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Fat gravitons, the cosmological constant and submillimeter tests
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We reexamine the proposal that the resolution of the cosmological constant problem involves a submillime-
ter breakdown of the point-particle approximation for gravitons. No fundamental description of such a break-
down, which simultaneously preserves the point-particle nature of matter particles, is yet known. However,
basic aspects of the self-consistency of the idea, such as the preservation of the macroscopic equivalence
principle while satisfying the quantum naturalness of the cosmological constant, are addressed in this paper
within a soft graviton effective theory. It builds on Weinberg’s analysis of soft graviton couplings and standard
heavy particle effective theory, and minimally encompasses the experimental regime of soft gravity coupled to
hard matter. A qualitatively distinct signature for short-distance tests of gravity is discussed, bounded by
naturalness to appear above approximately20.
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I. INTRODUCTION strings. Effective field theory of the standard mod8M)
coupled to GR with a TeV cutoff beautifully accounts for all
Imagine an alien species, sophisticated enough to knowhe data, but now the cosmological constant is unavoidably
the overarching principles of quantum mechanics and relafine-tuned. There is a “no-go” theorem forbidding new light
tivity, but whose particle physics expertiser funding can fields from relaxing the cosmological const@fi. The door
engineer or observe momentum transfers only belowhrough which new submillimeter gravitational physics
10"% eV. While they have access to heavy, macroscopignight enter into a solution of the CCP seems firmly shut.
sources, the only fundamental fields and particles they know The purpose of this paper is to pry open this door a little.
are the metric of general relativitsR), soft electromagnetic - An important first step is to notice that the TeV scale effec-
fields and perhaps some neutrinos. The alien theoreticiang,e theory which leads to the CCP involves a tremendous
have nevertheless synthesized the various tools of qua”tugi(trapolation of standard GR to far shorter distances than
field theory from the big principles. Superstring theory isgravity has been experimentally probed, in order to accom-
also flourighing. Phenomenologists have put i_n place a minifnodate the wealth of SM dataNaively, thi,s observation has
mal effective field theory cut off at 10 eV, which accom- no bearing on the CCP, since SM corrections to the IR effec-

modates the data below this scale while being agnostic abogtlt . o o
: Ive cosmological constant reside in the gravitational effec-
physics above.

The aliens have also run into the cosmological constanV€ action.T'erg,,], evaluated for extremely soft gravita-
problem (CCP. (For a review see Ref1].) Actually, since tional fields. The SM fields are hard and off shell in general
the observed. “dark energy” density .of the C(’)smos isin such corrections, but then hard SM processes are well

~(107% eV)* [2,3], their minimal effective theory is not understood up to a TeV. Nevertheless, the central point of

presently fine-tuned. However, if new experiments aboveXef.[5] was to argue thatvirtual) high energy contributions
102 eV continue to support the minimal effective theory, {0 an effective actionl’e{ A], of a sectorA, from integrat-
now with a larger UV cutoff, then the cosmological constanting out a different secto3, cannot be robustly determined
will be fine-tuned. Naturalness therefore predicts new phystor even roughly estimatgavithout knowing the high energy
ics just above 10° eV, acting to cut off the quartic diver- dynamics and degrees of freedomhufth sectors, A and.B

gences in the cosmological constant within the effectivelhis conclusion does not follow from standard Feynman dia-
theory. The aliens are therefore quite excited about new shogram calculations, but rather by re-thinking whether certain
distance tests of gravity<0.1mm~(10"3eV)!, along diagrams are warranted at all. Referefibg illustrated the
with other “high-energy” experiments. They imagine that general claim by studying an analogous system built out of
they might discover submillimeter strings cutting off all of QCD, where sectoA undergoes a radical, but well hidden,
point-particle effective field theory, or supersymmetry en-change in its degrees of freedom, from light pions at low
forcing cancellations in radiative corrections to the cosmoenergies to quarks and gluons at high energies. The tentative
logical constant. Or perhaps something no one has thouglgbnclusion drawn for the real CCP was that a drastic change

of. _ ~in gravitational degrees of freedom above @V, akin to
We, on the other hand, seem less excited that experiments

have the answer. We already know too much. Our particle———
physicists have probed momentum transfers all the way up tolgych an extrapolation should certainly not be taken for granted,
a TeV without finding submillimeter supersymmetry or as dramatically illustrated by noting that present data cannot distin-
guish a theory with a gravity-only large extra dimension with a size
of order 0.1mmn(similar to the well-known proposal of Rg#] with
*Email address: sundrum@pha.jhu.edu two extra dimensionsfrom the usual 4D theory.
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compositeness,could suppress high energy SM contribu-
tions toI'¢sg,,]. If this is correct, then even though we
know much more than the aliens about the SM, we have
every reason to be as excited about submillimeter tests of
gravity [7,8] where the new degrees of freedom would be
revealed.

The present paper will further discuss the case for such a
resolution to the CCP by a “fat graviton,” and how it can be
tested experimentally in the near future. We do not construct
a fundamental theoretical model of fat gravitons and point-
like matter here. Instead we pursue a more modest goal. We
argue that such a resolution to the CCP, and the relevan
therefore of short-distance gravity experiments, is not rule

out by general qonsidgrations and pr.inciplles, despite the fa(fi;leory and how it rests on the presumption that the graviton
that these considerations seem at first sight to strongly s pointlike and able to mediate hard momentum transfers.

Clu:\jﬂe any SUCht sc?narllfo. ist qd db fection Il considers the consequences of rejecting this pre-
any aspects of sefi-consistency are addressed by an € umption, that is, entertaining the possibility of a “fat gravi-

fective field theory formalism we will call soft graviton ef- fon.” We see that there is now a loophole in the CCP, but that
fective theory_(SGED. It blends together aspects of Wein- y,q macroscopic consequences of GR and the e(iuivalence
Eergs ana;l_ylss ?ff S?ft gtrhavnonocolttjplln;ﬁ] V\c/jltphsttamda(;d principle are necessarily preserved. Section IV discusses
cavy particle efiective eoﬂ'yl ].' IS hoped that the de- experimental/observational contraints and predictions fol-
velopment' of such an effective field theory description wil lowing from a fat graviton resolution of the CCP. In particu-
make the_ld_eas precise _enough to pursue more fundamenﬁglr, naturalness predicts a non-zero cosmological constant,
model building, say W'Fh'n string theory, or to identify and ow however set only by the graviton “size.” There is rather
pursue phenomenological implications. On the other han sharp prediction for where fat graviton modifications of

t_he more precise description of fat gravity may Iead_ to fals‘i'Nevvton’s law should appear, and the qualitative form they
fIC(,:'lt;(;n, either At?tyl exp)ter|mer1};51:(mea?s or bytﬁrov't’r:gt tnho_ take. In Section V, we begin construction of a soft graviton
go _eorr;ant]s. east we will know for sure then that the qra ctive theory which satisfies basic principles, captures the
ooris shut. N hysics of hard SM processes as well as soft graviton ex-
The discussion of the CCP in this paper suffers from S°m§hanges between SM matter, liges not extrapolate stan-
significant limitations. There are issues related to the CCR_.4 GR to short distancest i’s demonstrated that this ef-
which involve cosmolog!caI'Ume evolution. The d'scu_ss'onfective theory, capable of minimally capturing our present
here takes a rather static view Of the pr_oblem, focusing Oréxperimental regimes, does not give robust contributions to
SM quantum corrections. A key diagnostic tool for any New,, cosmological constant from heavy SM physics, thereby

mechanism for the C.CP Is to consider its behawor in Caseélarifying the fat-graviton loophole. Section VI provides con-
where there are multiplémetastablg vacua. It is certainly c]fusions

very interesting to pursue these considerations in the case 0
the present proposal, but the result is not yet conclusive and

a discussion is deferred for later presentation. There is unde- Il. ROBUSTNESS OF THE CCP
niably a new scale in gravity provided by the observed dark

energy density 2]. While in this paper it is related to the \nich gominate in standard effective field theory, and appear
size” of the fat graviton, this size is not predicted from ¢t rohyst, arise from Feynman diagrams such as Fig. 1,
other clonsldler_atlons bl“;t taken das mput. dlts constancy ovgfin sm matter loops and very soft graviton external lines.
cosmological times Is also not determined. Diagrams with different numbers of external gravitons cor-

_The proposition that the small vacuum energy density.oqn,n 1o different terms in the expansion of the cosmologi-
might translate by naturalness into a submillimeter scale fOEaI term about flat space

new gravitational physics was made in REE1] (although
the primary subject of Ref11] is a quite different approach
to the CCP. The idea that this new physics involves a sub- J—g=1+
millimeter breakdown in pointlike gravity5] has been fur- 2Mp,
ther discussed in the extra-dimensional proposal of [R&].

The layout of this paper is as follows. Section Il reana-Of course the tadpole term implies that flat space is destabi-

lyzes the robustness of the CCP in standard effective fiel§zed by a cosmological constant, but as long as it is small
the flat space diagrams still provide a convenient way to

expand the leading effects.

2The graviton could not literally be a composite of a Poincare Diagrams such as Fig. 1 mak@(A,/1672) contribu-
invariant quantum field theory, by the theorem of Réf. How-  tions to the effective cosmological constant, wh&gy, is
ever, the physical manifestations of compositeness are compatibf@ken to be a typical general coordinate invari@g®Cl) cut-
with the graviton, as string theory perfectly illustrates. off. For A yy=TeV, the contribution is many orders of mag-

FIG. 1. Typical SM quantum contributions I&.;{g,,]. Jagged
gﬁes are gravitons and smooth lines are SM particles.

The quantum contributions to the cosmological constant

h

h
= ludd
+ ..., gMV—’/]W-l-MPl. (2.1
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nitude larger than the observed cosmological constant and
the situation is highly unnatural. To search for the most ro-
bust contributions to the cosmological constant let us be
more optimistic about the sensitivity to the true nature of the
physics above a TeV which cuts off the diagrafpsrhaps
some type of stringinessA simple way to do this is to
calculate using dimensional regularization. However, this
still results in finite contributions to the vacuum energy from
known SM masses and interactions,

" FIG. 2. Typical contribution td ¢ involving SM as well as
;m“ , guantum gravity corrections.

an exact spacetime constant which adds to the theoretically

which are still so large that the CCP is not much diminisheddistinct and robust effects of E(.2). From this perspective,
Here, the first term is due to just the free particle zero-pointhere is not much difference between the implications of GCI
energies, while the second term is sensitive to SM couplingsand SCI, except that the ability in effective field theory to
Asm. These contributions of diagrams such as Fig. 1 seersimply add an arbitrary cosmological constant counterterm to
theoretically very robust. After all, the couplings of the any particular model is replaced by the ability to add the
graviton lines are being evaluated for soft momenta, preeffect of an arbitrary integration constant. The need to fine-
cisely where we are most confident about their couplings taune away quantum corrections from Eg.2) remains in-
SM matter given the experimental success of GR. We cafact, although with SCI this is done using the integration
therefore use Eq(2.1) to evaluate the diagrams with any constant. From now on we return to taking GCI as the sym-
number of graviton legs, the one with no legs being the simmetry protecting the massless graviton.

plest way to compute the cosmological constant contribution  There are also subleading contributiofisr A <M p;)

of course. The remainder of the calculation involves thegqom diagrams such as Fig. 2, with graviton lines in the

propagation and soft and hard quantum interactions of SMy,antum loops. These quantum gravity contributions to the
particles. Again, we have tested all this extensively in par-

: 6 2012 i
ticle physics experiments up to a TeV. Yet it is the purpose of osmological constant oD(A gy /(167" M) are still sig

this paper to look for loopholes in the apparent robustness orﬁf_'l_ca\l?t Jr?m the.pﬁt";]t of t\ae\tN of.naturfalntes(sit()jr AtUVd.
the contributions to the cosmological constant from known™_ eV) but one might hope that our imperfect understanding

SM physics. of quantum grayity makes these (_:ontributions a less robust
Let us digress here from the main thrust of this paper tProblem than diagrams such as Fig. 1. Further, they are cer-
briefly discuss another well-known approach to the ccpainly Planck suppressed, and |t. is consistent for us to first
which naively avoids the robustness of the contributions, Eqneglect these effects and tackle instead the leading quantum
(2.2). In this approach, GCl is replaced as the guardian symcorrections. In this paper, for simplicity we will neglect
metry of massless gravitons by special coordinate invariancguantum gravity corrections all together, deferring a treat-
(SCI) [13] (for a review see Ref[1]), consisting of only ment of this topic for later presentation.
coordinate transformations with unit Jacobian and metrics Let us return to consider the dominant contributions com-
with V—g=1. In this approach, the cosmological constanting from purely SM loops. When we allow general graviton
appears as an extra integration constant of (fieantum ~ momenta, Fig. 1 is a contribution to the gravitational effec-
equations of motion, rather than being dynamically detertive action,I'c¢{g,,], not just the cosmological constant.
mined. In this way the CCP becomes an issu@itial con- Let us ask, since the diagram is the cause of such concern,
ditions and does not relate to quantum corrections or, bywhy we bother to include its contribution 16.¢{g,,] at all.
naturalness, to any testable new gravitational physitéch A first response is that we are simply following the Feynman
would be a shame, but of course this is not an argumentules, but let us inquire more deeply what fundamental prin-
against the idea Even with SCI, however there is a formal ciples are at stake if we simply throw out these diagrams, but
(and quite possibly physically relevant in a more fundamennot the (well-tested loop diagrams contributing to SM pro-
tal description of gravity objective meaning to E¢2.2). It ~ cesses. Three principles stand out.
follows by thinking of allmgy, as having their origins as the (1) Unitarity: Fig. 1 unitarizes lower-order tree and loop
vacuum expectation values of some source external fieldprocesses of the form gravitors SM (+ gravitons. That
which may even vary somewhat in different parts of the uni-is, Fig. 1 has imaginary parts for general momenta following

verse. We can formally write from unitarity and these lower order processes. We have not
yet seen such processes experimentally. Furthermore, when
Mgm={x(X)). (2.3)  there are massive SM particles in the loops, the imaginary

parts only exist once the external graviton momenta are
Then Eq.(2.2) does contribute to dark energy, andyivaries  above the SM thresholds. These are momenta for which quite
in different parts of the universe so do these contributions. Irgenerally we have not probed gravigxcept that we know it
such a setting, the extra integration constant of SCI remains still so weak as to be invisible in experiments gravity is
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FIG. 4. A fat graviton can take a more global view of massive

FIG. 3. Soft gravitons coupled to loop correction to SM self- SM loop processes.
energy.

graviton only bound it to be smaller than 0.2mm, following
dfrom short-distance tests of Newton’s I1dwW]. Let us grant

radically modified below such SM thresholds then we woul : .
the graviton a size,

have to radically modify diagrams such as Fig. 1.
(Il GCI: There are diagrams wlthout imaginary parts in Corav=1/Agra, - (3.1)
any momentum regime, but which are required when we
include diagrams with imaginary parts so as to maintain th%uch a“
GCI Ward idgntities, _ultimately needed to protect th_eories Oflocality to SM loops, but rather with locality up 4, . In
masslesg spl'n—2 particles. Ngte however that thrpwmgatbut particular formgy> A 4.4, a fat graviton can couple to SM
SM contributions td"erf g, ] is a perfectly GCl thing to do.  |5ps globally, thereby evading reasil) for the robust-
(1) Locality: In standard effective field theory one also negs of the CCP. To see this, note that locality Ul §s,
has non-vacuum SM diagrams with soft gravitons attachedgorresponds to standard locality of SM loops when only
such as Fig. 3, where soft gravitons couple to, and therebyraviton wavelengths>¢,,,, are allowed. Of course, for
measure, loop corrections to a SM self-energy. We certainlyng,,> Agra, @nd graviton momente A 5, , diagrams such
do not want to throw this away since these contributions areis Fig. 1 can be expanded as a series in the external mo-
absolutely crucial in maintaining the precisely tested equivamenta, that is a set of local vertices in spacetime. A cartoon
lence of gravitational and inertial masses of SM particles anaf all this is given in Fig. 4.
their composites. Thus a theory with a fat graviton could distinguish be-
Now, when Figs. 3 and 1 are viewed as position spacéween Figs. 3 and 1, possibly suppressing Fig. 1 while re-
Feynman diagram@r better yet as first quantized sums overtaining Fig. 3 needed for the equivalence principle. It is at
particle historiesit is clear that they aréndistinguishable least conceivable.
locally in spacetimgonly globally can we make out their One naive obijection is that among the diagrams contrib-
topological difference. Locality of couplings of the point par- uting to the cosmological constant is the one with no gravi-
ticles in the diagrams does not allow us to contemplate¢on external legs, corresponding to the first term on the right-
throwing away Fig. 1 which we do not want, while retaining hand side of Eq(2.1), that is, pure SM vacuum energy. Since
Fig. 3 which we need. The gravitons cannot take a globathe graviton does not appear in the diagram the size of the
view of which diagram they are entering into before “decid- graviton appears irrelevant and incapable of suppressing the
ing” whether to couple or not. Thus our earlier argument forcontribution. However, physically the cosmological term is a
the robustness of the CCP hinges on locality. We can dissesklf-interaction of the graviton fiellefined about flat space
diagrams contributing td'¢{g,,] into small spacetime say. Once we trust pointlike diagrams we can use GCI to
windows, and all the ingredient windows are well tested inrelate all of them for soft gravitons to the diagrams with no
other physical processes, albeit in globally different waysgravitons and then it becomes a mathematical convenience to
We might contemplate dispensing with locality, but it seemscompute this latter class of diagrams. They do not have any
to be the only way we explicitly know to have point-particle direct physical significance except as a short-hand for the
dynamics in a relativistic quantum setting. However, seeadiagrams with gravitons interacting. If the diagrams with
Refs.[14] for an approach to the CCP with submillimeter graviton external lines are modified because gravitons are
non-locality, as well as Refd.11] and [15] for extremely fat, there is no meaning to the diagram with no external lines.
non-local approaches to the CCP. Indeed, notice that there is no physical consequence in an
effective lagrangian if in addition to a cosmological constant
multiplying —g, we add a pure constant term with no
Ill. ROOM FOR A FAT GRAVITON gravitational field attached. When we expand about flat space
the extra constant modifies the first term in EZ.1). This
shows that the cosmological term only has physical impor-
If some particles appearing in the Feynman diagrams artance as a graviton coupling, and the size of the graviton is
secretly extended states then the constraints of locality, anthost certainly relevant to how SM loops can induce it.
the consequent robustness of the CCP, are weakened. SinceLet us now return to the issug) of the need to unitarize
we have tested the pointlike nature of SM particles to veryprocesses, gravitons- SM states ¢ gravitons. We can
short distances, the only candidate for an extended state iBost easily deal with this by making a precise assumption
the graviton itself. Indeed, direct probes of the “size” of the for what is an intuitive property of fat objects. We assume

fat graviton” does not have to couple with pointlike

A. Basic notions
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that hard momentum transfersA g, via gravitational in-
teractions are essentially forbidden, that is they are extremely
highly suppressed even beyond the usual Planck suppres- x\ﬂ/\ﬂ
sions of gravitational interactions. In particular fomgy,
> Agrap » gravitons—SM states ¢ gravitons is suppressed,
and the related unitarizing SM loop contributions, as well as
GCl-related diagrams, are not required.
Throwing out all massive SM loop contributions to

[ed9,.] is entirely consistent with the GCI of the soft
graviton effective field theory below g5, -

B. Naturalness of the equivalence principle FIG. 5. A QED loop contribution td’¢fg,,]. Wavy lines are

While we have seen that the general consideratips ~ Photons and solid lines are electrons.
[II') for the robustness of massive SM loop contributions to i )
the cosmological constant, and indeed the whole offfguments fo.r th_elr 'robustness from Iocallt.y now apply. A
T'e1f[0,.,], are evaded by a fat graviton in principle, one canfurther compllca_tlon is that t_he soft SM patrticles can couple
ask whether it requires fine-tunings even more terrible thafi® nard or massive SM particles.
the original CCP in order to understand why the fat graviton €t Us consider a concrete example from QED coupled to
manages to couple to self-energies of SM states in the pr&0ft gravitons, Fig. 5. We cannot throw away this whole con-
cise way to maintain the equivalence between gravitationdfiPution to the gravity effective action because even for soft
and inertial mass. After all, these self-energies, for exampl@raviton external lines there are imaginary parts which uni-
the mass of a proton or of hydrogen, are determined b)t,anze soft gravitons— soft photons processe.(and their
short-distance physicss €45, , Which unlike a pointlike reversg, as well as soft photon-photon scatter_mg_due to the
graviton, a fat graviton cannot probe. In fact we shall see tha!€ctron loop. On the other hand if we keep this diagram, we
there is really no option but that soft fat gravitons couple98t & contribution to the cosmological constant set by the
according to the dictates of the equivalence principle. Thé!€ctron mass, which is too big. The way too disentangle the
only miracle is that the fat graviton has a mode which ighard and soft SM contributions is to simply do eﬁ?ctlv? field
massless with spin 2 and couples somehow to matter. THEEOTY belowA .5, <me, where the soft photons “see” the
only way for soft massless spin-2 particles to consistenthf€Ctron loop as a local vertex, Fig. 6, the leading behavior
couple is under the protection of GC16], which in turn  P€ing of the rough form
leads to the equivalence principle macroscopically. The en-
ergy and momentum of SM states are macroscopic features
which the fat graviton could imaginably couple to. They are
determined microscopically but are measurable macroscopi-
cally, just as one can measure the mass density of a chunk 6f , being the electromagnetic field strength. Thus we re-
lead macroscopically, even though this density has its origingover all the same soft graviton and photon imaginary parts
in and is sensitive to microscopic physics. In fact in Sectionof Fig. 5 with the diagram of Fig. 7, but now the contribution
5 we will show how the leading couplings of gravity to SM to the cosmological constant vanishes when we compute
masses and interaction energies can be recovered as a ceyith dimensional regularization, since there is no mass scale
sequence only of GCI below g,,,, forced on us once we in the propagators of the diagram itself, only in the overall
accept that our fat object contains an interacting masslessefficient.
spin-2 mode. Thus a more precise statement is that with fat gravitons,
massive SM ng> A 4,4,) and hard light SM pieces of loop
C. Soft and hard SM effects contributions tol'¢¢{ g,,] may consistently be suppressed

Until now, we have been careless of the complication thaiNhIIe soft light SM contributions are not. “Consistent” re-
the SM contains particles which can be lighter thgg),, ,
such as the photon, as well as particles which are heavier.
Even with the fat graviton we cannot throw away loops of
these lighter SM fields contributing 10,14 g,,, ] because the
soft components of these fields are part of a standard effec-
tive field theory, including GR below y,, (that is, the ef-
fective theory known to the aliepsSoft gravitons can there-
fore scatter into soft electromagnetic radiation, so there are
unitarity-required loops in the gravitational effective action.
Indeed, we know that soft massless SM loops are not local
on the scalé\ y,, , that is such loops are not expandable as
local vertices for soft graviton momenta. Therefore, even a FIG. 6. Local effective light-by-light scattering vertex for soft
fat graviton cannot couple globally to such loops and thephotons.

F4
Lot aom—, (3.2
m

e
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% Force

~ 1/r2 tail

Lgrar r
FIG. 8. The qualitative short-distance modification of Newton’s
FIG. 7. An effective diagram with the same long distance physHaw due to a fat graviton of sizéy,, .
ics as Fig. 5.

o _ o known fat graviton theory, but the qualitative behavior fol-
fers to the principles we have discussed before, unitarity angbws from the essential feature of the fat graviton as unable
GCl relations in the regime we trust GR as an effective fieldig mediate momentum transfers harder thay),, . In posi-

theory now, namely<A,,, and locality down tofy.,,.  tion space this implies Fig. 8, with the gravitational force
There are no robust contributions to the cosmological conpeing suppressed at distances belbyy,, . Of course this
stant from mass scales abogs, - would be a striking signal to observe in submillimeter tests
of gravity. It sharply contrasts with the rapid short distance
D. The cosmological constant in fat gravity enhancement expected in theories withly) large extra di-

mensions for gravity4]. Indeed there is no natural wain

the absence of supersymmefr7]) to have such suppres-
sion within standard pointlike effective field theory. Present
bounds from such tesf{§] demonstrate that, ,,<0.2mm,

so there is a fairly narrow regime to be explored in order to
Sule in or rule out a fat graviton approach to the CCP.

Below A 4,4, , We have a standard effective field theory of
GR coupled to SM light states. Hera] these states behave
in a pointlike manner. At the edge of this effective theory
there areA y,,-mass vibrational excitations of the fat gravi-
ton, since in relativistic theory an extended object cannot b
rigid. At least in this standard effective field theory regime
the quantum contributions to the cosmological constant
should follow by the usual power counting, that is V. SOFT GRAVITON EEEECTIVE THEORY
~O(A3,avll67r2). The details however depend on the de-
tails of the fat graviton. Thus in a fat graviton theory natu-
ralness implies that the lower bound on the full cosmological Can the graviton really be fat when SM matter is point-
constant is~ O(Agravll&rz). like? Of course the only way to confidently answer in the

affirmative is to build a consistent fundamental theory of this
IV. EXPERIMENTAL /OBSERVATIONAL CONSTRAINTS /  type. It is presently not known how to do this, say within
PREDICTIONS string theory, the only known fundamental theory of any type

of quantum gravity, wheré g, ,, = € syring. One might worry

When we apply the above naturalness bound for a faghat there is some sort of theorem anwering in the negative,
graviton to the observed dark ener®;3], we can derive @ that in a regime of pointlike matter the graviton must be

A. Basic notions

bound on the graviton size, pointlike too. Such a theorem would have to show that our
macroscopic tests of GR and microscopic tests of SM quan-
Cgrap=>20 um. (4. tum field theory imply robustpointlike) features of micro-

scopic gravity. The best way to argue against such a theorem
Of course since the naturalness bound involved an order d§ to construct a consistent effective field theory description
magnitude estimate for the fat graviton quantum correctionsvhich encapsulates precisely the present asymmetric experi-
to the cosmological constant, the bound Qp,, is not an  mental regimes for gravity and matter, but which does not
exact prediction. However, it is a reasonably sharp predictiomommit itself to the details of microscopic gravity such as
because much of the uncertainty is suppressed upon takinghether the graviton is pointlike. In particular, it would not
the requisite fourth root of the dark energy. If we can experi-suffer the usual CCP. We now turn to such a construction,
mentally excludef y.,, being in this regime we can falsify generalizing the methods of heavy particle effective theory
the idea that the fat graviton ipart of) the solution to the [10]. Our discussion is closely related to the analysis of soft
CCP. graviton couplings in Ref{9]. Earlier discussions of heavy

How can we probe y,,? This is the finite range of the particle effective theory applied to GR appear in R¢is]

vibrational excitations of the fat graviton. They can thereforeand[5].
mediate deviations from Newton’s law at or beldly,y, . SGET is constructed from the fat graviton’s “point of
The precise details of the deviations are sensitive to the undew.” While the fat graviton can itself only mediate soft
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momentum transfers, it can “witness” and couple to hardThe fact that the 4-velocity is formally unaffected by grav-
momentum transfers taking place within the SM sector. Théty means that it is just an unchanging label for the field,
momentum of a freely propagating SM particle can be exwhile the Fourier components ab,(x) correspond to the

pressed in terms of its 4-velocity, “residual” momentum,k,, <A y,, , that alone can fluctuate
) with gravity interactions. However the split of E(5.2) has
Pu=mv,, v°=1, vo=1. (5.1 an inherent redundancy formalized in terms of a symmetry

. . . . known as reparametrization invarian@®Pl) [19]:
Interactions with fat gravitons can change this momentum

but by less than\ 4, , v—v+ v,
pﬂ=mvﬂ+k,¢, |ky|<Agrav- (5.2 k—k—mbdv, (5.9

The basic idea of the effective theory is to integrate out allwhere sv is an infinitesimal change in velocityjv -v =0.
components of the SM field which are not of this form, thatObviously this transformation results in the same physical
is far off shell. The result is all that the fat graviton can momenturmp and therefore the effective theory must identify
“see” and couple to. In this regime, many SM loop effects the pairs ¢,k) and @ + v, k—mév).

which used to appear non-local in spacetime will appear lo- Let us begin in flat space, without gravity. In terms of the
cal to the fat graviton. When coupling to gravity we will effective field, RPI requires the identification

consider integrated out all massive vibrational excitations of ,

the fat graviton, leaving only the soft massless graviton By (X) €M Xp 5 (X). (5.9
mode. We know that GCI is a necessary feature for basic , i . )
consistency of the couplings of gravitons softer theg,, The simplest way to implement this is to treat this RPI as a
[16]. The IR use of GCI will be enough to recapture the 93Uge symmetry and ensure that the effective Lagrangian

standard macroscopic tests of GR. Integrating out only SMS invariant under it. One must Fhen be careful _to choos_e only
fields which are far off shell will not eliminate hard but on- 9N€ element of any “gauge orbit” when extracting physics. It

shell SM particles, and therefore when properly matched, this straightforward to see that a covariant derivative given by
effective theory should reproduce the high enesggatrix of

the SM as well. That is, the effective theory must reproduce

what we have seen of nature, hard matter coupled to SOff required in order to build RPI effective Lagrangians. For

gravity. L __an isolated SM particle we need only consider quadratic
A very important distinction should be made. One might 54rangians. Using the fewest derivatiesrresponding to

con5|d9r for e>.<ample a proton, prqpagatmg along, interacting, . ra\vest powers df, /m< A, /m) we have

only with gravity. In the effective field theory, we must treat

the proton as an elementary particle, not a composite of far 1 m
off-shell quarks and gluons. All these off-shell particles are Logt= ﬁIDquUIZ— E(ﬁ;rd)v
integrated out but the elementary proton is integrated “in” to

match the usual SM physics. Intuitively, the fat graviton can-

not distinguish the substructure of the proton. In this manner, = d,;r
there will be many more “elementary” fields in the effective

field theory than in the usual SM quantum field theory. . . ,
In this paper a simplified problem is considered, Wherewhere we integrated by parts to get the last line. In the first

the SM is replaced by a toy model consisting of a single!['”e weT(r:]hose a l;I)amleJfl.a_r l'?e.ar. cotmblnatlon ?f tWIO RPI
massive real scalar fields, with A ¢* coupling. The scalar erms. The overall coeflicient IS Just a conventional wave

has its own “hierarchy” fine-tuning problem, but we will functtlon r?'norr?r?llza:llon', bIUt the relat|v$tﬁo$fz;$lent 'S chot—
ignore this irrelevant issue here. The central limitation is not" '© 5@ isfy the physical requirement that the propagator

the restriction to spin (non-zero spin is tedious but straight- ave a pole 'ak:O, given the mterpr'etatlon of E@'z)'
forward), but rather the absence of light SM particles. we Formally, inthe derlyatl\{rg expansiok/(n expansionthe
will rectify this omission elsewhere. We will refer to the domlnaTnt term inLes IS ¢,iv-dé,, while the subleading
renormalizable toy model as the “SM” or “fundamental t€rm.,(d°/2m)¢, can be treated perturbatively, thatis, as a
theory” for the remainder of this section, hopefully without higher derivative “interaction” vertex. The effective propa-
causing confusion. We will also defer here the consideratioator is then given by
of soft graviton quantum corrections, where soft graviton

lines carry loop momenta. Again this will be presented else-

where. k-v+ie’

D,=d,+timv, (5.5

52
iv- 9+ ﬁ} by, (5.6

(5.7

This treatment will suffice for most of the examples given
below. An important property of the effective propagator is
To begin, let us consider a state consisting of a singlehat it contains a single pole, rather than the two poles at
massive¢ particle. We describe it with an effective field positive and negative energy of a standard field theory propa-
¢,(x) which respects the split of momentum in E§.2).  gator. The reason is simple to understand. Given (ivaen

B. Single heavy particle effective theory
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gravity is finally included the maximum residual momentum Thus the combinatio® ,=(J,+imv ,) here is forced on us
kis <Aga,,» €ven though the sign ¢, is not fixed the sign by both GCI and RPI. The leading GCI and RPI effective
of the total energy is clearly positive. Fat gravitons cannot Lagrangian is then given by

impart the momentum transfers needed to go near the usual

negative energy pole. Without negative total energies the ef- gr’ m

fective field is necessarily complex, as indicated, gndis eff™ \/_91%DM¢$DV¢U_ §¢I¢v]' (5.12
purely a creation operator whil¢l is purely a destruction

operator. Such a split would look non-local in a fundamentalrg |eading order in the expansionskfm andm/Mp,, this
quantum field theory, but not in the SGET “seen” by the fat yje|ds

graviton.
Sometimes one studies processes where componehts of m
orthogonal tov are larger thark.v, such that one cannot Leti= ¢I(iv~o7— oM vﬂvyh’”] by, (5.13
PI

treatd);r((?z/Zm) ¢, perturbatively. It would seem then that if
one uses all of Eq(5.6) to determine the propagator one
would find two poles again. However, in these circumstance

2
one only needs to resum tl@év/zm part of theg”/2m term Note that in our derivation of this equivalence we did not

H 2 H 2
in the propagator. The othemw (9)°/2m piece of 9°/2m .16 ise of the existence of standard GR at short distances,

would then be _of even h_igher order and gould still be treateqeven though short distance physics may well contribute in
as a perturbtation. In this way the resulting propagator, complicated ways to the mass of the SM state.

Let us now ask what robust loop contribution the effective
’ (5.9 theory makes to the cosmological constant. Since the effec-
k-v+ kfv/2m+ ie tive theory does have GCI we can just calculate the pure SM
vacuum energy with no graviton external legs. Apparently
again has a single pole. We will see such an example in whahis requires us to interpret the expression,
follows.
Let us now couple soft gravity t@.¢;. Interactions for . _
soft massless spin-2 modes of the fat graviton only make f d’k In(k-v+ie). (5.14
sense if protected by GCI, so our effective theory must be

exactly GCI. The only assumption is that there is a sensiblgote that there is no physical SM mass scale in this expres-
theory of a fat object with a massless spin-2 mode couplingiony 5o there is no robust contribution from known physics
to matter. To determine the possible couplings we must firsfare at all even though the effective theory does reproduce
determine the spacetime transformation propertie$,¢k).  the coupling of massive SM particles to gravity. We can sim-
Naively, one would guess that since the particle has spin 0, i}y set the above expression to zero. This can be thought of
flat spaceg,(x) is a scalar field of Poincatavariance, and a5 normal ordering. The reason for having no robust contri-
becomes a GCI scalar field once we turn on gravity. Howytion to the cosmological constant is because the effective
ever the first presumption is incorrect. To see this consider gheory of the soft gravitons does not know whether the gravi-
flat space Poincargansformation defined by ton is fat or not, or indeed whether the heavy matter is highly
Y composite, say the Eartlif the gravitons are very softor
X ASXT+ak, (5.9 solitgnic like ayO-brane ilglﬁstringgtheory. All theseypogsibilites
lead to and effective theory of the same form. The effective
theory cannot commit tgeven the rough size pfa cosmo-

which reproduces the standard equivalence of gravitational
3nd inertial mass.

Restricting to arinfinitesimaltransformation of this type we

hav . MR . . . .
ave logical constant contribution without knowing the differenti-
b,(X)— b r,(AX+a) ating physics which lies beyond itself.
v U
=bv+a(AX+a) C. Effective theory with SM interactions
=e MM+ g (Ax+a), (5.10 Let us now consider how to generalize the effective

theory for processes involving several interacting SM par-

where in the second line we have used the fact that for aficles coupled to soft gravitons. The SGET general form can
infinitesimal Lorentz transformation we can always wiite  pe compactly expressed,

in the formv + dv wherev - v =0, and in the last line we
have used the RPI equivalence relation, &). This is not Kyyr (D, /M)
. .. . Vv M T T

the transformation property of a Poincasealar field. But Lep=V-0 2 i) —a P by Puy
clearlye'™ *¢, (x) is a Poincarescalar. When we couple to v’ M ! N
gravity, it is this combination that remains a scalar field.

A generally covariant derivative of the scalar is easy to
form,

X¢UNeXdim(Ev—Zv')-X]' (513

_ _ where there are dimensionless coefficierts: which in
a,[eM™ X, (x)]=eM"*(d,+imv,)¢,(x). (5.11)  general can contain GCI and RPI derivatives acting on any
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P,

FIG. 9. Two-particle tree-level scattering. Arrows indicate in-
coming and outgoing nearly on-shell external states.

p2 FIG. 10. A three-particle scattering diagram in the fundamental
theory.

1. Tree-level matching

Let us follow the general procedure outlined above and
first shut off gravity and work in flat space. Consider the tree
Mlevel diagram for 2-2 scattering in the fundamental theory,

Fig. 9, where the external momenta are nearly on shell. We
MNcan then express these external momenta in the form of Eq.

of the effective fields, contracted with the inverse metric
g#”. Of course the non-trivial parts of such derivatives co
respond to residual momentg,balanced by powers of .

Therefore they are relevant for subleading effects i

Agray /M. o _ (5.2), where we choose the label-conserving gauge,
The general procedure for specifying ttleading termg
of the SGET is to match the effective theory to the funda- vitv,=v]+05. (5.16

mental SM in the absence of gravity, and then to covariantize

minimally with respect to(soft) gravity. The matched corr- This amplitude is then straightforwardly matched by includ-
elators are those with nearly on-shell external lines, Eqing a 2—2 effective vertex,

(5.2). This will reproduce the soft graviton amplitudes of the

fundamental SM directly coupled to gravity in the standard Ny

way, but now without any reference to pointlike graviton Let> W‘ﬁvid’”é P, Po,y (5.17
couplings. Therefore it is compatible with a having a fat

graviton whose massless mode is protected only by an infrarpg 17412 factor arises only due to the different normaliza-

red GCI. Note that the hard SM momentum transfers are t§ons of the interpolating fields between the fundamental and
be described in the effective theory by—v; , thatis by a  effective theories.

change of labels. Changes in effective field momenta, that is Next, consider the 33 process in the fundamental
residual momenta, are necessarily soft. This is how a fatheory, Fig. 10. Again, the external lines are nearly on shell,
graviton sees SM processes, the hard momentum transfess we can express them as

are a given feature of such processes which the fat graviton

cannot influence. See R420] for an effective field theory pi=muv;+k;, p/=mv/+k{, i=123, (5.18

formalism exhibiting similar dynamical label changing in the

context of non-relativistic QCD. with label conservation. The internal line has momentum,
It is unusual to see explicik dependence ireffective

Lagrangians such as appears in the phase factor. Here it is Pine=M(v1+vo—v1) +Ki+ka—Ky. (5.19

required by overall momentum conservation, rather than
conservation of residual momenta. More formally, it is re-Generically in such hard SM collisions, in the limit
quired by RPI, as well as GGrecalling that it isg,e™ > Agray/m<1, the internal lines will be far off shell and to
which is a scalar of GGl It is possible, and perhaps prettier, '€ading order we can drop thes,
to partially gauge fix the RPI, by reparametrizifgs can
always be donesuch thav =3Xv’, so that the phase factor
—1 without compromising GCI. We will call this the “label-
conserving gauge.” However, when loops are considered wi
will find it convenient(but not necessayyto depart infini-
tesimally from this gauge fixing and consider an infinitesimal
phase.

Below, we will work to leading order about the limits

Vi
- . . Vv v,
Mp;, M, Agray—%°, Agra,/M<1, with m/Mp, fixed. This
formal limit simplifies the effective theory. It is similar to
doing standard effective field theory calculations, including /\\g\
matching, without an explicit cutoff, even though physically

one imagines new physics cutting off the effective theory at FIG. 11. Effective vertex obtained by integrating out the far
a finite scale. off-shell internal line in Fig. 10.

Pint=M(v1+v,—0v1). (5.20

e can then match the fundamental diagram with an effec-
ive vertex, Fig. 11, given by

Vi

044014-9



RAMAN SUNDRUM PHYSICAL REVIEW D 69, 044014 (2004

)\2
8m5[(vl+vg—vi)2— 1]

bbb by b
1 2 3
(5.21)

Notice that what was a fundamentally non-local exchange
requiring an off-shell internal line in the fundamental theory,
that is with non-analytic dependence on the external total
momenta, is replaced in the effective vertex by a local inter-
action with a non-analytic dependence only on the labels,
v,v’. Physically, this is because the process is fundamentally
non-local, but is local down toAg,,<m, that is local
“enough” for a fat graviton.
If we had worked to higher order in g5, /m, matching
would have resulted in higher derivative effective vertices,
corresponding to having retained higher powerskbh in
expanding 1/65,,—m?) for smallk<A g4, .
For processes of the form of Fig. 10, there are also excep-
tional situations which result ip;,, being nearly on shell. FIG. 12. A soft graviton+ hard SM diagram in the effective
These arise when one considers experiméirtsposition  theory.
space where the interaction region for wave packets of par-
ticles 1 and 2 is greatly displaced from the trajectory of the More general tree level amplitudes are generally matched
wave packet for particle 3, compared with the size of theby a combination of the two procedures illustrated above,
wave packets. Thus the three-particle scattering is dominatedtroducing new effective vertices and connecting effective

Lt

by a sequence of two-particle scatterings, vertices with effective propagators. Tree-level unitarity in the
effective theory arises from the imaginary parts of ampli-
P1+P2—P1+ Pint tudes due to thée prescription when internal lines go on
shell, precisely matching the fundamental theory.
Ps+ Pint— P2+ P3, (5.22 There is a situation one can imagine for finitgy,,

where we carefully tune the external momenta on Fig. 10 so
where all momenta are nearly on shell. In these exceptionahat the internal line is intermediate between the twmre
cases we can expreps,,=mvj,,+ Kin; With label conserva- generig situations we have considered of being far off shell

tion: or nearly on shell, that is, the internal line is of ordeg;,,
off shell. In that case our simple procedure does not always
v1tvo=v1+Vine, allow the fundamental graph to be matched by a local effec-
tive vertex or an effective theory graph. It appears that there
U3t Uin=vst U3 (5.23 is a more complicated scheme for matching even these cases

within SGET, and that they pose a technical rather than con-
In the limits we are considering, the fundamental internalceptual challenge. We will study these cases elsewhere.
propagator then approaches the effective propagator, Eg.

(5.7), up to the convention-dependent field normalization, 2. Coupling the effective matter theory to soft gravity
Coupling the vertices ofq¢; to gravity is very simple.
1 1 1 For example, the minimal covariantization of E&.21) is
P2 —mPtie 2M Ko vimt K2 /2m+ie given by multiplying by\—g. If we had worked to higher
order in the derivative expansion we would have to also co-
1 1 variantize these derivatives with respect to GCI and contract

(5.24  them usingg””.
We can now use the GCI effective theory to compute hard
M processes coupled to soft gravitons, such as say Fig. 12.
he results automatically match with the leading behavior of
the analogous diagrams if we coupled soft gravitons directly
to the fundamental theory in the usual way. There is no extra
tuning of couplings needed to recover standard gravitational
results beyond imposing infrared GCIl. The dominant cou-
[os Ld)’r o b b+ LQST d)‘r b, plings of soft gravitons therefore do not distinguish whether
eI a2 T vi vine T2 T g2 P Pug YusPoing (a) the graviton is fat and GCl is only a guiding symmetry of
(5.25  the couplings in the far infrared, db) the gravitons are
pointlike and GCI governs their couplings to the fundamen-
and the effective propagator, E.7), for the internal line.  tal theory in the standard way usually assumed.

T 2m Kint* vingtie’

Thus the exceptional fundamental diagram of the form o
Fig. 10 is matched by an effective diagram of the same form
but where we use the effective 4-point vertices matched ea
lier,
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FIG. 13. A simple loop diagram of the fundamental SM theory V2 V;
with nearly on-shell external lines.
FIG. 14. The form of a one-loop correction to the four-point

3. Matching loops effective vertex.

Here, we will match the simplest fundamental non-trivial Herm|t|C|ty of the effective Lagrangian requires that the cou
| Fig. 1 flat It illustrates th ti | i
oop diagram, Fig. 13, in flat space. It llustrates the essen |a ng '¢yng(v,v’) be real, but by unitarity in the fundamen-

new complication that loops bring in the presence of
P P 9 b atal theory or direct calculation we know thgt,,4(v,v") has

gauge’ symmetry like RPI, namely the need to gauge fix an imaginary part corresponding to the region of integration

and determine the right integration measure. We will first here the int | ‘ hell. Of
consider the case where the incoming momenta are far aw A ere the internal propagators are on, she course we are
ee to replacd ¢, hq(v,v')—Rel'(v,v') in Eq. (5.27), but

from the two-particle threshold. We can decompose the mo-

menta as usual, then the imaginary piece must be matched from another
source.
pi=mu;+ki, p/=mv/+k, (5.26) Obviously, in the effective theory there is also a diagram

of the form of Fig. 13, but where the vertices and propaga-
with label conservation. Denote the loop amplitude bytors are replaced by effective vertices, Eg17), and propa-
Ciuna(psp’)- There is a general result for Feynman diagramggators, Eq(5.7). There are two internal momenta now,
[21], which is straightforward to explicitly check in this ex-

ample, thaf ;.4 is locally analytic in the external momenta Pint=Mvin¢t Kint,
except when near a threshold, which we assumed above is ,
not the case. That i§);,,q(Mv +k,mv’ +k’) is analytic ink Pint= M0 ne+ Kine s (5.28

!
andk’ and has a series expansion. Naively, we might try tq so naively the loop momentum integration measure has the
match the whole diagram in the effective theory by Fourier, orm

transforming this series expansion into local operators in the
effective theory. However, we cannot do this as it violates
hermiticity of the effective lagrangian and ultimately unitar- f d4k|ntf d*kipe 8 (MOjnetKing
ity. To see this focus on the leading term in the expansion "”" vin

and how it would appear as an effective vertex, depicted in
Fig. 14, consider, i b +mMuin ki = P1—P2). (5.29

( ) This is ill defined, there are too many sums going on because
f qlv,v . _ . . .
Lo3 2 un ¢ ¢ bo Do (527 Wweare _muIt|pIe counting combinations,K) that should be

o indentified by RPI. That is the correct measure has the form

53 [ k.mfd i

Vint v

S (MW + Kine+ Mo+ Kl — p1—p2), (5.30

where the denominator means to identify RPI related combiany case would not be a disaster if properly treptédthis
nations. Our job is to do this by gauge fixing RPI, so that weframe we will gauge fix

are summing just one representative of each RPI equivalence

class. This is the central subtlety in computing with the ef- Kint= k,’nt 0, (5.3)
fective theory at loop level.

We will fix the following gauge. The total incoming mo- that is, onlykp,, .k/}#0. It is obvious that any nearly on-
mentump; + p, is necessarily timelike. We will define our shell momenta like those in the internal lines of effective
coordinates in its rest frame for convenience, not because thibeory diagrams,pi,,pin;, can be decomposed in this
gauge fixing breaks manifest relativistic invariarfedich in ~ gauge,
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. _i)\2m3j dg&‘“tfdko
' SGETloop (277_)4 (UPm)z Imk?m-f—ie

= 1
vo=V1+02, (5.36

X 0 0 —.
Etor—2Mujn—Kin tie

<y
Il
3o

Ko=Po—Mvo. (532 e kY., integral is finite and done by contour integration,
Thus, an internal line is now specified by four real numbers A2m2 d3 : 1
- n
Ko,v rather than sevenk,,v, :v?=1. This is the right I'sceTioos™ 3f 02 0 .
counting. We can get the correct RPI measure of integration 2(2m)*) " (Vin)” Vini~ Ero/2M+ie
for the internal momenta, by noting that obviougly*p;,, is (5.37

a RPI measure, since the,k) split has not been made.

Using Eq.(5.32 then leads to the RPI measure Now, the remaininguv;,; integral representation of

I'sceTioopis logarithmically divergent just like the familiar
I'tung- However, it is straightforward to see that the imagi-
m3 J' 430, f di®,.. (5.33  hary parts, related by unitarity to tree-level two-particle scat-
tering, are finite and agre@p to the usual difference in
normalization of statgs
Thus the effective theory version of Fig. 13 is given by
IM Tiyng=IM Tsgerioofdm’

> d4kintf d*kipq )\Zf d%0

iNZ Vit )

S8(vini— Eor2M).

int - 2 042
I'sgETIoog™ (2m)° RPI 167 (20jny) .
X int T Kine T Mo+ K — pr— . . . .
SH(Mini+ King+ Moj+Kin = P1—P2) This of course just corresponds to integrating over the phase
1 1 space for on-shell 2-particle intermediate states. Thus the
K - — imaginary parts are matched between the effective and fun-
int Vint T 1€ Ko -vip +ie damental theories.

It is the real parts which diverge. In both cases the inte-
ix2m® grals converge in a (4 6)-dimensional spacetime, that is
= 2 f d35imf dkiontf d35i'm with dimensional regularization. The important point is that

(2m) not just Rel'¢,q, discussed above, but also RegeTio0piS
a local analytic functions of the external momentum. The
% f dk'2, S3(Mu g+ Mo/ — P1—Ps) IatteE is easily seen by deformation of the integration contour
for |vin| to avoid theE,,,/2m pole, as long a&;,/2m>1 as
X S(mul +mo’ S Ak k2 —pl—pd) we assumedthat is we are above the two-particle threshold
Therefore I'sgetioop IS locally analytic in  Ey
" 1 1 (5.34 = \/(mvlJ_r ki+mu,+ky,)?, that is, analytic in the; . Thus
0.0 i 0 40 it ' we can introduce a local and Hermitian effective vertex
kintvint"_“E k int"V int 1€

given by 4n’Re I, q— Re I'sgeTioop Of the form of Fig.

. . . .14 to match the real parts, thereby completing the matching
Note that the two tree effective vertices here do not Sat'ngyprocedure

label conservation. This is because with our present gauge ot coyrse we can also reverse our starting assumption and
fixing it would be inconsistent to also insist on a label- reconsider matching if we chogg + p, to be nearly at the
conserving gauge. Therefore we relax the latter requ'remenﬁmo-particle threshold. In that case, we can decompose all

which in any case has o_nIy a cosmetic va_lue. the external particles of Fig. 13 to have a common 4-velocity
We will work to leading (zeroth order in theexternal

label,
residual momenta, so that we can simply take mv;,p/
=mv; . In our choice of frame we then have pi=mv+ki, p/=mv+k/ . (5.39
51+ ;220, The problem now is that even the real part of the diagram

can be non-analytic in thk; and therefore cannot be cap-
tured by a local effective vertex, but must emerge from an

. 0__0 . . . . . .
Etot/2=0v1=05. (5.35 effective diagram of the form of Fig. 13 just as the imaginary
part must. But in just this near-threshold case, this proves to
Substituting this in and integrating thefunctions gives, be possible. This situation corresponds to a rather standard
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case in heavy particle effective theory. For example, see Ref.

[22]. Nevertheless, we will verify below that things work.
By a standard calculation we have

iN?

(P1+P2—Pin)*—M?+i€

)\2
——V1-4m?/(p,+p,)?
1672

V1—4m2/(p;+p,)2+1
XIn
V1—4m?/(p+p,)2—1

+ const.,

(5.40

where the constant term contains the usual divergence.

Matching the constant term is trivial so we will focus on the
term non-analytic in the external momenta. We will work to
leading non-trivial order irk; /m,

(p1+ p2)2=4m2+ va . (k1+ k2)+(kl+ k2)2

%4m2+ 2mu (kl+ k2)

(5.41)

Substituting intol ¢, and working to leading order yields

(k1+ kz)'v

iN?

167 (5.42

[tund® 752

Because we are near threshold this is not analytic in even the
residual momenta. This allows it to have the behavior re-

quired by unitarity, imaginary above threshold, ¢k,) - v
>0, but real below, K; +k,)-v<0.

PHSICAL REVIEW D 69, 044014 (2004

-0, (5.44)

where in the second line we have done the finite
Jd(kjni-v) by contour integration. We see a cubic diver-
gence. Formally, this corresponds to é&{m/(k,;+k,)-v)
effect. However, in dimensional regularizatigid®k;,,, , 1

=0. Therefore we must work to higher order inmLby
keeping the dominant subleading terms in the propagators, as
in Eq. (5.8),

Focerans oo [ o :
SGETIoos™ 4 ™ Kine v+ K2, f2mtie
1
X 2 i
(ky+ ko= King) -0 + (ky T ko= kin) 2, 12m+i e
(277 IntLu
1
X 2 -
(k1+kz_kint)’v+kinu_v/m+l6

im2\2
T 4x

(k1+ kz).v
\/ m ’

where in the second line we have again done the finite
Jd(ki,-v) by contour integration and kept only the leading
terms in K;+k,)/m, and in the last line we have evaluated
the linearly divergentf dk;,,, , using dimensional regular-
ization. As can be seen, this precisely matches the non-
analytic terms inl's,,q (taking into account the different
state normalization as usual

(5.495

D. The cosmological constant in SGET

Let us finally consider what robust contributions to the
infrared cosmological constant emerge within SGET. Be-

We now compute the analogous loop diagram in SGET ofause of the procedure for obtaining the SGET firgt
the form of Fig. 13. Again we must gauge fix. The simplestmatching to the fundamental flat space theang thenco-

procedure is to write

mo +k{ (5.43

plnt mo + kmt ’ pmt

int
with the samefixed velocity as the external lines. Thus the
RPI integration measure is obvioufd*p;n,=fd*ki,. Let
us first try to work strictly to leading order in them/expan-
sion. After integrating the momentum-conserviagfunc-
tions we have

f d*k

1
Xk ko—K

in2
(2m)*

1

F = . _—
SGETloop int kim~v+le

int)-vtie

~ [ ki1

)\2
(27r)3 (ky+ kz

variantizing with respect to gravity, there is no cosmological
constant term in the effective Lagrangian, E§.15. Of
course we could simply add one, but there is no robust rea-
son to do so except quantum naturalness. Therefore let us
consider loop contributions to the infrared cosmological con-
stant within SGET. We can make use of the GCI enjoyed by
SGET to simply compute the pure vacuum diagrams in the
complete absence of graviton lines, that is, the coefficient of
the “1” term in the expansion of/—g.

Let us consider some typical diagrams. We have already
discussed the non-interacting diagram of Fig. 15 in the pre-
vious section and explained why it must be set to zero. Fig-
ure 16 is an example of a vacuum diagram involving propa-
gators from a vertex to itself, which apparently requires us to
make sense of expressions such as

Efd“k

R

(5.49

k-v+ie’
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FIG. 15. Free particle vacuum energy diagram in SGET.
However, as was the case in Fig. 15, there is a physical
reason why we must take the diagram to vanish. The reason
is that Fig. 16 requires a vertex of the fou ¢, ¢Zl¢lz,

obtained by matchm_g n S|tuat|qns where t_here IS _only a ‘Q’_Oft FIG. 17. A vacuum diagram in SGET which survives normal
momentum transfer in two-particle scattering. As in the dis- ; :

. . . > ordering, but not evaluation.
cussion of Fig. 15, under these circumstances the effective

theory cannot distinguish whether the heavy particle is itself,0 /0 4 344 therefore both poles lie on the same side of
a composite of very light particles or solitonic, in which case ™" "\

it t make robust | I tributi Wi the realk?,, axis, so the contour can be closed at infinity
it cannot make robust large loop contributions. We can sumg ... i+ enclosing any poles.

marize the vanishing of diagrams like Figs. 15 and 16 by If we repeated this same type of analysis for Fig. 18, we

saying that n the SGET we must normal order. : would get residual energy integrals of the form
Figure 17 is a vacuum diagram one can draw despite nor-

mal ordering. We will compute it by first gauge fixing in a 1 1
similar manner to the non-vacuum loop diagram we exam- f dk’, o T, —, (5.489
ined above. However, unlike that case where there was a KintUingtie  —Kipo' it ... tie

natural frame selected by the incomigr outgoing mo-

menta, we must simply choose a frame arbitrarily, and fix thevhich does not vanish. However, the diagram does not exist
gaugelzimzo in that frame. One might worry that this will 'nttr?e ?r?E'I:d:)eﬁauTse I reqtl_JlreS vertices Of_thi_fng’d’R
lead to a Lorentz non-invariant answer, but it will not as Wef;”.ﬁr th?art] S GeéT¢ e‘i;t‘.i’cge;'(?e; f?c?ngerig?gh'ls t:?;‘ N damee-n
will see below. There are originally fouc,, residual ener- 'ng | Vertices aris Ing o 1u §

. ; . : . tal correlators with nearly on-shell external lines, we see that
gies for the four internal lines, but after integrating the

energy-conserving function we are left with three residual no effective vertex such ag¢¢¢ could have arisen upon

) . atching. Therefore Fig. 18 simply does not exist. Recalling
energy integrals to be done. Let us focus on any single one c%rﬂat ¢! and ¢, are creation and destruction operators, one
these. It clearly has the form v v '

might wonder whether the presence®fp ¢ ¢ is correlated

fdk?nt 0 (;L . 0 /0 - .
KiniUintTi€ Ko ingt - tie

=0, (56.47)

where the ellipsis refers to @eal combination of other en-
ergies external to this integral. This integral is finite and
evaluates to zero by contour integration. To see this note that

0.9

FIG. 16. A vacuum diagram with propagators from a vertex to  FIG. 18. A non-existent vacuum diagram in SGET because of
itself. the absence of the requisite vertices.
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with that of ppp ¢ as it is in fundamental field theories. In problem for a fat graviton which is absent for a pointlike
fundamental theories this is a consequence of locality, thergraviton, and it makes sense to vigorously hunt for its real-
is no local way of separating positive and negative energyzation experimentally and within more fundamental theories
operators. However, as we have seen above, locality onlguch as string theory. Quantum naturalness related to the
down to A g5, <<m does not imply such a correlation. contributions to the cosmological constant of the vibrational
It is straightforward to check that the examples of Figs. 15excitations of the fat graviton, as well as from soft gravitons,
to 18 exhaust all the possible cases arising in general vacuuphotons and neutrinos, implies that Newton’s Law should
diagrams. In SGET there are simply no robust contributionyield to a suppression of the gravitational force below dis-
from heavy matter to the cosmological constant. tances ofroughly 20 um, as illustrated in Fig. 8. Of course
For a fat graviton there is new gravitational physics atthe onset of such modifications of Newton’s law may be seen
Agray » its vibrational excitations. We do not explicitly know at somewhat larger distances.
this physics but we can estimate its loop contributions to the Future work will focus on generalizing the effective
cosmological constant by standard power countingtheory to include massless or light SM particles as well as

O(Agra,/167%). This sets the minimal natural size of the quantum gravity corrections, and to looking for potential sig-

cosmological constant. nals for experiment and observation due to higher ofarer
the derivative expansigreffects, that are allowed by the
VI. CONCLUSIONS effective theory but forbidden by the standard theory where

point-like gravity is extrapolated to at least a TeV. The com-
The soft graviton effective theory demonstrates a cleapatibility of fat graviton ideas with multiple matter vacua
qualitative distinction betwee@) loop effects of heavy SM  ill also be investigated.
physics on SM processe) soft graviton exchanges be-
tween such ongoing SM processes, dodloop effects of ACKNOWLEDGMENTS
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