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Probing submicron forces by interferometry of Bose-Einstein condensed atoms
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We propose a technique, using interferometry of Bose-Einstein condensed alkali atoms, for the detection of
submicron-range forces. It may extend present searches at 1 micron by 6 to 9 orders of magnitude, deep into
the theoretically interesting regime of 1000 times gravity. We give several examples of both four-dimensional
particles(moduli), as well as higher-dimensional particles—vectors and scalars in a large bulk—that could
mediate forces accessible by this technique.
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I. INTRODUCTION Il. FORCES FROM LIGHT MODULI

L . In string theory the parameters of th ndard model de-
Some recent theoretical ideas point to the possibility of string theory the parameters of the standard model de

hvsi lated . h bmill 7 “pend on fields, called moduli, whose values determine the
new physics, related to gravity, at the submillimeter regime o, ey of the extra dimensions. Moduli couple with gravi-

One is the preponderance of light gravitationally coupledaiiona) strength and typically remain massless until super-
moduli suggested by string theor,2]. Another is the pos-  symmetry is broken. So, they get a mass proportional to
S|b|_I|t_y 01_‘ Iqrge_ sub-mm-size dlmensmns and the particles’ F/Mp,, whereF is the scale where supersymmetry break-
residing inside its bulk3—5]. Yet another is suggested by the ing originates. In theories with gravity-mediated supersym-
magnitude of the vacuum energg§]. metry breakingF is (10° TeV)? and the moduli have micro-
These ideas motivated some heroic experim¢rtsll]  scopic Compton wavelengths. However, as pointed out in
that have, in the past seven years, extended the search fRef. [1], in theories of gauge-mediated supersymmetry
such forces from mm down te-20 microns. These experi- breaking,F can be as small as (10 Te¥/and moduli can
ments involve measuring the force between two macroscopihave macroscopic Compton wavelengths and mediate mac-
but small objects. A fundamental obstacle in searching atoscopic forces of gravitational strength. The range and mag-
much smaller distances is that the size of these objects musitude of these forces, for a variety of moduli, were first
be reduced and therefore the expected signal force decreasestimated in Ref[1] for JF in the range of 10 TeV to 100
at the same time, the electrostatic background van der WaalkeV. At that time it seemed pointless to consider larger val-
force increases. ues of F, since they lead to moduli Compton wavelengths
In this paper we suggest a possible way around this obwhich were thought to be inaccessible to macroscopic-force
stacle by considering the interaction of a macroscopic systerf@xperiments. In this paper we extend the scalg/Bfup to
with a pure quantum mechanical system consisting of @000 TeV, which in turn cor_wsiderably extends the predicted
Bose-Einstein condensate. The latter has a significant advaRarameter space for moduli-dependent forces.
tage relative to a macroscopic system: its de Broglie phase The upper limit for the value of/F comes from cosmol-
can be measured very precisely. In addition, it can be welPdy: In gauge-mediated supersymmetry breaking, the grav-
controlled and manipulated and its electromagnetic interadlin® is the lightest supersymmetric particle, with mass
tion with its environment is well understood—both theoreti- ~F/MeL. Although light, its mass still must not exceed 1
cally and experimentally. Because of these advantages, tH¢Y 10 avoid overclosing the Universd2]. This in turn
technique that we propose may extend current bounds at Arovides an upper limit of 2000 TeV ogF.
micron by 6 to 9 orders of magnitude, and be sensitive tg e focus on the three classes of moduli studied in Ref.
forces as small as 1000 times gravity. The approach we dél] Which couple directly to ordinary matter: the dilaton, the
scribe thus explores a region of parameter space that gauge moduli and the Yukawa moduli. Moduli-dependent
complementary to the supermicron reach of upcoming miforces can occupy a substantially larger region of parameter
crocantilever and torsion balance experiments. space than previously indicated. Although much recent ex-
In Sec. Il we update the analysis of macroscopic forceP€rimental progress has been made in the search for new
below 10 microns in theories with light moduli. In Sec. |11 Sub-millimeter force$11,13 there is ample potentially inter-
we consider new forces from bulk gauge fields or scalars iffSting parameter space awaiting further exploration.
large extra dimensions, taking baryon number as an example.
In Sec. IV we propose our experimental technique and esti- A. Gluon modulus
mate some of the important backgrounds. We conclude with

Sec. V. We consider here a fielg that couples only to the stan-

dard model gluons. The effective coupling is given[iy

A ¢
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FIG. 1. Experimental bounds and theoretical
10° |- Yukawamessengers \ T expectations on new forces from potentials of the

10* LN N form V(r)=—Gy(mm,/r)(1+ae”"") below
o BEEN g o 1 cm. The projected reach of the first-round BEC

10° - experiments is shown as the upper “BEC Experi-

12 heaquuark*-_ ments” line. The lower line indicates the reach
moduli : with an improved sensitivity of 10’ Hz. Experi-

10" mental data are from Ref$8-10,14,1% The

- shown theoretical expectations are discussed in

the text.
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where N4 is an undetermined coupling constaM, is ex-  The interaction in Eq(3) yields a potential forp exchange
pected to be of the order of the string scalg B!’ GeV, between particles of mass, andm, at a distance:
and the suppression factor8 accounts for the gauge cou-
pling depending on moduli only at higher order. In this way, )
the coupling strength is weaker than that of the dilaton dis- V(r)=GNm1m2g¢J
cussed in the following subsection.

Considering the contribution to its mass coming from th
interaction in Eq(1), the Compton wavelength of the field is

d3k eik‘~|:
32 2°
(2m)3 K2+ m?

®)

®When added to gravity, E@5) describes an additional attrac-

tive force:
[1]
m;m
Ay=8x10"4 m \;1 M V(r)=-Gy lr “(1+ae™M), 6)
¢ 9 | 5x10"7 Gev o ,
wheree is given byGy/4m. In Ref.[1], a range of, and
(100 TeW? . . 2

X (kN)~ Y2 (2) @ was obtained by takingkN=1 and by varying/F be-
F tween 30 and 100 TeV andl;*xM/(5x 10" GeV) be-

tween 102 and 16. We here expand the range for the

HereF is the fermion-scalar messenger mass-squared spli gy scale,F up to the limit of 2000 TeV imposed by the
ting, k is a loop-integral factor of order 1, amdlis the num- gravitino problem and show the results in Fig. 1.
ber of messenger multiplett<4 is required so that all

gauge couplings remain perturbative below the GUT scale,
and a bound of/F>30 TeV/yN can be imposed from con-
straints on the right-handed selectron mass and a consistency The dilaton couples to nucleons with a strength of about
condition that the messengers have non-negative mas80 times gravity{1,16,17, leading to an internucleon force
squared 1]. of about 6400 times gravity. Since it couples to all fields in
The coupling of¢ to the nucleorN can be expressed by the theory, it is expected to receive a mass/M from its
strong coupling to the primordial supersymmetry-breaking
my — sector. This would make its Compton wavelength less than
L=Gyig—dindn, (3 1072 um (100 TeVHF, which is too short to be experi-

P mentally observed. However, as Damour and Polyakov
speculate[18], since the dilaton potential is related to the
cosmological constant, the yet unknown mechanism account-

) ing for the smallness of the cosmological constant may also

B. Dilaton

whereg, is given by

&MPL<N|GZVGaMV|N>2_
gn2 M My ¢

7
5><101—Ge\/ ) make the dilaton light. Since there is no good theory of the
M dilaton mass, the line labeled “dilaton” in Fig. 1 should be
(4)  terminated a point determined by experiment.

g¢=
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C.. Yukawa moduli _ﬂ M py (N|mqqq| N) .
The Yukawa couplings of the standard model could also 4730 M My : ®
depend on moduli which are relatively unaffected by Planck
scale physics, but obtain a mass duéaw-scalge supersym-
metry breakind1]. A Yukawa modulusp may be coupled as
follows to up-type quarks and the Higgs bodédn

The results for the Compton wavelengths and the strengths
of the moduli forces relative to gravity are plotted in Fig. 1.
The areas are\/o_btained by takikdN=1, tang=1, A (?
_ o =0, by varying{F between 30 and 2000 TeV, and by vary-
L=MPatgHy+H.C. @) ing NO/\®xM/(5x10Y GeV) between 10% and 16.
along with analogous terms for down-type quarks and
charged leptons. Here flavor indices have been suppressed ||| FORCES FROM PARTICLES IN LARGE EXTRA

and we for simplicity assume one modulus per coupling. DIMENSIONS
Yukawa terms of the form in Eq(7) contribute to an
effective potential forep: In theories with large extra spatial dimensions the funda-

mental scaleM, and the observed four-dimensional Planck
8kN scaleM ,=2.43x 10" GeV are related by

2
— s\t 2
V() 3(16”2)3>\ (PIN(P)F+ V()

where agairf is the fermion-scalar messenger mass-squared

splitting, k is a loop-integral factor of order N is the num- ~ wheren is the number of extra dimensions ak{ is their

ber of messenger multiplets, aNg describes any additional Vvolume. In this framework, the standard model gauge and
unknown contribution to the potential not due to the operatofnatter content is confined to a 4-dimensional submanifold,
in Eq. (7). The coupling can be expanded around its mini-and the graviton can propagate in alt-# dimensions. The

ME=MD*2y,

mum ( $)~M, whereM is of order string scale, scenario provides an alternative solution to the gauge hierar-
chy problem[3-5], as the fundamental scale can be of order

(¢—(¢)) 1 (p—(p))? TeV. Such a paradigm also predicts a modification to New-

M) =nO+ R(l)TﬂL E)\(Z)T+ e ton’s law of gravitation at distances nearby and below the

length scale of compactification.
and a lower bound on the modulus mass can be obtained

from the known term in A. Gravitons in the bulk
) ) ) The modification of Newton’s law of gravitation in theo-
m2 = 16kNag ()\(1)2+)\(o))\(2))F_+ d*Vo b=(¢) ries with large extra spatial dimensions has been studied in
¢ 3(16m2)3 M2 dg? ’ some detai[19,20. For equal-size extra dimensions and to-
roidal compactification, the volume satisfig& = (27R)"
For a particular flavor modulus, the coupling®  =L", and we havé5]
=2mq/\/§qu wherev is the Higgs vacuum expectation 1 Tey| 1+2h
value of 246 GeV, ant, equals sirB for up-type quarks R,=2X 103"~ 16 mmx e ) )
and co3 for down-type, where tag is the ratio of the Mgin
Higgs’ vacuum expectation values. Using this result, the
Compton wavelength becomes For the case of two equal extra dimensions=Q), the ra-
dius of compactification is of order 1-millimeter fod,,
B 1 F 5x 10 GeV/|GeV ~TeV. However for this case, astrophysical bounds require
Ay=1050 umxasg (100 Te\)? M m, the fundamental scal®l,, , to be pushed above 1600 TeV

[21]. At this scale the two equal-size radii are only 2.4 A.
-2 Requiring such a high energy scale in turn necessitates more
— fine tuning for the framework to address the hierarchy prob-
i lem. For the case of 3 extra dimensidds,, ,, must exceed
NA 60 TeV, and the radius becomes.05 A for equal-size di-
mensions. These limits are derived from Kaluza-Klein gravi-
We arrive at an expression larger than reported previously itons that would be gravitationally trapped and remain as a
Ref.[1] due to a corrected numerical factor. halo surrounding neutron staf1]. The constraints come
The long-range force potential can be determined by refrom neutron star heating via Kaluza-Klein graviton decays.
lating the scalarg-quark coupling of Eq(7) to the scalar Somewhat weaker limits are also obtained from EGRET
¢-nucleon coupling. The fieldg corresponding to up and gamma-ray flux measurements of nearby supernovae and
down quarks can generally have different couplings to theneutron stars. Upcoming measurements planned with the
proton and the neutron, leading to small violations of theGLAST satellite may improve bounds further or lead to a
equivalence principle. The scalar coupling of the fidldo ~ new discovery. Both sets of constraints are weakened if the
the nucleonN is again expressed in terms of E§) where dimensions are of unequal size, if there are additional fast

Hq

A2\ ()
)\(0)2 + W kN
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decay channels such as other branes for the KK gravitons tine parameter space for the force strength and range. Several

decay into, or if graviton emission is suppressed as in Refdetails are deferred to the Appendix.

[23]. Since ordinary matter is primarily composed of baryons,
From the four-dimensional point of view, the higher di- the mass of a macroscopic object is roughly in proportion to

mensional graviton with momentum in the extra dimensionghe number of baryons, apart from small effects due to bind-

appears as a massive particle, leading to a sum of Yukawiag energy and the electron mass. The expected ratio of the

potentials from the tower of Kaluza-KleitKK) modes in  gauge to gravitational forces will take the form

addition to the massless graviton potential. At distances or

orderR,, only the lowest massive mode contributes signifi- Fgauge gi 1

cantly while the higher modes are exponentially suppressed. %Zm 7y Gum2 ©

For distances <R,,, many modes contribute and change the NTp

power law dependence of the force from the NewtoniaA 1/ where my is the mass of the proton. The effective four-

2+n ; i ;
to 147" Corrections to the newtonian potential betweenjimensional gauge coupling is related to the massive (4

two massesn, andm, are typically parametrized according . ny_gimensional coupling by the volume of the extra di-
to the form mensions

mym
L2 (1+ae™™) 1_ Ve

95

V(r): _GN

wherea and\ characterize the strength relative to gravity e can express the @n)-dimensional coupling in terms of
and range of the new force, respectively. For distances oW P piing

orderR, or greater, the range is the inverse of the lightest an ultraviolet cutoff scale for the gauge thedxywhich we

. N2 _ AN
KK mass and the strength equals its degeneradyt9,20. expect to be of ordeM, : gy, ,=A "Dy, np, where Oy

_ d: :
At shorter distances, more massive KK modes contribute un=}@-1)/(27)" is the 1-loop suppression factor. If the co-
efficient p is O(1), this signifies strong coupling in the (4

til eventually the power law behavior of the force changes. : )
We adopt the convention of Refil9,20 and consider only +n)-dimensional theory, as loop effects become comparable

the leading term corresponding to the lightest massive kKO the tree level. Expressing the 4-dimensional coupling in

modes. For example in the cases of toriodal and sphericatd- (9) in terms of A~M,, we find the baryon-number
compactificatior{19] force can easily reach strengths off+l(? times gravity,

and even higher magnitude for strong coupling with a large
GyMym, number of extra dimensions.
V(N o — ———— (1+2ngel~"/Ra)) To avoid conflict with experiment, the baryon number
r gauge field must acquire a mass. If the gauge symmetry is
spontaneously broken by a scalar figlebtaining a vacuum
expectation valuéy), the resulting mass of a gauge particle
A, becomesn,=g,(x). Here again we assume thatcon-
denses on a brane other than our own. It was shown in Ref.
for ny equal radii of sizeR,. [25] that forces mediated by bulk gauge fields can be expo-
Due to the stringent astrophysical constraints on two onentially weaker than gravity if the bulk gauge symmetry is
three equal sized large extra dimensions, and their evefPontaneously broken on our brane. Kgh=BM* with 3
smaller size fon>3, it is unlikely in this case that the KKk of O(1), the Compton wavelengths are in an interesting
gravitons can be observed at table-top experiments. Howange for submillimeter experiments. A range of predicted
ever, we stress that these constraints strictly apply to the cag@rameter space is provided along with a more detailed
of equal extra dimensions. If the extra dimensions are not ohalysis in the Appendix. A portion of the allowed phase
equal size, it is possible some of the dimensions may be larggPace appears in Figs. 1 and 2 for comparison with other
enough to be detected. To illustrate this we plot the cases ifubmillimeter forces and experimental bounds.
(a,\) space for toroidal compactification with one or two  Astrophysical bounds similar to those discussed for gravi-

large radii(amongst possibly many smaller radii tons[5,21,24 can also apply for gauge particles in the bulk.
In Supernova 1987A, about 30ergs of gravitational bind-

ing energy was released in a few seconds. One requirement
is therefore that the total luminosity of Kaluza-Klein par-

If in addition to the graviton there are bulk gauge par-ticles does not exceed 10°3 erg s 1. The temperature of the
ticles, their effective four-dimensional gauge couplgfg:an supernova is approximately~ 30 MeV, and most KK par-
be many orders of magnitude stronger than gra\bly As a  ticles are produced with an energy of ordef00 MeV. The
particular case we consider gauged baryon nunihewrith  constraints on the total luminosity for KK gravitons imply
the gauge symmetry spontaneously broken only on a differM, >30 TeV forn=2 extra dimensiong5]. For the case of
ent submanifold than our own. As discussed in RES24],  gauge particles in the bulk, we expect the same amount of
such a situation can lead to an enormous suppression of tlemergy that would have gone into KK gravitons to now pro-
proton decay rate. In the following we systematically exploreduce KK gauge bosons, producing roughly the same number

Gymym, -
V(r)n—sphere:_ 7(1"_(”"'1)8( \nr/R))

B. Gauged baryon number in the bulk
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of particles. However the rate of production for gravitonsfactor of ~10°, making it more comparable to the graviton
goes like TYM2*" and for gauge bosons Iik&" 2/M" , case at~1.3x 10° years. The resulting improvement in the
which is more rapid. Therefore the constraints on the fundabound onf as compared with the graviton case is about 50
mental scale due to graviton emission foextra dimensions times. For bulk gauge particles, the bound on the compacti-
apply for gauge particle emission with+2 dimensions. A fication scale varies withicx as M, mina(fx) ~2". In this
similar situation is discussed in R¢24] for the case of bulk situation, the bounds that applied forextra dimensions in
scalars. This implies the more stringent limit &, > the graviton case now apply tot+ 2 extra dimensions. How-
~30 TeV for the case oh=4 extra dimensions. ever, even in the case of pui further limits cannot be
Neutron star limitsKaluza-Klein excitations of the gauge derived from these neutron star gamma rays and excess heat
bosons can also become gravitationally trapped and remaitiue to direct reabsorption of the KK gauge particles through
for some time in a cloud surrounding neutron stars. Theiinverse bremstrahlung, which occurs on a rapid time scale
subsequent decays into photons can in certain cases produaed is not loop-suppressed. In this way, there would not be
observable gamma-ray signals detectable by EGRET. Thenough remaining KK gauge particles to contribute to heat-
decay width for such particles can be roughly computed asing or gamma ray limits. KK reabsorption for the case of
gravitons was taken into account in RgZ2] and in this case

M2T the results did not appreciably change the graviton limits
r= *2 , (100  quoted in Ref[21]. As was the case for graviton decays, the
Mpi constraints may be even further weakened if the dimensions

are of unequal size, or if there are additional fast decay chan-

whereT is the temperature, typically of order 30 MeV for a nels such as “photons” on other branes for the KK particles
supernova. The lifetime becomes10-10000 years fof  to decay into.

from 1 GeV-1 MeV.(The decay width for gravitons goes as
I'~T3/M3,, leading to lifetimes of order 810° years)
However, the situation can be quite different depending on
the symmetry that is gauged. FBr— (L, where nonzerd An additional possibility is that scalar particles may in-
denotes an admixture of lepton number, there are decalyabit the bulk of extra dimensions and mediate macroscopic
channels into neutrinos. In this case Ef0) is a good ap- forces, such as the Yukawa messengers considered in Ref.
proximation and the decays can occur on a time scale of 1024]. The messenger fields could be responsible for commu-
years. Such a situation provides little direct observableicating flavor symmetry breaking from other branes to our
gamma signal for EGRET. Also KK annihilation into posi- brane, and for example can attribute the weakness of light
trons is possible, but the resulting gamma rays from positrogeneration Yukawa couplings to geometrical power-law sup-
nium annihilation are of too low energy to be a useful pression or exponential suppression due to the mass of the
EGRET source. In the case of pusewhere{=0, the life- messenger fields. In this framework, the vast variation in
time given in Eq.(10) has to be amended since the decaystrengths of the Yukawa couplings is recast as a variation in
into photons occurs only at higher order. The decay width irdistances to other branes. However, even if the messenger
this case is multiplied by an additional factor @f/@7)2 due  fields do not condense on our brane, they can still mediate
to a virtual fermion loop. This increases the lifetime by aforces much stronger than gravity. If the messenger fields

C. Yukawa messengers
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acquire mass due to supersymmetry breaking on our waltjon potential of the local environment. The wave function of
their Compton wavelength can be in the submillimeter rangeatoms localized at different potential wells of the laser can
As was the case with gauged baryon number, the couplingccumulate a differential phase shift due to the distance de-
strength for such forces due to the zero mode can be largeendence of the interaction potential with the wall. The po-
even if the extra dimensions are small enough to make théential will generally be a superposition of the Casimir—van
Kaluza-Klein modes too heavy to be detected in submillime-der Waals potential along with other backgrounds and possi-
ter experiments. The coupling strength v/Mp, where here  Ply new short-range interactions. By adequately subtracting
v is the Higgs vacuum expectation value of 174 GeV andPut the Casimir interaction and other background interactions

here Mp, is the reduced Planck scale of 2:430' GeV. as we discuss below, significant improvements can be made

Comparing to gravity,p?/(GymZ,qe,) ~10°. As with the over previous searches for new forces below 1 micron. In

vectors described in the previous section, similar astrophysﬁ
cal constraints apply to the scalars in the bulk as discussed

articular the improvements could be 6 to 9 orders of mag-
itude at 1 micron, allowing forces of 1000 to ®1@mes
Eﬂavity to be detected at these distances. Such short length

Ref. [24]. scales have been relatively inaccessible to tabletop torsion
balance and micro-cantilever experiments due to the neces-
IV. USING BOSE-EINSTEIN CONDENSED ATOMS TO sity of having nearby moving macroscopic mechanical parts

PROBE (SUB)MICRON DISTANCES and the unfavorable scaling of the gravitational force with

In recent years the field of atomic interferometry has pro-N€ir size.

duced a series of amazing measurements, including ex-
tremely high precision measurements of the acceleration due
to the Earth’s gravity at the level of a part per billion or
better. These advances have been made possible due to theWe consider®’Rubidium atoms prepared in coherent su-
remarkable techniques developed for trapping and coolingerpositions of states localized at the nodes or antinodes of a
alkali atoms(see, for example, the 1998 Nobel lectures ofstanding wave of an infrared laser of wavelength. For a
Chu, Cohen-Tannoudii, and Phillipg7]). Among recent ex- laser wavelength that is red detuned from the dominant Ru-
periments have been a series of atomic-fountain type medidium D2 line, the atoms are attracted to regions of high
surements where an atomic beam is launched upwards af@ger intensity, corresponding to trapping at the antinodes. On
allowed to accumulate a phase shift in the Earth's gravitathe other hand, for blue detuned light the potential minima
tional field in a Mach-Zehnder-type interferometer Configu-OCCur at the nodes of the Standing wave. In the first case the
ration[28]. Similar experiments have also been carried out tgPotential wells will be centered at distances\ {4,
perform sensitive measurements of gravity gradid@®.  3\ad4, . . .) from the surface, in the case of normal laser
Such precision techniques can also be used to measure largigidence. For blue detuning the wells are located at dis-
deviations from Newton’s constant at short distances. Amongances K a2\ s, - - - ) from the surface. The effective well
the challenges of applying such systems to study gravitgeparation and surface separation can readily be made larger
from nearby macroscopic objects is obtaining the optimizedn the case of oblique incidence at angle wherek? <k?
beam size and divergence necessary to allow a short rangad the effective wavelength determining the trap spacing
interaction to be carried out in a systematic way over a londpecomes\ =\ ,s/cosé. Thus a variety of surface and well
enough time period. Typical spatial extents and velocityseparations are attainable depending on the trap geometry.
spreads are of order mm and cm/s respectively, making subi-he atomic well depths can be adjusted by varying the laser
micron experiments difficult. Experiments involving atoms intensity to overcome the atom-surface interaction potential
trapped at fixed separation from a source mass surface are@md the Earth’s gravitational field. Transverse confinement
this respect preferable. can be achieved for example through the Gaussian envelope
Since its first experimental realization in 1995, Bose-of the beam in the case of red detuning, or with additional
Einstein condensation of alkali gases has become a widelaser beams.
growing area of researqsee, for example, the 2001 Nobel  For definiteness we consider a standing wave with an ef-
lectures of Cornell, Ketterle, and Wiem@B0] or Ref.[31]  fective trap spacing ok/2=420 nm. We also take the sepa-
for a recent reviey Interference of atomic de Broglie waves ration of the first trap and the surface to be 420 nm. The
which develop a relative phase shift due to the Earth’s gravproposed geometry is illustrated in Fig. 3. The laser is re-
ity has been observed in vertical arrays of trapped Boseflected from a 420 nm thick shield of gold. The periodic
Einstein condensed atorf32]. The traps were located at the source mass consists of alternating regions of more and less
antinodes of a laser standing wave, with the trap well deptlilense material, for example gold and silver. Although less
determined by the laser intensity. dense materials are preferable for the Yukawa force contrast,
In the following we describe a setup involving arrays of silver is chosen for the similarity of its diamagnetic response
Bose-Einstein condensed atoms trapped nearby a surfacetatthat of gold to ameliorate possible problems with magnetic
the nodes or antinodes of a laser standing wave. The traps adpackgrounds. The source masses are taken to be 100 microns
thus loaded with atoms in coherent superpositions of stateside by 100 microns deep by 10 microns tall. The source
localized at differing distances from the surface. For eachmass can be moved as a whole laterally by a piezo-electric
potential well, the de Broglie phase of the center of masslevice over several hundreds of microns. To reduce tempera-
wave function of the atoms evolves according to the interacture changes in the Casimir shield as the source mass moves,

A. Experimental setup and geometry
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Periodic Source Mass -->

Au Au

Au Casimir Shield

FIG. 3. Proposed experimental arrangement.

A The standing wave cavity formed by reflection
———— A from the Au Casimir shield is used to trap BEC

M2 atoms in the two potential wells nearest to the
—— — B periodic source mass array.

Trapping laser
Meff) =840 nm

a very small space is left open directly behind the shield. Weat 420 nm is some 8 times the gravitational interaction with
consider a population, by 10° atoms, of the first two po- the Earth. Due to its gigantic magnitude, it is crucial then to
tential wells closest to the surface, denoted by A and Bgonsider the finite-thickness corrections to the Casimir po-
respectively. The atoms will be spread out in a pancake-likéential to estimate the potential reach of the experimental
configuration with a transverse extent of a few microns. Thesetup.

wells must be loaded with a fixed initial relative phase be-

tween the two parts of the condensate. The optical wells can B. Sensitivity

be loaded for example by ramping up the laser field after

evaporative cooling. The population of only the first two ! .
wells can be achieved perhaps through magnetic or optic hich the de Broglie phase evolves for adjacent populated

techniques to translate the lattice closer to the shield Wal\fvetIIS t(')fl tr}e tlaserﬂ;lear dthe SLé{fa_crek(_juet:]o ;}_Yllikawa-t%/pe
until the destruction of any extra occupied wells occurs. ThePOtential of strengtfar and range. 1aing the thickness o

de Broglie phase of the wave function localized at the first:.he stoubrce rtrr:assets tc:' t)le?jnf? 2 and the Stom-w;a]\:l seépara-
well (A) will evolve more rapidly than that of the wave func- lon 1o ber, the potential difierence can be roughly approxi-

tion at the secondB) due to the atom-surface interaction mated as

_potent_ial. After an infcerrogation time of 1—1Q s, the laser SV(r)~2aGympr o (11)
intensity can be rapidly turned down, allowing the wave

packets to escape, spread out, and overlap spatially. The r@here we consider a Yukawa potential of ranger and
sulting interference pattern can then be detected using optic@ike 5r ~r, so that we have

fluorescence. If the accumulated phase difference is due to a

Yukawa-type interaction with the surface, the phase differ- SV(N)~2aGymp\ 2. (12
ence will change depending on whether a silver or gold sec-

tion of the sense mass is positioned behind the CasimiHerem denotes the mass of an individual atom. For example,
shield. A series of such experiments can be performed sudlaking Rubidium-87 and a gold wall, the corresponding fre-
that between each experiment the source mass pattern gsiency shift forh=1 um is 1.5 X 10 °Hz. To obtain a
moved laterally behind the screen. Depending on whether gnore precise estimate, we numerically integrate the Newton-
more or less dense region of material is behind the shield, th@n plus Yukawa potential.

resulting phase shift will display a periodic behavior. On the With ~10° atoms in the condensate, we estimate the
other hand, the Casimir-Polder interaction will be largely theminimal detectable phase shift per shot as*@adians. For
same due to the gold Casimir shield. Also, any patch fieldsi conservative estimaté d s interrogation time, the minimal
that contribute to the interaction can be rejected as a conresolvable frequency shift is D610 % Hz. This corre-
mon mode. The magnitude of the Casimir-Polder interactiorsponds to an acceleration sensitivity of roughly 1@,

Scaling.We compute the difference in the frequency at
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whereg is the acceleration of the Earth’s gravitational field be taken to have an approximately equal number of atoms in
at the surface, where we again take a trap spaciny/df the two clouds, perhaps by using 2D lattice configurations,
=420 nm. Ultimately, an improvement could be obtained bywhere arrays of single atoms are confined transversely as
an averaging over fOshots, allowing the phase shift to be well as longitudinally{33]. Alternatively the Feshbach reso-
detected at the IC level. This along with increasing the nance could in principle be used to highly suppress atomic
interrogation time to 10 s yields a minimal detectable fre-interactions[34]. For example, it has been shown that the
quency shift of 1.&¢ 10~/ Hz, corresponding to an accelera- s\wave scattering length can in this way be tuned over sev-
tion sensitivity of order 10%° g. Obtaining larger interroga- eral orders of magnitude and set effectively to zero, thus
tion times may be difficult due to loss of coherence fromturning off the chemical potential due to atomic interactions.
collisions or laser instability33]. In the following we as-

sume a sensitivity of 16104 Hz. Also, the systematic ef- 2. Thermal fluctuations

fects we consider in the following sections are not generally
problematic at this level, however may be more challengingpr

for a measurement with 10 Hz sensitivity as will be dis- terferometry using BEC. For example, such effects have

cussed. ’ . .
Using this minimal detectable frequency shift and the nu—been studied theoretically and experimental§5] for

merical results for the Yukawa potential, we generate a pIopgmhg'EI?leae‘ﬁgti?niinst%tss swzteerri th;gcgrfe:hovxgstfogg:
of the alpha-lambda reach in Figs. 1 and 2. Such an eXpergimensirémal Care ,should be tgken to keep a thrge dimen-
ment is particularly favorable in the submicron length scales ) P

where macroscopic cantilever and torsion balance expens-'onal nature to the condensate to minimize this effect. Also

ments become increasingly more challenging. a finite temperature in the surroundingaterialsmay pose
For the geometry described above with a BEC-surfac n elxpenmental challenge. Thermal currgntfg |In r?letals in the
separation of 0.42 microns and well separation of 0.42 mi-oﬁ.a henwr(;_nnjtem can ij)rodui:e l.Tat‘.gnggc Sle dh #Ctgat'ons
crons, we evaluate the frequency shift of the potential Wells\[’.v Ic canb imit the codnber:sa e e ;E{ . ; uct uc ua;
due to a Yukawa potential of strengtl. For lambda of lons can be minimized Dy lowering the System temperature,
1 um, we find 1. 10~ Hz for the frequency shift, al- using lower-conductivity materials, and minimizing the

lowing alpha of~ 10° to be probed. A plot of the projected thickness and transverse area of the reflecting shield.
sensitivity on alpha-lambda space appears in Figs. 1 and 2 as o

the upper “BEC Experiments” line. We also indicate the 3. Casimir background

projected improvement possible with the sensitivity taken to  Finite thickness and conductivitfhe frequency shift due
the 10" Hz level as the thick lower line. In Figs. 1 and 2, to the bare Casimir force is quite largen the order of 8
the upper “BEC Experiments” curve is calculated for a sur-kHz). However, in the case of infinite conductivity, tié-
face separation, trap spacing, and shield thickness of 420 nfarential frequency shift between regions of metal of varying
with 1 second interrogation time and a single shot. In Fig. Zhickness is zero. In practice, the finite conductivity of the
the lower curve is also computed at a well separation, surfacgetal as well as its finite thickness has to be taken into ac-
separation, and shield thickness of 420 nm. The lower line itount. It was shown in Ref.7] for the case of two metal
Fig. 1 has been computed for a shield thickness, trap spacingsalls that the differential Casimir background due to differ-
and surface separation scaled from 420 nm to 600 nm. Hergnces in thickness rapidly dominates the Yukawa force as
we assume 10 seconds of interrogation time and averag@ickness and plate separation decreases, thus making mea-
over 10 shots, corresponding to 10 Hz sensitivity. The  surements of gravitational strength Yukawa forces difficult
larger scale of 600 nm becomes advantageous for measurngelow a few microns. The geometry studied consisted of a
ments neal=1 um as it can better suppress the Casimirsemi-infinite probe mass of finite conductivity separated by a
background. We note that for these geometries the sensitivitylistanceD from a finite conductivity source mass of thick-
levels off above 1 times gravity at large lambda. By scalingnessD. The result for the Casimir force and a gravitational
the geometry and trap spacing together, the estimated sensirength Yukawa force of rang2 was then compared to the
tivity roughly follows Eq.(12) so that 1X gravity is achiev-  case source mass thicknedd.2t was shown that the differ-
able at~30 microns. These larger length scales are also acential Casimir background due to differences in thickness
cessible by upcoming microcantilever or torsion oscillatorbecomes comparable to the differential Yukawa force at dis-
experiments. Therefore in Figs. 1 and 2 we have emphasizadnces of about 3 microns and rapidly dominates the Yukawa

Finite temperature fluctuations of the BEC phase may
esent an additional experimental challenge, common to in-

the reach at the micron scale and below. force below this length scale. In this work we show that by
replacing the metal probe mass with a dielectric, or with an
C. Systematics atom in particular, the differential Casimir force is consider-

ably smaller, making the domination over the Yukawa poten-
tial less severe at submicron lengths. Following REfs37)
Atomic interactions in general will also produce differ- we employ a reflection-based model for computing the Ca-
ences in the chemical potential of the two parts of the consimir force between two walls. We obtain similar results to
densate, leading to relative phase differences that would odRef.[7] for metallic walls. Also, we obtain a reduction factor
cur in addition to those caused by the differential 7 (defined precisely in Ref.37]) which describes the re-
gravitational potential. As one possible solution, care couldduction of the Casimir force at small separations and for

1. Atomic interactions
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finite conductivity, that agrees well with the results of that TABLE I. Estimates for the differential Casimir force between a

reference in the case of semi-infinite walls. The parametegold source mass of thicknegs versus D, and a semi-infinite

ne is defined as probe mass of varying materials. Smaller values indicate less sen-
sitivity to the differential thickness.

Fc=neFp (13
D A Dmetal-metal A Dmetal-dielectric A Dmetal-dielectric
wherer is the perfect conductor result. The integral expres- (,,m) €=100 e=1.001
sion
120 (= K rg 1 9x10°° 3x10°° 2x10°°
nF=—4f dKKzf A - (14) 3 5x 1076 1x10°° 9x10 1
™o o P & 6 2x 1076 1x10° 10 410712
1 8x1077 1x10° 10 4x10° 1

gives ¢ in terms of the reflection amplitudeg which can

depend on the polarization, conductivity, frequency, and wall

thickness[37]. HereK=«L and Q=w(L/c) are the wave

number and frequency measured with respect to the cavitj"d 47 can be as large as 1 percent =1 um ande

lengthL. =10, which compares rather poorly with the metal-dielectric
The Casimir force between the mirrors can be expresse@@S€. o _ _

in terms of the imaginary part of the dielectric function of the  To achieve the limit of the atom-wall interaction, we con-

walls. For metallic walls, the dielectric function is sider rarifying the dielectric medium. This technique was
used by Lifshitz to derive the individual atomic van der
. (wp)2 Waals potential. We also add the dominant resonance for
€(lw)=1+ (0t 7y) Rubidium D2 line. The dielectric function satisfies
where we assume a Drude model for the metals,@pndnd eliw)=1+4ma(io)

v are the plasma frequency and relaxation frequency, respec- . . - .
tively. The magnitude of the Casimir force changes rapidIyWher?a Is the dynamlca}l pqlarlzabnlty gnd Is the number
as the length scales of thickness and separation approach t %nsthof atom_sl,l. ConS|der|nrg1] trf1e dorlmnlant D2 line at 780
plasma wavelength,. The expression for the reduction fac- ?hm W'tl an t??’fl ator strength of nearly 1, we approximate
tor »g which describes the fraction of the perfect metal Ca- € polarizability as
simir result can be written as an integral over all frequencies

and wave numbers. In particular, the low-frequency response aliw)= _
of the dielectric function of metals diverges as—~0. By w§+ w?

replacing one of the walls with a dielectrie, the low-

frequency response becomes weaker and contributes lessThe role of the paramete¢(0)—1 is now played by the
the Casimir force. As a consistency check, we evaluate thgquantity 4mna,. For 8Rb, we havea,=2.7x10 % cn?,
expression for a dielectric wall and metal wall using both theand even for a high number density of order-4
reflection model of Ref[37] and by numerically integrating X 10'® cm™2 we obtaine(0)— 1 of ~10"°, indicating even
the zero-temperature Lifshitz result direcfl$8]. The two  more favorable scaling oA » than shown in Table | for
numerical calculations agree to a part ir° 18fter demon- 103,

strating the equivalence of the two models for the semi- It remains to estimate the minimal detectable alpha due to
infinite case of dielectric and metal walls, we proceed witha Yukawa potential limited by the differential Casimir force.
the reflection model to study the finite thickness dependencé&.he Casimir potential due to the atom at distandeom an

We find the result is less sensitive to the thickness of thénfinitely conducting surface can be written

source metal, which improves the situation considerably for

new force detection below am. The reduction factor for 3hC ag

the Casimir forceng for the two walls is computed for the Uc=- 87 r_“' (16)
case of wall thicknes® and 2D, for wall separatiorL.. We
define the quantity

(1)(2) (%))

In practice we expect corrections due to the finite conductiv-

(2D.L=D) __(D.L=D) ity and the dynamical polarizability of the atom. The finite
Ap= s Mk (15) conductivity correction is less than a factor of 2 reduction for
pPLt=D) the length scales of interest. Equatid®) is strictly valid in

the limit of large separation, at length scales greater than
which expresses the fractional differential Casimir force forn/27w where now\ is the wavelength which contributes to
the source walls of different thickness. We list a table ofthe atom’s polarizability. For lengths below this scale, the
values ofA # for probe walls of metal and dielectric materi- Casimir screening due to retardation becomes less effective
als below. We also note that the interaction between twand the power law changes ta 3/corresponding to the van
dielectric walls is much more sensitive to their thickness, dueler Waals interaction. For Rb, the dominant wavelength is
to the lack of screening present in metals. For example, w&80 nm and since we are interested in length scales above
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1 1045 51 10t . 4 25 15 3£(3)

" i ] g Ane(M=| —= a2 At ..., (17)

1x10" 4 1x10

C ] where t=Te/T, Teg=hcl2akg, 6=\p/2m, and a is the

%" 1x10% - 11x10* S plate separation. Taking a separationasf 840 nm, a gold
N 1 .= surface ofA ;=136 nm, we find for a room temperature of
g hau 110 e 295 K, the parameter=4.6. This amounts to a fractional

otk Tivro® change in the Casimir forc&A n=.0012At and writing At

gl ! 1 ast(ST/T), we have

"1 1" A7ne(295 K)=0 0055<5T 18

o e . 0w 7r(295 K)=0.0055¢ — . . . (18

0.1 1

(microns) which can be a significant effect. If the entire reflecting sur-

FIG. 4. Estimate for the Yukawa detection limit due to Casimir— face changes temperature by £K during the measure-
van der Waals background for Yukawa rarige D and strength ~ments, the frequency shift is at the 10level. For the pro-
relative to gravityae=1 is shown as the solid line for the atom-wall posed initial parameters the sensitivity to wall temperature is
system. The well spacing and atom-wall separation are@Jsmd  at the ~mK level. However, most of the Casimir force re-
we compare regions of metal thicknd3sand 2D. The metal-metal  sults from the wall material closest to the atom, which we
case studied in Ref7] is shown as a dotted line for comparison. suggest to take as a shield of uniform material, and have the

pattern of varying density source masses separated from this

100 nm, the form in Eq(16) is a reasonable approximation. material by a small distance to prevent he_ating upon motion.
We now multiply the parameteA# by the difference in Even though a smal_l temperature grgdlent could be sup-
Casimir potentials of the wells obtained through Etf) to ported across the shield wall, it is unlikely that the shield
obtain an estimate of the difference in potential shift due tc>urface temperature will vary periodically with the source
the metal walls of the two thicknesses. The resultingy. ~ Mass density, as the two are not in direct thermal contact. A
we compare WithA 8U e (HereA signifies the change periodic temperature gradient in the source mass distribution
from a region of thicknes® to 2D and & signifies the Itself changes the expected Casimir force very little, as its
different locations of the condensates A and B. In Fig. 4 weEfféct comes in only at the level df 7 due to the thickness
abbreviate both bd=A5.) In order to illustrate the scaling, qf material calculated in the previous section. As an addi-
we consider a setup with equal lengih for X, the well tional handle, the temperature of the surfaces can be con-
spacing, and the atom-wall separation, and compare regioff@!léd externally to quantify the effect experimentally. Also,
of metal thicknes® and 2. We display the results in Fig decreasing the temperature improves the situation consider-
4 and take a Yukawa force of gravitational strengts 1. ably, y'?';?"“g a sensitivity to a full wall temperature c_hange
For comparison we include as a dotted line the estimat@f ~10 ° Kat 77 K-and only to~10 K at liquid helium

adapted from Ref[7] which illustrates the scaling of the €mperature for frequency shifts of 10Hz. _
differential «=1 Yukawa and Casimir forces for a metallic __'SOtope effectd unique feature of atomic systems in con-

probe wall in place of the atoms. The situation for the atomrast to macroscopic objects is that the_electrical_ properties
wall setup is more optimistic than that of the metallic wall- anc_i mass of the atom can be toggled In a precise way by
wall setup(shown in Fig. 5 of Ref[7]) by several orders of taking advan_tagSe of other stablg atomic |sotopes. For ex-
magnitude between 200 nm and 3 microns. In Fig. 4 ther@r_nplg; by usingRb, and comparing to an experiment done
are two separately labeled vertical axes shown since th¥ith ~'RD, one expects the force to change at the 1]@V9|5,
atom-wall Yukawa detection limit due to the differential Ca- While the Casimir force changes only at the 610"
simir background is determined by the ratio of the potential€Vel- To Verify this claim, we compute the Casimir force for
differences, whereas for the metallic wall-wall system the€ach isotope according to the Lifshitz model, and simply
relevant quantity is the ratio of the forces. This does nothange the wavelength of the dominant transition from 780
prevent a direct comparison of thereach of the two sys- "M to 780.1 nm. Although this techn!que dfacreases the sen-
tems however. For example, we see from the figure dhat SItIVIty' to alpha by 2 orders of magnitude, it may be' useful
10° can be reached at .6 microns in the metal-atom case arfg’ d0ing measurements at around 100 nm separation from
at about 1.5 microns in the metal-metal case. the surface, where the differential Casimir force rapidly
Temperature effecfThe temperature dependence of thedominates over the Yukawa force due to the finite plasma
Casimir force becomes quite weak for low temperatures and@velength of the metal.
small separations. However, it is important to estimate the
temperature-dependent contribution since the full magnitude
of the Casimir force is so large. A perturbation approach has Magnetic susceptibilityLocal magnetic field gradients
been developed in Ref39]. We employ the parallel metal can be caused by the variation in magnetic susceptibility of
plate expression valid for separations below 2 microns as the two source mass materials. For a background magnetic
function of temperaturd: field, e.g. from the Earth, the induced magnetic dipole mo-

4. Magnetic and other backgrounds
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ment in the materials produces a field which varies in prox- TABLE Il. Summary of selected systematic effects. The three
imity to the two materials. The induced magnetization in abackgrounds, Newtoniany Casimir, and magnetic, are evaluated

paramagnetic or diamagnetic material satisfies for a surface separation, trap spacing, and shield thickness of 420
nm. Scaling these distances from 420 nm to 600 nm causes the
N Xm R differential Casimir signal to drop below the 10Hz level.
M=——0B.
+
(1% Xm) 1o Yukawa signal
Now the induced field due to the magnetized materials we A Af(Hz)
roughly approximate using the expression for a magnetized 1 um 1.2%10°10 o
sphere 6um 3.6x10 1L o
.3 um 3.4x10 12 ¢
3 3
B(Z)ZZMOMa __2Xm Boa— 1 pm 1.8<10 o
32 (1+xm) 32 Background
- -9
wherea is the sphere radius a8}, is the background mag- Ne"‘fto_n 6.5¢10 = Hz
netic field responsible for the induced magnetization. We find Casimir 8283_'1'12
the differential field to be Ap 7x10
A Casimir 5.7 10 7 Hz
3 i A
AB,(2)= _ZAX B a_ E Magnetic 3X10°° Hzx—i(GB (mG)
z (1+x) °73\ z 10
~ iAXB V. DISCUSSION
100

The search for short-distance modifications to Newtonian
where in the last line we assurndez=420 nm and we take gravity has rapidly expanded over the past seven years. We
the radius to bea=50 uwm. Silver and gold are both diamag- have illustrated several possible examples of submillimeter
netic, with a differential susceptibility of X610 5. We esti-  physics that may occupy a vast amount of still unexplored
mate AB~10"'B. The frequency shift due to magnetic Parameter space. We have also described an experimental
fields for Rubidium is 1.4 MHz/Gauss, so to obtain f(Hz ~ technique involving interference from arrays of Bose-
resolution only requires a magnetic field shielding Rf Einstein condensed atoms that could extend the search by
<1 mG. One can further alleviate the constraints on backseveral orders of magnitude below a micron. Such tech-
ground magnetic fields by choosing materials that have morBiques, if successful, allow access to an area of phase space
similar magnetic susceptibility either in pure form or throughthat is complementary to the supermicron reach of upcoming
selective doping. Although not problematic for the initial torsion osci.lllator :_;lnd miqrocantilever experiments and could
proposed parameters, extending the Yukawa sensitivity dowl¢ad to exciting discoveries.
to the ~10 7 Hz will require more extensive magnetic
shielding or precisely tailored alloy or doped materials. ACKNOWLEDGMENTS

Gravity as a backgroundilthough heavy nearby objects . . . .
can be elein detecte?d, this is notgexpecteyd to beyprotj)lematic We are indebted to Mark Kasew_ch who contributed im-
since they in general cannot exhibit the periodicity of themens_ely to th_e Qevelopment of th's. work. We also thaf"‘
source mass pattern. We note that in order to avoid acquirinEnatlos Antoniadis, Blas Cabrera, .E”C Cornel, Chad Dgws,
a differential background signal at the 170Hz level due to eter Graham, and Vladan Vuletic for useful discussions.
the gravitational attraction of the proof masses themselveghIS work is supported by grant NSF-PHY-9870115.
(which is only power-law suppressed and so remains signifi-
cant at distances much greater than xhef interest below APPENDIX

1 pm), itis necessary to limit the vertical extent of the proof | ihig appendix we estimate the range and strength of

masses to be less than approximately 100. forces due to gauged baryon number in the bulk. The mass of
Finally, we list a number of other systematic backgrounds, macroscopic object is roughly in proportion to the number

which are not expected to be problematic due to COmMMONg¢ haryons, and the expected ratio of the gauge to gravita-
mode rejection. They include patch field effects on the sursignal forces takes the form

face of the reflecting metal shield, the roughness of the sur-
face of the shield, the background Earth’s gravitational field. = g2 1
We conclude this section with a table summarizing the @=_S2uge_ ¥4 =
expected frequency shifts of selected systematics as they Foraw 47 Gng
compare to the Yukawa signéee Table . Improvements
beyond the level we discuss may be attainable by tailoringvherem, is the mass of the proton. As discussed in the text,
materials to have more similar conductivity, magnetic suswe take the (4 n)-dimensional gauge coupling &g ,
ceptibility, and by going to low temperatures. =A""Q4,,p, Where A is the ultraviolet cutoff scale and

(A1)
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10 7
6 extra dimensions
15

10 FIG. 5. Interaction strength and range for

gauged baryon number in the bulk=1 corre-
10" - 3 extra dimensions 4 sponds to a force of Newtonian gravitational

o strength. For illustration, the case @gf=1 is

o B= shown as the right-most parallelogram agd
10" n =2 appears shifted to the left. The ranges for

strong and weak coupling in 3 and 6 extra dimen-
5 sions are shown. The upper limit shown for the
10" |- ~ n strong-coupling region in the case of 3 extra di-
mensions terminates at smaller alpha as shown.
The weak-coupling lower boundary is identical
for both cases.

| 1

102 10" 10° 10
A (microns)

10° W :

1x10° 1x10* 10*

G)d:Q(d_l)/(Zw)d is the 1-loop suppression factor. If the scalar fieldy obtaining a vacuum expectation val(ig), the
coefficientp is O(1), this signifies strong coupling at the resulting mass of a gauge partidle, becomes

scale A in the (4+n)-dimensional theory, as loop effects

become comparable to the tree level. Usif@y_, MaA=ga(X)- (A5)
=279T'(d/2), we find the familiar 4-dimensional loop

factor ®,= 1672, For three extra dimensions the factor be-
comes®,=15x8x* and for six extra dimension®,,=12

X 10247°. The effective 4D gauge coupling satisfies

Here again we assume thgtcondenses on a brane other
than our own. It was shown in RgR5] that forces mediated
by bulk gauge fields can be exponentially weaker than grav-
ity if the bulk gauge symmetry is spontaneously broken on

1 Vv our brane.

=== d We parametrize the vacuum expectation valug @fs

92 Y@+n)

x)=B-A (AB)
Mg4\2 1 1 [ Ad _ _ .
=\m v — where beta is a numerical coefficient of order 1, so that the
x1 Vi gMy " Qgagp \ My Compton wavelength is written

where in the second line we have assumed that the gauge 1 M, 1 AM2
bosons propagate it<n of the extra dimensions. For defi- Aa= —; et (A7)
niteness, we consider the case of gauge bosons living in all Onia-p M3 B M

extra dimensionsn(=d), and the expression simplifies to .
"=d) P P If the scaleA is somewhat smaller thall, , the Compton

M2 M" wavelength becomes shorter and the strengjtincreases.
gi= —’; Oniap —: , (A2) For example, if one imagines new physics arising from string
4 A theory at scaléM s, we have the relation
so then the ratio of forces becomes M2+n
S ~M 2+n
2 2 *
g4 1 gS
a= 4— 2 (A3)
™ Gymy, so that
(M), @aiarp M:) ) Ms=M, (g) Y V<M, . (A8)
m,% 4 A" where we have identified the Lagrangian

The factor of 25 appears as the square of the approximate
ratio between 1yGy and the reduced Planck mass. by f d4x\/—gRMi+”Vn=f d*x-gRM]  (A9)

of order TeV, already the force becomesl million times
gravity. If the gauge symmetry is spontaneously broken by avith a type | string Lagrangiaf¢]
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and 2. For smalleg, the predicted region can be extended
horizontally to the right until conflicting with experimental
observation.

If A is associated with physics at the string scale, it is pos; It:rllnally we no;e the %atjr?e f(f)rce y;/e dlscus§ IS dlt“'e tstrlctlly
sible the coefficienp is greater than 1. 0 the zero mode, an erelore 1is range 1s not srongly

In order to illustrate the phase space encompassed dg"ited by the size_ of the_ extra dimensions. In the case th_a_t
these forces, in Fig. 5 we plat versus\ ,, where for sim- ny of the_ extra dlr_nensmns has a large enough compgctlﬂ-
plicity we setA=M, and we vary the parameter from cation radius, the Ilghtgst KK modes of the gauge partlcle_s
1/(10X @y, ;) for weak coupling, to 1 for strong coupling. M&Y also make a contribution, though we do not include this

1
f ol“xE M2, J—gR.
S

We varyM, from 1 TeV to 100 TeV, and shoy between 1

explicitly in Figs. 1 and 2.
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