in this case all the continuum modes are su

. : PBihtroduce the metric fluctuations:
pressed on the brane. Therefore, a four dimensional observer

will still effectively see a single state of massu, but this Gap= a5+ has. (3.21)
time a true 4D localized state.

It is very interesting to note that fqu=0 (i.e., no mass \ye chooseharmonic gaugén the bulk:
term on the branebut nonzeroMg, still there is a bound
state with the masmE;S~MB/rC which is localized on the 1 c
brane. This mass is very small in the regimes under consid- 3AhAB:§58hc- (3.22
eration. Therefore, this framework provides a new mecha-

nism for the localization of an almost-massless particles on gpe {51 components of the equations of motion lead to the
brane in an infinite volume flat extra dimension. condition:

h,s=0. (3.23

. 5
B. Tensorial structure of the propagator a

We have seen in the previous section that the usualhus, the surviving components bfg areh,,, andhss. In
4-dimensional Newton law for gravity is reproduced at dis-harmonic gauge th¢55} component of Einstein’s equation
tancesr <r.. At very short distances, however, we expect¢an be solved by the substitution
the Newton law to be modified by higher-derivative terms
which we did not consider so far. Moreover, we neglected in Iad*hz=dpd"ht. (3.29
the previous subsection the tensorial structure of the Green
function, however, the predictions for the relativistic effectsThe indices in all these equations are raised and lowered by
strongly depend on this structure. In this subsection we wilp flat space metric tensor. Finally, we come to {hev}
address these issues. components of the Einstein equation. After some rearrange-

In our model, it is not immediately obvious which scale Ments these take the form:
determines the modification due to the quantum gravity cor-
rections. This question for scalar field theory models was M3
studied in Ref[7] where it was concluded that the modifi- *
cation occurs for distances of ordeM,/ . Here we investi-

L o . . " c 1
gate this issue for the gravitational action and in addition +Mi[—2( — a0 35N, t 5 7,000 5Ny
study an important question of the tensorial structure of the M 2
graviton propagator.

1
dpd™he—

aA&Ah,uV Enuv

- 571,“; aAaAhg)

Since the field theory of gravity is non-renormalizable it + E nwﬁAﬁAaBthg + M,%&(y)( 9dh,,
should be regarded as a low-energy effective theory. The 2
effects of quantum gravity at low energies can be encoded by 1 1
adding all possible higher-derivative operators to the gravi- -Z7 Vaﬁaﬁhg+ — Vaﬁaﬁhg—a ayhg>
tational action. In the bulk, gravity becomes strong at the 27" 27 g
scaleM, , hence, the higher-dimensional operators in the =T, () 8(y). (3.25

bulk are suppressed by powers Mf, . We would like to
study the effects of these terms on the propagator. For calcu-—
lational convenience we choose the following form of the ¢
higher-derivative terms in the bulk:

Soul= f d°X |G| M2

The truncation of the actiofB8.20 at any finite order in deriva-
tives generically gives rise to unphysical poles in the propagator for
the momenta of ordeM, (unless the coefficients of the higher
derivative terms are chosen very carefully as in the Gauss-Bonnet
term for instance However, the expansion in powers p?/Mf
(3.20  breaks down in that domain so these poles are spurious and should

be neglected. In the total action, if it comes from a consistent

higher-dimensional theory, such as string theory, there should not be
wherec is some constant and dots denote all other possiblany unphysical states.

R

c (R?
R+ M_i(T_RABRAB
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Here, we choose such a normalization that the energywhere the dots denote terms which are of higher order in
momentum tensor of a source localized on the brane ip/M, . We assume that gravity above this scale becomes
T,,(x)6(y). Multiplying both sides of these equations by soft. As was emphasized in R¢6], and will be shown be-

7,, We obtain low in detail, there exists in our model a well-defined expan-
sion of SM scattering cross sections and other SM observ-
o TaOly) c A Bra ables in powers of the usual four-dimensional Planck mass
Iad"he=— EIVER + WaA’y dgdh,. (326 p. In the leading order in this expansion the usual standard
* * model results are reproduced for any energy scale. The gravi-
Finally, using this expression we find tational corrections for energies beldw, can be calculated

within the standard framework. However, at higher energies
) the effective gravitational action ceases to be valid and the
h,,+Mpé(y) (., quantum gravity corrections should be taken into account.
Since we assume the “softness” of quantum gravity effects
these corrections should remain negligible compared to the
o(y). (3.27  SM corrections.
As we pointed out before, the bulk quantum gravity scale
Turning to Euclidean momentum space and multiplying bothM can be smaller that 1 TeV. At distanced below}/the
sides of the equation by iprobe conserved energy- Newton law is modified. This law has Only be tested at dis-
momentum tensor we find tances bigger that 0.2 mfd]. Therefore, a model with,
=102 eV does not contradict the data on static force mea-

C
M3 ( PN WaAaAaBaB
*

a

5. a
- a,u,(?VhS) - ( T,u,v_ 7]/,“/?

c surements. Note that for such low valueshéf , the cross-
M3 (p2_(92)+ (p2_(92)2 . . . .
* y W y over to five-dimensional gravity only occurs for
>10°° cm[6].
2 5 % = We would like now to discuss the tensorial structure of
Mep=a(y) [hu.(p.y)T the graviton propagator in the present model. In &33,
the tensorial structure is similar to that of a 5D graviton
~ =~ 1. - equivalently of a 4D massive gravitpp?]. This points to the
— ruy _ Fagr B
- [ T T 3TaT,6’ ] (). (3.28 discontinuity which leads to the contradictions with observa-

tions [29,30. However, this problem is an artifact of using
Following [19] we look for a solution of this equation in the the lowest tree-level approximatid@1]. We discuss below

following form: two ways to avoid this problem.
_ 5 In the context of infinite volume uncompactified extra di-
h, (P, Y) T =A(p)B(p,y), (3.29 mension we note that the lowest tree-level approximation
which was used to derive E@3.33 breaks down at small
where the functiorB satisfies the equation distanced31,37. In fact, the tensorial structure obtained in

c Eqg. (3.33 is applicable for distances>r. where the 5D
2_ 2 2 42\2 _ behavior takes over. For short distancesr ;. the higher cor-
(p"—dy)+ W(p %)"|B(P.y)=5(y). (330 rections become dominant. Thus, one has to sum up all the
tree-level graphs which are obtained by iterations of the non-
The expression for the propagator on the brane is as followsinear Einstein equations in the external source. This is
o o equivalent of finding exact solutions to the classical equa-
T, T'# = %TgTéf tions of motion. The net result of this, as was advocated in
M2p?+M3B~X(p 0 (3.3 Ref.[32], is that the coefficient 1/3 in the numerator of Eq.
P * ' (3.33 is promoted to a momentum dependent form factor.
Furthermore, we can calculaB{p,0) from Eq.(3.30: For small momentaj.e., Igrge distances>r ) the form fac-
tor turns into the coefficient 1/3, however, for large mo-
menta, i.e., small distances it returns the value 1/2, consistent
(3.32 with the 4D observations.
The Schwarzschild solution in this case can only be found
‘:i: the approximatiorr .— <0 [33,32 which by construction
as no discontinuity. Moreover, some other exact cosmologi-
cal solutions were found8,34,33 which demonstrate that

Buv(p!yzo)?,uv =

Jep

-1 ~
B *(p,0)=2p| 1+ M

4.

*

Using this expression we find the propagator between tw
points on the brané:

S S s o there is no discontingity in the full classical theo[&Z]..
b, (py=0)T'#" = Ladd « B, , Hence, the extra helicity-1 and 0 states of the 5D graviton
. M2p2+2M3p[1+ Jcp M+ decouple from the 4D matter fields ps— .
(3.33 Note that the continuity in the graviton mass in curved

(A)dS backgrounds was demonstrated recently in Refs.
[35,36 (see also further considerations in RE37]). We
"The scalar part of this propagator was obtainefl7ih should emphasize that Refi85,36 as well as our works
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discuss the continuity in the classical 4D gravitational inter-will see below, only takes place in an intermediate range of
actions with 4D matter. There certainly is the discontinuity inenergiesyMpM, >E> 1/r . above which brane-bulk interac-
the full theory in the sense that there are extra degrees aifons become strong. However, this window is large enough
freedom in the model. The latter can manifest themselves ab be compatible with all the existing data. We shall present
the quantum level in loop diagrani88]. However, what is  the discussion in two steps. First we will give a purely field
important for observations is the continuity in the tree-leveltheoretical consideration, without referring to the precise na-
couplings of gravity to matter. These couplings are continuture of quantum gravity above the scdl, ; then, in the
ous. next section, we will assume that the bulk gravitational
In general, the simplest way to deal with the discontinuitytheory aboveM, possesses some generic properties of string
problem, as was suggested in Ré], is to compactify the theory, and show that in this case all the experimental con-
extra space on a circle of a huge radRisThis radius can be straints can be satisfied.
bigger that the present day horizon distance, but still smaller What is the lower bound on the scalk, ? It is impossible
thatr.. For instance, iM, ~1072 eV, thenr,~10° cm  to answer this question without making assumptions about
andR can be as large as ¥0cm [6]. This is about thirty  the nature of quantum gravity above this scale. However, the
orders of magnitude bigger that the horizon scale; thus, thigllowing general considerations should be valid. The usual
extra dimension is infinite for any practical purposes. formulation of general relativity is appropriate up to scales of
The convenience of such a procedure is that in this casghe order of the fundamental Planck scMg . So we must
the lowest tree-level approximation to the graviton exchangehink of GR as an effective field theory, valid at energy
becomes applicable even at distancesr (so there is no  smaller thanM,, ; moreover, we expect it to be embedded
need to sum up all the tree level graphBhe reason is that into a more fundamental theory that regulates the ultraviolet
there is a zero mode which gives the correct 4D coefficienbehavior. Whatever this theory is, it is reasonable to assume
1/2 in the tensorial structure, and moreover, all the KKthat its effect is to make quantum gravity “softer” at ener-
modes which could, in the conventional case, turn this coefgies aboveM, , i.e., to regularize the strength of graviton
ficient into 1/3 are now additionally suppressed by the ratioself-interactions and that of the interactions of gravity with
R/r.. This is possible to see from the 4D expression for thematter. The fact that this should be the case is suggested by

5D graviton propagatdr6]: the only known consistent theory of quantum gravity, that is
string theory. This theory exhibits a well known softening of
1 1 1 i i i
wviaBroy | Z¢ o pa vBo o uB. vay_ T _uv _aB| scattering amplitudes at high momenta.
Ga™(p) (2(77 A 2 T B2 As an example of the soft behavior one could consider

(see Appendixthe interaction potential between two static

R 1 e R o sources in string theory. This potential has no short-distance
+ 21 & n? 5 (" g ) singularity, as opposed to the case of a static potential ob-
tained in field theory which is singular at the origin. In a field
1. ~ B 1 theoretical computation one could in principle also get such a
) H'n p2+m?’ (3.39 smooth result if the propagator of the intermediate virtual
" state vanishes faster tharpi/in the ultraviolet, i.e.p—.
where This could effectively be described by introducing a certain
form-factor f(p) in the graviton propagatdiand/or in verti-
- PP, cey such thatf(p)— 1 for smallp andf(p)—0 for p larger
M= Muvt 7 (339 thanM, . This would have the effect of cutting off the mo-

mentum in the graviton internal lines of any Feynman dia-
The first terms in this expression corresponds to the 4[9ram aboveM, . _ _
massless mode and the rest of the terms correspond to the As it was shown in[6], under these circumstances the
KK modes which due to the induced kinetic term on thehigh-energy colliders production processes of particles or the
brane are suppressed BRr. [6]. Thus, the model has no Process of star cooling place essentially no constraint on the

discontinuity even in the lowest order tree-level approxima-ScaleM, . The reason for this is the “self-shielding” of the
tion. brane-localized standard model from the strong bulk gravity.

This manifests itself in the aforementioned suppression of
the heavy KK wave functions on the brane. As a result, their
production in any high-energy process on the brane is ex-
In this section we will try to summarize the main qualita- tremely suppressed. For instance, consider the rate of the
tive reasons why our framework survives all the constraintsbulk graviton production in a SM process at enekyThe
As we shall see, the reason is the self-shielding of the SMate is given by
fields from the bulk theory. The SM generates a large brane
kinetic term for any bulk field coupled to the SM particles
and makes it to be weakly coupled to the brane matter. In
other words, the high-dimensional strongly coupled bulk
theory is “projected” onto a more weakly coupled four- where the integration is over the continuum of KK states up
dimensional counterpart on the brane. This projection, as w& the maximum possible mass which can be produced in a

IV. GRAVITY ABOVE M,

E3 mmaX 2
F“mfo | pm(0)]2dm, (4.9
*

024031-11



DVALI, GABADADZE, KOLANOVIC , AND NITTI PHYSICAL REVIEW D 65 024031

SM particles graviton exchange which for r<r. reduces to the conventional 4D potential
— m;m dp expip-r)
/\ Vi) - 122J b_eXipD)
Mg J (2m) p
fip) p . .
In order to introduce the effective cutoff, however, one has to
include the form factor:

FIG. 2. Graviton loop correction to a standard model amplitude. V(r)=—
The “tube” represents a graviton propagator above the enkrgy

The form factorf(p) effectively cuts off the graviton momentum )
atMm, . where f(p) dies off for the momenta abovi!, . Such a

theory would predict deviations from the ordinary Newton
given process, i.emy,.~ E. Since the wave functions of the 1aw at distances <1/M, . This is because in the conven-
heavier KK states are suppressed on the brane by a fact§pnal case the gravitons with momental/r contribute at
1/m2r§ the integration domain is effectively truncatednat the dlstan(_:e, Whereas in the present case the contrlb_utlon of
~1/. Thus, one obtains such gravitons is suppressed by the form fad{gr). Since

the gravitational law has been tested down to sub-millimeter
distances, we obtain the bound bh, from these consider-

mym, ( d°p explip-r)f(p)
4.
M3 f(2w>3 p? 49

E2 E? . )
M~ ——~—. (4.2  ations,M,=(0.2 mm) .
Mire M%
) o V. MODELING QUANTUM GRAVITY BY STRING
If we were to neglect the induced kinetic term on the brane SPECTRUM
the rate would be given instead by the raﬁﬂ)’Mi which is ]
unacceptably large. On the other hand, the (4t® is of the Although we expect that the theory of quantum gravity

order of the production rate for a single four-dimensionaiShould make graviton amplitudes “softer,” nevertheless, it is
massless graviton and is totally negligible. Although gravityUnlikely that the only effect of quantum gravity can be sum-
“becomes strong” at the scalbl, , the gravitational loop marized in a form factor that switches off graviton exchange

corrections to any standard model amplitude would be absd! energies abovst, . In particular, quantum gravity could
lutely negligible even though the momenta in the internaSoften its amplitudes by introducing an enormous multiplic-
lines are abovév, . ity of states aboveM, . This expectation is certainly sup-
Consider for example the diagram in Fig. 2. The form ported by string theory which is at present the onIy' candidate
factor effectively switches off the graviton propagatoep- for a self-consistent theory of quantum gravity. String theory
resented by a “tube” in Fig. Rwhen p>M, . Thus, the predicts an exponentially increasing number of states which
diagram is dominated by the momentum running in the matcan be excited at energies above the string scale. One of the
ter lines which could be as large &, >M, . Because of implications of this fact is the Hagedorn phenomenon.
the smallness of the matter-gravity coupling this diagram Therefore, if the theory of quantum gravity abow, is
will give a correction which is suppressed compared to theSOMe Version of a string theory, we have to face the existence
one due to the gauge boson replacing the graviton line. of an exponentially large multiplicity of bulk states with the

In this respect we would like to point out one more ad-R€9ge recurrences governed by the sédle. Naively, this
vantage of the present framework. It deals with the gaug&Uins any hope of bringing the quantum gravity scale below
coupling unification. We think of the scenario where the SM1 T€V. Indeed, it seems natural that if such a multiplicity of
worldvolume scale is huge, let us say of the order of theStates is coupled to the SM particles there is no way for them
GUT scale. In such a case the gauge coupling unification {80t to manifest themselves in all possible high-energy pro-
not affected by strong gravity corrections precisely becaus€€SSes. For instance, to exclutie, < KeV it would be
of the reasons outlined above. Thus, the prediction of 4C£nough to think of the interior of the Sun where there is no
theory on the gauge coupling unification in supersymmetricign of any exotic Hagedorn type behavior. o ,
models[10] will remain intact in this framework. The purpose of this section is to show that this in fac_t is

As we have shown before, the only constraint comes frondiot the' case. The absence of the Hagedorn catastrophe in the
the measurement of the Newton force, which implids scenario with hlghjcutoﬁ standard model can be completely
>10"% eV. This can be understood by using yet anothecompatible both with very low value dil, as well as with
language. Consider the Newton interaction between twé" exponentially increasing density of states. The detailed

static sources. Without the cutoff the Newton potential be-discussion of various bounds will be given in the following
tween two masses), andm, takes the form subsections. Here we shall summarize the main reasons why

the present framework is not excluded.
mem &5 explip-r) To be concrete we shall assume that the bulk spectrum is
V(r)=—— . ZJ' P P ' (4.3  thatof a closed bosonic string thedifgnoring the tachyon
My J (2m)° 2p+r.p? The main point is to find out what is the impact of the Regge
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states on the SM which is localized on the brane. To answer E3
this question we shall use some results that will be derived in [~ —nNnax- (5.3
great detail in the next 3 subsections. Here we shall quote P

them without a proof. ) )
Consider a bulk fieldA of some high integer spin which Due to the assumed Regge behavigy,=(E/M,)". As a

has a five-dimensional masslg and a brane masg: result, Eq.(5.3) constrainsM, to be above 10° eV. Re-
~Msg. In addition, it has both the brane and bulk kinetic markably, this bound coincides with that coming from sub-

terms, just like our graviton. The Lagrangian of this field canMillimeter gravity measurements.

be schematically written as follows:
A. String spectrum

M3{[95)A1°— MEA% +M28(y) In the following we consider a field theoretical model the
12 2A2 spectrum of which mimics that of closed bosonic string
XL Ay =0) 1"~ u"A%, (5.0 theory in critical dimensior{neglecting tachyons We will
— . show that under certain assumptions the enormous multiplic-
whereM is some scale to be specified below. In these notagy of siates accessible at low energies can be totally compat-

tions A is dimensionless. Assume that the fiéddcouples e with observation. Before doing so, we will briefly recall

derivatively to the localized matter on the brane and the corynat the main features of the string spectrum are.

responding coupling is defined by inverse power#/gf. As A generic closed string state can be described by two

g";’li”f_bleds_ho"vg* in éiltl tTﬁ ?Dfproqeslsezéhet eﬁ‘iﬁt of such ggpjes(left and right moving of an infinite set of creation
ulk field is reduced to that of a single 4D stabé the same operator$ o', @', where u is a Lorentz index andh

spin which has the mass 4., and the coupling square pro- labels the “oscillator level, n=0 . . .o. The generic state is

portional to IM?. Depending on the spin of the stéethis  given py the action of this operators on the Fock vacuum
has to be multiplied by an appropriate powerpdM , aris-

ing from the derivatives in the original coupling. The crucial state|0)[0):

point is that the scal® which is induced by the localized [@k1---Hakn+1- - Hnik p)

matter loops, depends on the number of derivatives in the R it o~ 5
coupling of the bulk field with the SM. For a fielwhich is =apl L apat™ L a0 p)[0,p),
coupled withn—1 derivatives to the SM fermions the scale no :

is M2~M2""Y/M2(2)  As a result, the coupling of this (5.4

bulk field to the localized SM states takes the form with the constraint that the total levéN of left and right

2(n—1) oscillators be equal:

effective coupling- ——. (5.2
M|23(n 2 NIE mi:Z ﬁ'li. (55)
I I

This is the very same mechanism by which the standard

model weakens its coupling to the strong bulk gravity. More-In Eq. (5.4) p is the momentum of the state and must obey
over, we note that the higher is the power of the derivativehe mass shell conditiop”=M?, whereM is determined by
interaction the larger is the induced 4D kinetic term on thethe string scaléV s, according to the Regge behavior

brane, and, consequently, the weaker is the coupling tof
the SM. M2=4(N—1)MZ,. (5.6

Therefore, the SM shields itself not only from strong bulk h bev th i di
gravity but also from other bulk fields. Furthermore, the Moreover, the statés.4) must obey the transversality condi-

higher is the spin of the bulk state the more efficient is thellon
shielding. Given this fact, it is easy to understand how the

Hagedorn catastrophe is avoided: it is true that the number of

modes available at higher energies grows exponentiallyraying all possible Lorentz-irreducible combinations of indi-
however, most of them are coupled with higher derivatives iqeg the expressiofs.4) gives rise to the states with different
the SM and thus their effective 4D coupling becomes VeNYspins which can range from Grace on all indexésto n

weak, Eq.(5.2). _ .. +k (totally symmetric, transverse, traceless combination
These arguments show that the dominant contributiorg, example, the states at the lewdl are of the form

comes from spin-2 states that couple via a s_ingle derivativiea>Ieft>< @) rigne With, say|a)er;, defined as follows:
to the SM fermiongnote that there are also spin-2 states tha g

couple via higher derivatives and therefore are less impor—

tany. Since the scaleM depends only on the number of 8pone ysually does this construction in the light-cone gauge where
derivatives in the coupling, then they all couple to the SM bya|| the obtained stringy states are physig]. Since we are deal-
the Mp-suppressed interactions, just like an ordinary gravi-ing only with the kinematical features of the string spectrum, we
ton. Therefore, their emission rate in high energy processesill not discriminate between the light cone-gauge construction and
scales as follows: that of the Lorentz covariant formalism.

p,lar - Hnknr1--nik p)=0. (5.7
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ak7|0) turns out[41] that the numbemp,(N) of partitions of an
integerN of fixed length rscales for largeN but fixedn (n
ot af|0y  (k=1...[N/2]) <N) as follows:
Ny~ N 5.1
Pn(N)~ =11 (5.12
a’l‘” N .a;lLN‘r|0>, (5.9 Thus, for fixedn there is only gpolynomialdependence on

N. Therefore, the number of statp$?, (N) created byn left
oscillators andk right oscillators which have a total of

Thus, at each mass level there are states of anyrspiith @

n=<2N. These are given by all possible combination of cre- P (N) ~ N 2gntk, (5.13
ation operators whose individual level numbers add u.to

One is naturally led to the question: what is the total numbe
of states with a given mass M ? If we forget about the Lor-
entz structure for a moment, this is equivalent of counting

;J'his fact will be crucial for phenomenological estimates.

B. Modeling couplings to 4D matter

the total numbep(N) of partitions of the integem, i.e., the We now consider a five dimensiondield theoretical
number of sets of the forfn,, ... ,n}° such thatsn;=N. model with the spectrum of closed bosonic string, namely a
This is a well known problem in the number theory and thetower of massive tensor fielda:---%i, with massesM
solution, for largeN, scales as follows: =V4(N—1)M, , andj=<2N for eachN=1,2, .. .. In par-
ticular, we associate to each string state given in(Bdl) a
p(N)~exp \/ﬁ), N —s oo, (5.9 tensor field with the same number of Lorentz indexes defined

by j=n+k and the corresponding Regge masses. The sym-
whereb is a constant of order 1. Taking into account thatmetric traceless part of this tensor contains a gpfied, the
each oscillator can come id= (D —2) varieties D being maximal spin state in the multiplet. In additiof,gives rise
the dimensionality of spagehe constanb is replaced by to lower _spin states corresponding to its traces and/or anti-
b d. Thus, the density of states of a given madsgrows  Symmetric components.
exponentiallyfor M>Myg;: From the four-dimensional point of view each high-
dimensionalj-th rank tensor decomposes into various 4D
M fields with spins up tq. The couplings of these higher-spin
p(M)~exp( vbd M—) (5.10 fields to 4D matter on a brane depends on a concrete string
st o i
theory realization of the model. Since we do not really have

. L . .. a precise stringy model we take these couplings to have the
One possible objection against very low quantum gravity ollowing minimal form in terms ofA but a generic form in

scale is Fhat in string thepry there is a very large number Oferms of the world volume fields:
states with masses growing g8/Mg,. Moreover, the num-

ber of states at (_each mass level grows \_/les (egpﬂ). ACiCi(x,y=0) .

Therefore, ifM, is the scale where classical gravity breaks Lint= = E*Ocl ¢

down we should expect to deal with the exponentially large M

number of accessible states in contradiction with experiment. P B

In particular, a system with the density of states such as Eq. _A J_(x,y—O) 3 () (5.14
(5.10 exhibits very peculiar thermodynamic properties ML*Z NS

above T=My;. The partition function for this system is ) ) _

roughly where 3 collectively denotes the SM fields which are con-

fined to the brane and thus do not depend)/pﬁ)cl .G is

some tensor operator of dimensipmwhich contains deriva-
tives and could also contain the madof the fieldX. In Eq.
(5.14 and below we will not be distinguishing between sym-
The latter diverges badly whefi=T,~M,, (“Hagedorn ~ Metric and antisymmetric parts. The consideration will apply
transition,” see, e.g., Ref40] and citations therejn universally to all fields with multiple indices and scalars.
However, we will see below that what really matters in  T0 make parallels with the case of a massless graviton we
our mode| iS the number Of states of a given mass produceq‘loose to WOI’k W|th the bUIk f|e|é\ Wh|Ch IS dlmenSIOn|eSS.
by a given number of creation Operatoracting on the In this case, the bulk kinetic term féxis multlplled byMi .
vacuum. For instance, it is clear from E@.8) that at any Moreover, we assumed that the localized fizlds a scalar
level N there is onlyone (modulo Lorentz permutations Which has canonical 4D dimensionalif, |=[ mas§. In the
state created by twa"’s (one left and one rightin fact, it case of a spin-1/2 field, the operator will also contain
gamma matrices and will have dimensionaljty 1.
Therefore, we write the action for the fieldin the fol-
% is called thelengthof the partition. lowing form:

E E E
z=; p(E)exp(—?)~; ex M_st_f)' (5.11)
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s ) — The second term in Eq5.17) is equivalent to a four
Sa= M*f d*x dy[ (d(5A)“—MgA~] dimensional kinetic term in the action. The largest contribu-

tion to it comes from either the cutoff and/or the heaviest

1 particle in the world-volume theory the mass of which is of

+ j,zf d'x A(x,y=0)-J(x). (5.19  orderMgy.

M Therefore, as in the previous sections, this leads to the

. coefficient in front of the induced 4D kinetic term which is

Here, Mg denotes the bulk mass for the fiekl Below we of the order ofMp. Indeed, the induced 4D kinetic term for

are going to study how these high-spin fields affect the phefhe hiaher spin field can take the fofm
nomenology on the brane. 9 P

M2(n—1)
C. Induced kinetic terms Snzﬁj d*X[JaA(x,y=0)]% (5.18
. . . : M

Just as it happens for a graviton, the interaction of the *
tensor fieldA with the localized matter fields will modify its  1p;s expression sets the “crossover sca1§‘) for the fieldA
kinetic term on the brane. In particular, the vacuum polarizay, pe

tion diagram with the internal SM lines localized on the

brane(see Fig. 1 will in general give rise to the induced M27=2 1 [ M.o|212

brane kinetic term forA. Although the mechanism is very rm=""___ —<—P) (5.19
. s . c 2n-1 M. \M

generic and could originate from perturbative as well as non- M% * \ Vi

perturbative worldvolume effects, for simplicity we will dis- ] o ]
cuss below a one-loop effect. The expression for the correMoreover, the coupling of this field to the localized matter

sponding diagram is (analog of the Newton couplings
r@ , 1 1
Ml"'“n”l""’n(p y) G(n): (52@

Min—lrgn) - Mg(n—l)'

8(y) o Ouy o (PKM)O,, 1 (PKM)
zMi(nz)f (K24 M2)[(p+ K)2+ M?] ’ Since M, r("s>>1, this coupling is tremendously sup-
pressed compared to what it would have been if we were to
(5.16 neglect the induced kinetic term on the brane. Thus, we see

. the same phenomenon: the SM fields shield themselves from
whereM stands for the mass of the particle in the loop andy,q strong bulk dynamics.

the numerator in the integrand is a tensor of ramk Zhis
tensor is constructed out of the loop- and external momentg,
and the tensor,,. The result of the integration has the
following generic form(ignoring the tensor structure

Let us note that the parametel’ depends on the rank of
e tensor field. In particular, it is determined by the dimen-

sionality of the operatof);,“l . uy 1O which this tensor field
is coupled in Eq(5.14). The latter is related to the number of

8(y) derivatives by which the field couples to 4D matter. Above
r@p,y)~ m[clMgﬂ,ﬁ Cop?ME, 2+ - - we have assumed that a given numbén Eq. (5.19 corre-
M3 sponds ton oscillators acting on the Fock vacuum in the

(5.17) oscillator picture. This fact will be important in counting
these fields with the right multiplicity.

We turn now to the first term in Eq5.17). This is just a
four-dimensional induced mass term for the fildDepend-
ing on the scenario at hand, this term can take two signifi-
cantly different values. We will study below both of these
Bossibilities.

" For a generic interaction the first term in B§.17) will

take the form

+cap?"lin Mgy,

wherec,’s are some coefficients adg,, denotes, as before,
the ultraviolet cutoff of the world-volume theory. Here for
simplicity we took a particle in the loop the mass of which is
much smaller thaM gy, . In general this does not need to be
the case and additional mass corrections should be include
however, for heaviest states, i.8,~Mgy, the form of Eq.
(5.17) will remain the samé?®

As a result of this diagram, the loop-corrected effective M20
action for the fieldA will contain additional kinetic and _ SM 4 —0)12
higher derivative terms which are localized on the brane. S Mi(“z)f XAy =0)] .29
These terms arise respectively from the momentum depen-
dent parts in Eq(5.17), while the first term in Eq(5.17)  After rescaling the field appropriately to bring it to a canoni-
represents a brane mass term fAorwe will discuss it mo- cal dimension we obtain that the 4D mass of this field is
mentarily.

Here we discuss the higher spin states with2 which give rise
YHereafter, for simplicity we will not discriminate betweéhs)y, to the dangerous exponential multiplicity of states. The case with

and the induced scaM;,q, i.e., we putM gy~M;,q=Mp. n=0,1 will be discussed briefly below.
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Mgy . Therefore, it is not likely that such a heavy state couldHere, as we discussed abovyer~Mg=4(N—1)M,, N
play any role in the low-energy 4D dynamics on the brane=1,2, ....This action is of the form discussed in Sec. llI
Indeed, the total action for the field now consists of three and analyzed in detail in Appendix. According to these re-
parts, S+ S,+S,,. The latter has the form of the action sults we can distinguish two casesuf>Mg and u<Mg.
which we discussed in Sec. llI for a scalar field with the bulkIn the first case, for each bulk fielwe find a continuum of
massMg and the brane masgs~Msg,,. According to the modes with masses starting Mtz . Only a small portion of
results obtained in Sec. Ill, this state will effectively appearthe continuum with the mass around and width around

to four-dimensional observers as a 4D field of mbksy; 1/r(C“) is unsuppressed on the brane: the brane induced kinetic
thus, it will have no effect on the 4D physics at accessibleterm converts their strong bulk couplings into a significantly
energies. Therefore, in this case there is no additional conyeaker coupling ],/Mzrc("), similar to what happens for the
straint on the value oM, . graviton[4,6].

However, one could expected that for some particular To give an example, consider a state from the continuum
choices of the interaction terns.15 the induced mass on with the masam. It can be produced in a process involving
the brane could be much smaller, e.g., of oriley. To come  brane-fields. The amplitudds, for this process is propor-
to this point let us recall that for a massless spin-two fieldtional to the bulk-brane coupling which in its turn is speci-
which couples gravitationally to 4D matter the 4D reparam-fied by the square of the wave-function at the position of the
etrization invariance prevents the generation of any type obrane. Thus, we write
mass term. Moreover, in the case afhassivespin-two state

the bulk reparametrization invariance is explicitly broken by | () (y=0)|2
the mass term. Thus, one could expect that the brane mass |F|2~ m”ZH_l |F{M|2, (5.23
term will be induced by radiative corrections. The latter, M

however, has to vanish in the limit of zero tree-level bulk
mass. Therefore, the induced mass could in principle be deyvhereFEQ) is a kinematical factor. In order to obtain the total
termined by the bulk mass. cross section this must be integrated owefrom Mg to .

It is reasonable to expect that this will happen also in theHowever, the functiof¢,,,(y=0)|? is sharply peaked around
higher spin cases for some specific choice of the interactiothe value of u (see Appendix which is nothing but the
current in Eq(5.15. Indeed, in the massless limit the higher brane-induced mass. The width of this peak is of the order of
form symmetric and antisymmetric fields have the corre-l/r(c”). The result of the integration is as follows:
sponding well-known gauge invariant actions. This invari-
ance is explicitly broken in the bulk by the mass term. In o |¢§rr]1) (y=0)|2
particular, if the matter current on the bradés conserved j dm £
up to the terms which are proportional to the tree level bulk Mg
mass of the field\, i.e.,&~J~O(M§), then the induced mass (5.24
term could be of the order of the bulk mags;-Mg . In this . : .
case these light fields will have an interesting impact on thd herefore, the Integration procedureznyfls_ effectl\_/el)_/_ con-
4D phenomenology on the brafeThe content of the next Verted thelarge coupling constant Mi™ ~ into a signifi-
section is devoted to the analysis of the phenomenologicafantly suppressed constant "~ *r{"), as advertised be-

astrophysical and cosmological data which might be affectedre. _
by the presence of these states. Furthermore, we consider the cgse.Mg. All the states

Before we turn to these studies let us summarize brieflyn the continuum are significantly suppressed on the brane.

the main properties of these light modes. The total action foFlowever, as discussed before, there is in addition a localized
the field A takes the form 4D state of mass-u. The coupling of this state is also

suppressed by the parameter?/ (see Appendix
Hence, in both cases considered above the situation is

LT LA 2. = g 2
Minfl |Fm| Minilrgn)lFm:A .

T ) 2n2 1 identical for all the practical purposes: the relevant contribu-
S= M*f d"x dY[ (9(5)A) "~ MBA“]+ M2 tion to any 4D process comes only from the states with “ef-
* fective” 4D mass aroungh~Mg. These states are coupled
M2(0—1) to the 4D matter by the weak coupling M¢" r("). In
xf d*x A(X,y:O)-J(X)+—2P — what follows, we will discuss for simplicity only the case
M2(=2) L . L T .
* u>Mg, keeping in mind that the physics is similar even if
m<Mg.
X f d*X[ (9yA(x,y=0))?— n2A(x,y=0)?]. So far we were dealing with the massive Regge modes for

which the exponential multiplicity is present. However, in
(5.22 addition we expect to have a few 5D massless modes in the
bulk. For instance, in the bosonic sector of a close string a
graviton will be accompanied by a dilaton and a two-form
12This consideration and the phenomenological discussions belo@ntisymmetric field. Although these massless modes are not
also apply to the case of a pure four-dimensional theory where thémportant for the problem of the exponentially growing num-
Regge modes would have masses of oider. ber of states, nevertheless, they could mediate gravity com-
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peting forces in 4D world volume. Therefore, we should deal do | (0|2
with them. The dilaton can acquire a potential on a brane; in 1 g2 "M "7 gn-3
this case it cannot mediate gravity competing 4D fdi2.
The higher dimensional two-form field will give rise to a ho2
pseudoscalar and a vector particle on the brane. The pseudo- =€ (0)[2 S fl_zf (x,2)dx 6.3
scalar can be dealt in analogy with the dilaton, the brane- m 2n-1 me ' '
induced potential will suppress its interactions. However, the
massless vector field should be dealt separately. One possiherez=m?/s. Now we must integrate oven. As we dis-
bility is to give to it a small mass by the Higgs mechanism.cussed above, due to the form |af,,(0)|?, this effectively
After these discussions we turn to the constraints. amounts of replacingnby © andM2" ! by r{"m2""! The
result is suppressed by powersMf:

fs_mzd —t)f(t/s,m?/
dm Min_l 0 ( )n( Sam S)

VI. PHENOMENOLOGICAL CONSTRAINTS g2 1-z
~e?———— f d
. . . . O-n e (n) anlf n(XlZ) X
In this section we study the production of the five- re’Ms 0
dimensional higher spin fields introduced in the previous
section, in processes taking place on the brane. The resulting o "2 [1-z
estimates for rates and cross sections will be subsequently “& 2], f(x,Z)dx. 6.4
=]

used to put bounds oM, through the analysis of astro-
physical, cosmological and collider observations. 2. Photoproduction
1. Annihilation ~ Another type of process which contributes to the produc-

tion of five dimensional higher spin modes is the photopro-

A five dimensional high spin field coupled to brane fields §,ction reactiorsb y—®A" with the bulk fieldA in the final
can be produced in the processes when the localized chargeg,;o

matter annihilate on the brane. = The photoproduction rate into the bulk modes can be cal-

Consider the production of a “stringyi-th rank tensor ¢ jated in the same way as it was done for the annihilation
modeA( of “4-dimensional massi (i.e., belonging to the  process. The cross section is the same as iM@&8), with s
continuum of statgsin the annihilation process involving a anq (—t) interchanged in the amplitude. Thus the density of
massless brane fermion-antifermion or brane scalarne gifferential cross section will take the form

antiscaler, and a brane-photsh® — yA(" . The amplitude

has the form d’on L lom(0)]? he3 ’
qtd m~e Mi”’l (=) °gy(t/s,m7/s), (6.5
En e é (0)eretha b Oﬂﬂl---#n(p’p, Ne)) whereg(x,z)_ is another dimen_sionless.function. Integrating
m= \p32En-2om A 92 ' this expression over the continuum with the approximation
*

6.1 |¢n(0)?~8(m=pw)/r”, we get

wherep,p’ are the incoming momenta of thie particles,q
is the momentum transfee, €,* " "“ are the polarizations
of the photon and of theA field, respectively, and g2

Ouuy ..., (P.P",0) is a tensor of dimensiom+1 whose = MZn_ZS“*gén(t/s,MZ/s), (6.6)
form depends on the specific choice of the interaction term P
(5.14. Summing over initial and final polarizations we get
an expression for the amplitude squared which can be us
to calculate the density of the differential cross section,

doy e? 4 (—1) n-3 ,
dt Nr(n)Manlsn ( s On(t/s,uls)
c *

yhere we have introduceg),= ((—t)/s)" 3g,,. This expres-

e : : > .

sion for the differential cross section is again suppressed by
powers ofMp.

d’o,  €[pm(0)]? A. Star cooling

— n—-3 2
dtdm m2n-1 s n(t/smYs), 6.2 The possibility of producing an exponentially large num-
ber of Regge states at very low energy could in principle
affect the cooling rate of stars and supernovae. Requiring
where f,(x,y) is a dimensionless function whose precisethat this effect be smaller than the observed energy produced
form depends on the result of the sum over polarizations antly these objectén particular SN198)was indeed the stron-
on the form of the interaction term, asdandt are the Man-  gest constraint on the model introduced[&], as was also
delstam variables. From the kinematics in the center of masshown in[43]. In this case the states in question were KK
(c.m) frame we gets=4E?, t=1/2(s—m?)(cos®.,—1) modes of the graviton, with mass spacing of the order of
e[m?—s,0], therefore 1 mm 1. Let us consider the total production of bulk modes
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by a stellar object of temperatuie For example, we can ~10"2 eV). Thus, the dominant contribution at smaller cen-
estimate the emission rate due to the “photoproduction” orter of mass energies comes frans 2, and according to Eq.
“bremsstrahlung” processes. As far as the order of magni{6.6) it scales as follows:
tude is concerned, the other processes consider¢d, 43
will give roughly the same contribution. do, 1

The rate is given by the cross secti@4) multiplied by dat SM2’ (6.1
the number of particles per unit volume-{3), times the P

relative velocity of the initial particles, everything averaged ag pefore. we have to sum over the: 2 states of each mass
over the thermal bath of the star. This gives level up toN —s/M2 . The result is
max * "

E 2n—2

I' ~E|l— , 6. do 1

" (Mp) 6.9 i (6.12

dt  M2m?2

in this expressiorE=(E)~T. This must be multiplied by _ o _
the number of states with givemthat contribute to the rate. For the comparison, the contribution of the states with a
As discussed in the previous section, this is equal to th@enericn is given (at mos} by [see Eq(6.6)]
number of states which, in string language, are created by N s
oscillators. On the other hand, the number of such states at don 8™ S Nn—2~£ S
each leveN goes at most as in E¢5.13), with nin place of dt =1 m2"2 2\ MpM
n+k.

Thus, the total rate of the production of all the statesin which we find again that/(MpM,,) is a natural expansion
specified by a givem but belonging to an arbitrary mass parameter. Since the denominator in this ratio is at least
level is then bounded as follow@eglecting the factor of (1 TeV)? therefore, at the energies accessible in present

2n—2
" s

d"): day colliders only the contribution from=2 will be impor-
tant.
Nmax - - . .
r<> e E an ZNn_sz E 2n anfl 6.9 Forn=2 the cross sectiof6.6) is of the same form as the
= Mp Mp maxs A one calculated in Ref44], where the production of massive

spin 2 KK modes in models with large extra dimensions of
whereN,,., is determined by the mass of the heaviest statesize R was considered. The expression found4d] is
that can be produced at ener@y i.e. tma= VNmaxM .

=E. Thus we get the estimate do 1 )
—~—2F1(t/s,,u /s), (6.19
E \2n-2/ g \2n-2 E2 \2n-2 dt sMp
el B e
Mp M, MpM where the precise form d¥; is given in[44]. In this case,

one must sum over the tower of KK modes corresponding to

— —1 “ ” H i ) . '
Even for M, —mm °, the "natural” expansion parameter, n sompact extra dimensions, with masses given by
which isE“/(MpM ), becomes of order 1 at energies above

1 TeV. Thus the rates for the differents start being of the 1

same order at a scale much higher than that at which all these m?=—(ki+- .- +k?), (6.19
states are accessible by kinematics. Therefore, in a star R?

whereT<1 TeV, all contributions other thah, are negli-

gible: for integersk;, i=1...n, so the number of available states
up to energys is roughly ('sR)". In particular, for the case
E3  ES3 E4 of two extra dimensions, we get from E@.14)
r, Ve MéNmaX EMiMé' (6.10 I
Friatert (6.16
This rate is strikingly similar to that of the model of RE?] Kkmodesd T M3

for the case otwo large extra-dimensions, whehé, plays o )
the role of 1R. So the lower bound oM, from this kind of ~ Remarkably, this is the same result we found in 12

processes is precisely of the order of an inverse millimeter oProvided that we exchangdl, < 1/R (although the two
so. frameworks are totally differentIn particular, the bounds

obtained iM44] on R by comparing their results with present

collider data, can be directly translated into bounds on our

M, , which therefore is again only constrained to be larger
The similar considerations apply to collider experiments.than ~ 1/mm.

Although a huge number of states can be produced starting at Despite of this similarity, the predictions of our model and

a very low energy M, ), the cross sections for production the one considered if¢4] begin to differ drastically when

of states labeled by different do not become significant the energy is high enough: indeed, when the bound is satu-

until  energies of order yMpM,(~1 TeV if M, rated, the framework with two large extra dimensions pre-

B. Collider signatures
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dicts the existence of the density of states which grows
roughly linearly with the energy

p(m)~mR, (6.17)

while in the present context all states witk=2 will become
equally importan{the dimensionless ratio in E¢6.13 be-

comes of order ]I and the total density of statesexponen- m

tially increasing 2

Brane

p(m)~e™Mxd(m). (6.18

[Hered(m) is some function whch contains powersnoaind FIG. 3. Removing the test masses from the brane into the bulk
depends on dimensionality of spalcéherefore, for instance, “switches on” the five-dimensional potential. Forr the five-
the spectrum of missing energy signatures will be very dif-dimensional potential is stronger then the four dimensional one.
ferent in these two cases.

T2
~—3Hp~—3— (6.21)

dp
. MpF
expansion

C. Cosmology

In this section we will consider cosmological constraints
coming from the overproduction of bulk states. In order to bewhereH is the Hubble parameter. In the radiation dominated
as model independent as possible, we shall discuss the faépoch of standard FRW cosmologyl ¢ T?/Mp,p~T%), the

lowing initial conditions for the hot big bang: ratio of the two rates is

(1) The bulk is virtually empty;

(2) The brane states are in thermal equilibrium at some dp
temperaturel y,ane- at . T3

Our goal is to find out what is the normalcy temperature evaporation ) (6.22
T, defined in[2] as the temperature below which universe d_P MpM2

expands as a normal 4D Friedmann-Robertson-Walker
(FRW) universe. Then, by requiring thal, be at least
higher than the nucleosynthesis temperature, we can deriQequiring this ratio to be<1 we find that, for M,
bounds orM, . The reason why we expect that this require- _10-3 ey, T, ~20 MeV or so. Thus these considerations
ment may restricM, is the fact that the brane can cool by pyt approximately the same bound dh, as colliders ex-
“evaporation” into the bulk string states. If this rate is higher periments and astrophysics: for lowdr, the normalcy tem-
than the cooling rate due to the expansion, the FRW scenarigerature is not high enough for standard nucleosynthesis to
will be affected. We do not want this to happen below theproceed unaffected. On the other hand, the cosmological
nucleosynthesis temperatures. This may impose some CoByolution above this scale is dramatically modified and re-
straints onM,, . quires independent studly.

expansion

Cooling by evaporation into bulk string states
VII. BLACK HOLES

In order to estimate the rate of bulk state production at
temperaturdl we shall use the star cooling ra@ 10 where The sources localized on the brane at distamees, in-
we shall substitutéE by T. This tells us that at each mass teract via the weak four-dimensional gravity. On the other
level the dominant contribution to the cooling rate comeshand, the sources in the bulk interact via strong five-
from the production of 2-index fields, provided the naturaldimensional gravity. This fact will have interesting implica-
“expansion parameterT//MsM, is smaller than one. For tions for the black hole physics.

M, ~1073 eV this requiresT to be below TeV. Then the L€t us consider an elementary particle of magssuch
cooling rate is given by that Mp>M>M, . In a crude approximation we can think

of it as a gravitating source of uniform density localized
_ (6.19 within its Compton wavelength-1/M. From the point of
M%Mi view of the brane observer this particle is not a black hole.
However, the very same patrticle in the bulk would appear as
The resulting change of the matter energy density on the black hole since its 5D Schwarzschild radius is bigger

T5

[p(T)~

brane due to evaporation is thank its Compton wavelengtfsee below. Thus, if such a
9 particle is gradually removed from the brane it turns into a
d_p ~ =TT ,(T)~— T_ (6.20 bulk black hole.
evaporation M% ;f We shall investigate how the transition between the brane

gravity to the bulk gravity takes place. For this purpose, we
This has to be compared with the cooling rate caused by theill study first the bulk gravitational potential between two
cosmological expansion object of masses; andm, (see Fig. 3
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A. Interactions on the brane and in the bulk sion with respect toc— X, and going to the Euclidean mo-

The full 5D static potential can be obtained by summingMentum spac&—ip, (i.e., p?— —p? andp=/p?) we find
over the continuum of KK modes. Each of these can bdhe following equation:
viewed as a four-dimensional massive particle which gener- 2 .2 ) ~
ates a Yukawa-type force between the sources. The superpo-  (P"= ) +PTc8(Y))G(P.Y.Yo) = (Y —Yo). (7.5
sition of these contributions gives the following potential:

J:lqﬁm(y)FMdm. G(p.y.Yo) =A(p.yo)e P¥+B(p.yoe PV, (7.6

This equation can be solved with the ansatz
mym,
V ry ): N
(ry 16772Mi

(7.1)  whereA(p,yg) andB(p,yg) are the functions to be deter-
mined. Inserting Eq(7.6) into Eq. (7.5 we find
Inserting the explicit form of the wave functions,, for the

. . — e Plyol 1
KK modes(A3), (A6) we find the expression for the poten- _ e’ _
tial to be A(P.Yo) p+1f.’ B(p) p’ 7.7
. . 2 where we have used the identitieg|y|=e€(y), dye(y)
V(ry)=— mlmzf dm( [2 cogmy) +mresinmy)] =2 48(y), e(y)?=1. The momentum space Euclidean Green
M3 4+m?r2 function can be written as follows:
exp(—mr) 1 1
X ——. 7.2 fe = ZePlyvol - Zg=pUyl+lyoh) — =
; (7.2 G(p.y.yo)= e e g
(7.8

We can approximately evaluate this integral by dividing the ) ) .
range of integration into the two regions)<1ir. and m Since the quantityr, is large (we are considering interac-

>1/r.. Sincer, is the largest scale, we can take both, tion at distances <r.) we can eqund the denominator of
andy/r. to be much smaller than unity. Let us look at the (€ second term to get the expression

value of the integrand in the first region. The exponential can

be replaced with unity. As a result, the contribution to theé(p,y,yo):Ee7p|yfyo|_Eefp(\yH\yo\)_'_ iefp(|y|+|y0\).

integral equals to 1f¢.). Form>1/r. one can again evalu- p p p2re

ate the integral approximately which in this case is equal to (7.9
2y?/(r*+4r?y?). Thus, the approximate expression for the _ . o _
potential is The Fourier transform of this Green function is the potential

between two static sources of mamg andm, at positionsy
andyy in the fifth dimension and separated by the distance

2
V(r,y)~— MMz _ i+ Ay _ (7.3  along the brane world volume. By straightforward integra-
16m°M3 | ITe  r444r2y2 tion we find the expression for the potential
We will see below that this agrees with an exact expression,, .\ ) m;m, 1 B 1
for the potential which we will obtain from the propagator. Yo 16m2M3 \ 12+ ]y—yol?  r2+(lyl+|yo|)?
It is not difficult to interpret this expression. Fgr=0 we *
see the ordinary Newton potential governed Iy 1 r
=1/16wM2~1/(r,M2) (note that we look at distances TS arctanm : (7.10

<r.). After the sources are moved off the brane the strong

potential which is not suppressed by is switched on. For  The potential(7.10 reveals some interesting properties. For
y<r the correction to the potential ig/r)(1/r?), while for  instance, if the masses are placed on different sides of the
y>r a “full-strength” five-dimensional potential, M3r?,is  prane, or if one of the masses is located on the brane, the first
recovered. two terms cancel exactly. Since the first two terms corre-
Let us study the more general case when the two sourcespond to the strong five-dimensional potent@supled with
are placed at different positioysandy, in the extra coordi- 1/'\/'3:)' objects on opposite sides of the braféy. 4) inter-
nate. Instead of using the KK picture we will directly solve act only via the third term in Eq(7.10), which corresponds
for the five dimensionalEuclidean propagator to the weak 4D gravity.
This term results from the exchange of KK modes with
O4[1+r8(y)]— aﬁ)G(x—xo,y,yo)z 5M(x—Xg) (Y —Yo)- massess 1/r .. Modes withm=1/r. can be thought to form
(7.4  aresonance state which mimics the exchange of a single
zero-mode graviton coupled via the four-dimensional New-
The Green’s function depends separatelyyandy,, since ton constant. We conclude that the brane in some sense
five dimensional translational invariance is broken by the‘screens” the five-dimensional force, i.e., the force due to
presence of the brane. By Fourier-transforming this expresthe exchange of KK excitation of mass larger than. 1s
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Brane screens the 5D force Such an event could produce an interesting signature of a
displaced vertex® Unfortunately the probability of such an
m4. event is very low as we shall briefly discuss.
To determine the relative rate for the events in which a
Y3 3 34 particle emitted into the bulk returns back to the brane within
.' """"""" o the size of the detector we have to evaluate the relevant
fraction of the phase space. Let us assume that a particle of
m bulk massM is produced on the brane in a process of energy
1 D2 - E. If we denote the magnitude of the momentum along the
: brane byp and the momentum in the transverse direction by
Brane ——— ‘ p, then

p?+p;<E?—M?2. (7.13

FIG. 4. The brane suppresses the exchange of higher KK modes.
Object placed on different sides of the bratfer example m, The constraint that the particle comes back to the brane can
—m,) interact only with the third term in Eq7.10. The same is b€ expressed in terms of its escape velocity from the brane
true if one of the objects is on the brane while the other one is in théwhich in our case can be estimatedvag=10* m/s):

bulk (for examplem;—m,).
|py|<MUesc- (7.14

e also require the particle to be within the detector when it
hits the brane. This constrains the maximum value of the
gmomentump along the brane. During the motion in tlye
direction the particle experiences an approximately constant
éorce due to Earth’s gravity, with the acceleratian

10 m/¢

suppressed. This fact is clear from the mode expansion pig-
ture. Heavy modes are suppressed on the brane; the-Sch
dinger equatiorfA2) that determines the wave-function pro-
files in the extra dimension is just the equation for a particl
in a one-dimensional delta function type potential with
strength proportional to the mass of that particle. Therefor
the contribution of heavy modes in the exchange is sup-
pressed and the force is mostly due to the exchange of the

; Vv
modes with the small mass. F(r=Rg,y)=— -~
y
B. Emission of black holes in the bulk Mm
As mentioned above, a particle of mads>M, becomes =— 3—anarctanjr/y)
a black hole in the bulk. This can be understood from the M Rerc
expression for the Schwarzschild radius of the black hole in
five dimensions Mmg 1
=T v Mo
1 M Mire Y°+Rg (715
~— A 7.1
rss M, Vv, (7.11

The time needed for the particle to return back tis
For M>M, the Schwarzschild radius becomes larger than= 2py/|\/|g_ If we take the radius of the detector to behis
the characteristic size of the particleML/(the Compton translates into the condition
wavelength and the particle becomes a black hole. For in-
stance, forM,~10"2 eV and black holes of the masses M?g
1 eV, 1TeVand 18 GeV, the Schwarzschild radii would pl= 2p, (7.16
. y
equal to 3 cm, 19 m, and 18? m, respectively.
The lifetime of a five dimensional black hole, which de- The fraction of phase space for which the black holes come
cays via the Hawking radiation, is given by the relation back to the brane within the distante€from the place of
production can easily be visualized from the plot in {he
(7.12 —py plane(Fig. 5).
' : Let us first estimate the branching ratio for the black hole
produced at TeV energies to come back to the brane. We
and it is substantially larger than the lifetime of a four- have to estimate what will be the fraction of the “Regge”
dimensional black hole with the same masa%M3lM‘F‘,). states that will not have significant phase space suppression
For M, ~10 2 eV, the lifetimes of a black hole the with for falling back to the brane due to attraction by the Earth’s
masses of 1 eV, 1 TeV ard,would be 104 s, 10° sand  gravity. Those are particles that satisi?v2,=(E?—M?),
100 s, respectively. i.e.,
One may wonder if there is a possibility that a heavy
bulk-particle is produced on the brafeg. in an acceleratpr
and is emitted in the bulk and after becoming a long-lived **Here we are discussing the particle which is not necessarily
black hole, is attracted back to the brane where it decaysocalized on the brane.

2

1 (M
M, | M,

T5""
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P black hole entering back into the detectbg,, to the total
| rate of black hole productiohy; is

Tye  lg/c?
Piot  1+1g/c?

~|g/c?=10"16 (7.20

| 1/2
E*MPp )

This ratio is practically unobservable.

' ' VIIl. BARYON NUMBER VIOLATION BY VIRTUAL
-Mv MV, BLACK HOLES

esc p
y

The potential danger for any theory with a low quantum
gravity scaleM, are the high-dimensional operators that
Shay violate exact or approximate global symmetries of SM
[such as flavor or the barydB) and lepton(L) number$. In
this section we shall argue that in our framework the strength
of such dangerous operators is suppressed by the Btaje
3Hd not byM, , and, therefore, they are harmless.

FIG. 5. The phase space for the production of black hddas.
the energy available in the experiment. Conservation of energy r
quires thatp?+ p;<E?—M? (semi-circlg. For a black hole to hit
the branep, must satisfyp,<Mu . (vertical ling. In order to hit
the brane within a detector of radilisthe momentunp must be
less thanMZIgIZpy. The ratio of the area satisfying these con-
straints to the area of the semi-circle is the phase space suppressi

factor. In order to see this let us first discuss the possible origin
of such operators. It is believed usually that non-perturbative

2 quantum gravity effects such as the virtual black holes

101 Tev _1=10-9 (717 (VBH) violate the global symmetries of the theory. Such a
ni103 ev - ' ' non-conservation should be seen in an effective low energy

theory as a variety oB- or L-violating effective operators,

Solving Eq. (7.17 for n, we find that for ne[10%®  ©9. suchas

—10%,10%°] (when M, =10"3eV) there is no phase space

suppression? The ratio of the total ratd’,,, of black hole gaql,
production, to the rat€, . for production of those that will
return to the brane is

(8.9

whereq and| are quark and lepton fields respectively. The
question is the strength of these operators. This issue is im-
possible to address without the knowledge of the micro-
Fback: 10°°. (7.18 scopic quantum gravity theory. Nevertheless, in certain cases
Ltor one can estimate the maximal strength in a quasi-classical
approximation. The main reason for an expectation that VBH
Some of the black holes that come back to the brane woulsliolate global charges is the no-hair theorédb], which
be attracted toward the center of the earth and would not benplies that BH are characterized by “charges” that are
detected. Let us now estimate the number of black holes thaoupled to the massless fields. Conservation of such charges
will hit the brane within a detector of radiliswhich can be cannot be violated by BH, since an outside observer can
taken to be of order one meter or so. Solving for the interimeasure the conserved flux. Such a measurement is impos-

sections of Eqs(7.13 and(7.16) one finds that for sible for a global charge, which renders it uncontrollable.
In the literature one may find a number of estimates for
E2 g VBH-mediatedp-decay first discussed by Zel'dovidA46].
0<(—2—1> <=, (7.19  The main idea is that an elementary particle, carrying a glo-
M bal charge in question, may quantum mechanically collapse

into a VBH, or be captured by one. VBH can later decay into
the two curves do not intersect, i.e., the semi circle is fullya final state of an arbitrary global charge leading to its non-
contained within the curvé¢7.16 (c is the speed of light  conservation. To estimate the rate of such a process
When the condition(7.19 is satisfied, there is no phase Zel'dovich used a “geometric” cross section of the gravita-
space suppression for the black holes to come back to th#onal capture of a particle inside a VBH, which is simply
brane within the detector size. Let us translate the boundiven by its Schwarzschild radius squared. Thus
(7.19 into the bound on the number of Regge state& at

=1 TeV that have no phase space suppression. One finds MéH
that the ratio of the total number of kinematicaly accessible o~ M 8.2
modes to the number of modes that do not have phase space P
ression i . Therefore, the ratio of the rate for . . .
suppression is jusg/c erefore, the ratio ot the rate for a The resulting estimate for the proton lifetime was
14 . . 1 Mp \*

Note that the particles with such a largecan be black holes T~ . 8.3

from the standpoint of the world volume theory as well. Mproton\ Mproto
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Somewhat different estimate can be obtaif#d if the am-  Note that if the corresponding mixing operator on the brane
plitude of the proton collapse into a VBH is evaluated fromis induced by gravity, it will be suppressed by powersvbf
the BH-proton wave-function overlap integral

uddX

— 8.7
f ¥ poon?eh - (8.9 Mp?

Th . int in all th di . for th and will be practically unobservable. Of experimental inter-
e main point in all these studies, most important for they; i the case when it is induced by non-gravitational effects,
present discussion, is that either proton or some of its COMor instance by integrating out someerturbative heavy
stituent quarks must be trapped inside a VBH . Once CaPprane states with masskb<Mp, in which case the strength
tured by a VBH the memory about the baryon charge 'Smay be controlled by their mass

erased and VBH can decay into an arbitrary kinematicaly

allowed set of particles with the same color and the electric

charge, but different baryon number. The result;adecay @( (8.9

rate is suppressed by the powers Whyon/ Mp). Therefore, M52

the dangerous operato(8.1) appear suppressed by powers

of Mp and can be experimentally observable. Note that the source

of the baryon number non-conservation, is again gravita-
= tional, since the above operatper se does not violate
n+2qqql, (8.5 baryon numberB-violation can only occur, if the virtual
Mp X-fermion collapses into a bulk BH. Note that the analogous

) ) ) _high-dimensional operator for proton will also require more
whereE is the energy in the process. Thus, in conventionalsy particles in the final state as well as violation of the

4D theories, werM, =Mp, the corresponding rate is very |epton number and thus will be suppressed by additional
much suppressed even for= 1. Naively, one may think that powers ofMp.

in theories with low quantum gravity scale the relevant scale
to be used in the above equation instead/igf is M, . This
would be an obvious phenomenological disaster for our
framework. Fortunately, this naive expectation is wrong as In this paper we proposed a framework in which the
we shall now explain. Let us again consideBaviolating  *“rigid” SM is coupled to gravity which becomes “soft”
process induced by VBH in which a proton, or some of itsabove the scaltl, <Mgy. It was assumed that the quantum
constituent quarks, collapses into a VBH. The relevant suptheory of gravity aboveM, has some generic properties of
pression in such a processMp, not M, , due to the fact the closed string theory. We showed that the bolg
that the strong bulk gravity is shielded from proton. Recall,> 102 eV is compatible with all the present day observa-
that in the limitMp—cc gravity switches off regardless of tions, despite the exponentially increasing density of string
the value ofM,, . states. The key phenomenon is “shielding” by which the
An alternative simple way to see this is to remember thatigid SM makes gravity weak without affecting its softness.
proton is localized on the brane, where gravity is week andrhis is due to the renormalization of the kinetic term of a
the scale of a microscopic VBH M just as in ordinary 4D  graviton and other string states by SM loops. As a result, the
gravity. As a result, the collapse of a proton into a VBH will 4D gravitational coupling is set bgon-gravitationalphys-
go as in the ordinary case. The same would be true regardinigs, while the scale of the softness is still determined by the
any other process that break the global symmetries of thgravitation.
SM. Thus, we conclude that in our framework the VBH-  We discussed an explicit model in which the SM lives on
mediated processes are harmless. a 3-brane embedded in infinite-volume flat 5D space. The
So far our analysis was done in the minimal case, inspectrum of 5D bulk gravity above the scalk, is that of a
which there are no new exotic states that can carry baryoblosed string theory. Despite this fact, a brane observer sees
number into the bulk. If such states are introduced, somgt the distanceM;1<r<M§,/Mi the 4D gravity with the
experimentally interesting possibilities may open up; suchNewton constant set by the SM physics.
are neutron-anti-neutron oscillatigwithout observable pro- In high energy processes on the brane the production of
ton decay. The existing bounds on such processes are mucthe string states becomes significant only at energies above
milder than that for the proton decay, and they can be & /M .M, . As a result, collider experiments, astrophysics

subject of an independent experimental seAd). ~and early cosmologyindependentlyput the same lower
For instance, a neutron may mix to a heavy bulk fermionygng. M, ~103 eV. The same bound is obtained from

X, to which we can prescribe a baryon numier 1 (but  gyp-millimeter gravitational measuremenf&]. For this

zero lepton number However, since in the bulk the \ajye, the model has experimental signatures both for collid-
B-number is not conserved due to very low mass of VBH,ers as well as for sub-millimeter gravity measurements.

IX. CONCLUSIONS

this mixing can lead to a process We have discussed some unusual properties of the black
o holes in the present framework. Despite the low quantum
n—X—VBH—n. (8.6)  gravity scale, the virtual black hole mediated baryon number
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violating operators are suppressed by powerMegfand are
harmless.
If supplemented by low-energy supersymmetry, our

framework maintains the successful prediction of the gauge

coupling unification[10], despite the very low value of the
guantum gravity scale.
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APPENDIX

Let us consider a five-dimensional scalar fididwith an
induced kinetic term on a four-dimensional brane, placed i

PHYSICAL REVIEW D 65 024031
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t FIG. 6. Modulus squared of the wave function at the orig@i6)
as a function of the mass. The modulus squared is plotted on the y

é’lXiS (in units of 1/27), while the x axis is the mass of the KK

modes in units of 1.

Since we are dealing with plane-wave-normalizable wave

>ﬁ‘unctions, we can choose

A%+ B2=1/27. (A5)

[This choice reproduces the correct normalization of the
propagator if we usés,(0)|? as the spectral density in Eq.

N3.13.] The resulting value of the modulus squared of the

the origin of the fifth dimension. We denote the coordinatesyayve function on the brane is

with x*=(x*,y). The range of the fifth coordinate ig

e[ —o0,00]. Equally well this can be thought of as having the
compact fifth dimension of very large radiisWe will con-
sider two separate cases, in which the fiélds massless or
massive, respectively.

1. Massless field

The model Lagrangian is

L= DD +r.0(y)# D3, D. (A1)
The kinetic term on the brane is induced with strength
We look for solutions of the forn® = ¢,(y) om(Xx*), where
on(x*) satisfy the four dimensional Klein-Gordon equation
(9#9,+ m?)o,=0. Then the profilesp,(y) are determined
by the equation
(95+m*+rc5(y)m?) y(y) =0. (A2)
Outside the origin the solutions are plane waves of frequenc
m. The wavefunctions have definite parity and we will con-

centrate on those that have non-zero value at the origin. Lé&(p,y)=D(p,y)B(p),

us divide the space in two regiomss[ —o0,0], II=[0.<].
We take the wave functions to be
() & (y)=Acogmy)—Bsin(my),

(I éu(y)=Acogmy)+Bsin(my).

(A3)

Integrating Eq(A2) from y=—¢€ to y= +¢, we find

(A4)

4

—. A6
27 4+ r2m? (A9)

| pm(y=0)|?=

The suppression of the squared modulus of the wave func-
tion is shown in Fig. 6.

To summarize, a massless five-dimensional field with an
induced kinetic term on the brane gives rise to a continuous
KK spectrum, starting from the zero mass. Higher KK states
are suppressed on the brane according to(&6).

The Euclidean propagator for this model, in the case of a
source located at the origin, is easily found ag4f The
defining equation is

[Os+r:8(y)T41G(x,y)=8(x) 8(y). (A7)
Fourier transforming in the* variables we get
[p?=a5+rcp?8(y)1G(p,y) = a(y), (A8)

gvherep2 is the Euclidean four-momentum. With the ansatz
0 with D(p,y) satisfying @2
- 0§)D(p,y)= o(y), it is straightforward to obtain the solu-

tion

~ 1
G(p.y)= 5oz @R —plyl}- (A9)

p+rcp
2. Massive field
Let us now consider a field of bulk-mas4é and brane-
massu. The Lagrangian is
L=DIpD+1:5(y) D, D —M2D?— u?r 5(y)D?,
(A10)
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where we have suppressed an overall factorl\/tir. The
equation of motion for the field is

0.8
(PIp+T1:8(y) 3", + M2 +1.u28(y))P=0. (All)
0.6
Decomposing the field in KK modes we end up with the
equation 0.4
0.2

(05 +1c8(Y) (M= %)) () = (MZ=m?) (y).
(A12)

This is the equation for a particle of energyy—M? in a
delta-function type potential. Fon>M there will be a con-
tinuum of scattering states; moreover, m_ the caseM, for dashed, and M =1/r.. The modulus squared is plotted on the y
m<M there are also two bound States,'n thg speptrum. Le xis (units are 1/2r). On the x axis is the mass of the KK modes
us first look at the casm<M. The solutions in regiondl) i, ynits of 1f,.

FIG. 7. Modulus squared of the wave function on the brane, for
the continuum modes and two choicgs=2/r. (solid), u=6/r

and(ll) are
As usual, the overall coefficient is the inverse square of the
S ,
(D #Py)=AexpVM>—m?y), coupling constant of this four dimensional mode to matter.
Bs Using Eq.(A15) we can write it as
(1) 1 (y)=Aexp— yM—my). (A13)
B 1
:jril;[ieogg]rating Eq(Al2) from y= — € to y= + € gives the con- Gy '=Mjr[ 1~ 1+ \/1+r§(M2—,u2)
=M3(1+O(1/Mr)). (A19)

2 VM2 —m?=r (m?— u?). (A14)
) ) ) o ) Therefore, the localized modes are coupled with strength
This has no solution fop>M, while for u<M it is satis- Mp. Now let us look at the continuum of states with

fied for >M. The wave function for these modes is
2, 2 1 MPopl () ¢i(y)=Acogym?~M?y) - B sin(ym*~M?),
Mgs= M = 7 + 27 (A15)
¢ ¢ ¢ (1) ¢ (y)=Acogym°—M?y)+ B sin(ym*—M?y).
The modulus squared of the bound state wavefunction at the (A20)
origin is easily evaluated from the normalization condition .o again, matching the derivatives at the origin gives the
) condition
2 _ _ —1_p2_____—
A wae’(p( ME=milyDdy=1=A"—=7—. 2 JM2=MZB=r A(m’—M?). (A21)
(A16)

From Eg.(A21) and the condition(A5) we can find the

We can derive an effective four dimensional action for themodulus squared of wave function at zero
localized mode by integrating the Lagrangi@0) over the

-1
fith dimension, writing® = éy,(y)op,(X), with oy, dimen- o, 1 rem? [ (1— p?/m?)2
i ~ expl- JMZ—mD) Iyl |$n(y=0)P=5—| 1+
sionless andp,=exp(—yM<—m)|y|: 2w 4 1—M2/m?
(A22)
M3 2
ﬁb_M*[‘TbDUbU dy ¢b(1+r05(y))} The term 1/(+ M?/m?) in the denominator ensures that the
wavefunction at the origin vanishes far=M. For u<M
12 9o+ M2+ 12 “ the suppression is .much like the suppression in Bd).
Ub“ A dul —dy wTO)) o) | When u becomes bigger thaM, the bound state disappears

(A17) and the continuum states with mass= . are enhanced on
the brane. The enhancement of continuum modes with mass
where we have restored the factdf . Using Eq.(A12) for ~ close tou is shown in Fig. 7. -
by, We get The suppressioffiA22) can be rewritten in terms of the
dimensionless variable=mr,, like

Ly=M3 %)

(X?— pr

x2—M?r2

2 2
re+ [opTop+mgsop].

1
1+=

—— 1
M?=mgs | ¢m(0)|?=5—| 1+ 7

~1
1 . (A23)
(A18)
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The dimensionless function in EGA23) (also shown on Fig. separated by a distancecan be fountf in [49]:
7 for a specific choice of valuéd andu) has extremal value

one atx=ur.. The width of the peak, defined as the dis- ~dt _tr2
tance between points at which the function drops to one half V(r)= m1m2J —t‘”zexp( )(n(it))‘z“,

of its maximal value, isdx~1+M?/4u2. For any function ot 2ma’

f(m) which is slowly varying over a range of the order 1/ (A28)
we can then make the approximation

where 5(7) is the Dedekindy-function:

1
2 ~ -

f dml m(0) [ (m) = = (10). (A24) (1) =(exp2mi Y2 (1—expl2min}).
n=1

This approximation is extensively used in the text. Each bulk (A29)
mode of masdM <u produces a continuum of KK states
with massesn>M. Due to the specific resonance form of
the wavefunction on the brane for those modes, we can a
proximate their effect with a single mode of mass This
“mode” is coupled to brane fields with strength proportional  #(i ) P=exp2mwr)+ 24+ O(exp(—277)), T—®

to 1k ;M2 . The Euclidean propagator can be easily found (A30)
also in the massive case: E@\8) is replaced by

This function has the property(— 1/7)=(—i7)¥2y(r) and
6185 the following expansion:

p(i 1)~ %= exp( 27l 1) + 24+ O(exp( — 27/ 7))],

[p?— 35+ M2 +1.8(y)(p?+ 1?)1G(p,y) = 8(y).
(A25) 7—0. (A31)

Again, write  G(p,y)=D(p,M,y)B(p,M,x) with  The behavior of Eq(A28) for large separation compared to

D(p,M.y) satisfying (%+M?—a5)D(p,M,y)=5(y). Itis  the string scale/a’ is readily obtained noting that the inte-

then straightforward to obtain gral is dominated by the smallregion: using Eq(A31) (and
dropping the first term in the expansion, which corresponds
to tachyon exchange and is unphysjaat find that at large

G(p,y)= i 1 distances the potential behaves ragm,/r?3 reproducing
’ e 24p%+M?/r+ (p%+ u?) Newton’s law in 26 space-time dimensions. However, we are
interested in the short distance behaviof<«'). In this
X exp{—Vp*+M?y[}. (A26)  regime the whole integration domain contributes, and we

cannot just insert one of the expansidA80),(A31) in place
Notice that the above expression has a pole corresponding tf 7(it). Nevertheless, we can reason as follows: suppose
the bound state found above. Also, notice that for large mothe potential blows up as—0, as does any potential medi-
menta compared to 1/, and fory=0, it becomes approxi- ated by point-particle exchange; then we should expect the
mately integral to diverge when we put=0 in Eq. (A28). This
however is not the case: the integral can only diverge at the
extrema, and by Eq$A30) and (A31)

G(p,y)= , (A27)
Mil’c p2+,u,2 1
— (n(it))~2~24%12  t-0,

where we have reinserted the appropriate overall factor of 32

1/Mfc that should multiply the Lagrgngia;tAlO). This de-

scribes a four dimensional state with massand coupled 1

with strength IX3, in agreement with the previous discus- tT/Z(n(it))_24~24t_3/2’ t—s oo,
sion.

(A32)

3. Short-distance potential in string theory where we have again dropped the first term in the expansion

In this appendix we show how string theory softens theof (7(it))”2% We see that the integration is finite at both
behavior of the gravitational interaction between two staticextrema, meaning that the potential does not diverge at
sources, preventing the potential from blowing up in the=0, and has therefore an expansion of the form
short-distance limit.

For simplicity, consider closed bosonic string theory in
the critical dimensiorD =26. The interaction potential be- e take these sources to couple to string states similar to DO-
tween two static point-like sources of massas and m, brane couplings.

024031-26



SCALES OF GRAVITY PHYSICAL REVIEW D65 024031

V(r)=ag+a;r+0(r?), r—0. (A33) point particles, and “softens” the short-distance behavior of
gravity. This can be expressed by saying that the graviton
In other words, the stringy behavior of gravity, which be- propagator has a form factor that becomes effective above
comes relevant for distances below the string length, smootthe fundamental Planck scale and makes the ultraviolet be-
out the divergences characteristic of interactions mediated blyavior milder.
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