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1 Introduction

At approximately 11AM on Monday, January 6, 1986 I received a call from John
Noble Wilford of the N.Y. Times inquiring about a paper of mine which had just
been published in Physical Review Letters [?]. As a subscriber to the Times I knew
who John was, and so it was exciting to find myself speaking to him in person. My
excitement was tempered by the fact that I had returned the day before to Seattle
with a major cold which made it di�cult for me to talk to him or anybody else.
Two days later a front page story appeared in the Times by John under the headline
“Hints of Fifth Force in Universe Challenge Findings of Galileo”, accompanied by a
sketch of Galileo’s supposed experiment on the Leaning Tower of Pisa. Thus was born
the concept of a “fifth force” which, as used now, generically refers to a gravity-like
long-range force co-existing with gravity, presumably arising from the exchange of any
of the ultra-light quanta whose existence is predicted by various unification theories
such as supersymmetry. Depending on the specific characteristics of this hypothesized
force, it could manifest itself in various experiments as an apparent deviations from
the predictions of Newtonian gravity.

Our paper in Physical Review Letters (PRL) entitled “Reanalysis of the Eötvös
Experiment” [?], was co-authored by my three graduate students Carrick Talmadge,
Daniel Sudarsky, and Aaron Szafer, along with my long-time friend and collaborator
Sam Aronson. As the title suggests, our paper re-analyzed the data obtained from
what is now known as the “Eötvös Experiment”, one of the most well-known exper-
iments in the field of gravity. [2]. The authors of that 1922 paper, Baron Lorand v.
Eötvös, Desiderius Pekar, and Eugen Fekete (EPF), had carried out what was then
the most precise test of whether the behavior of objects in a gravitational field was the
same independent of their di↵erent chemical compositions. Their conclusion, that it
was, provided experimental support for what is now known as the Weak Equivalence
Principles (WEP), which is one of the key assumptions underlying Einstein’s General
Theory of Relativity [3]. However, the result of our reanalysis [1] of the EPF paper [2]
was that the EPF data were in fact “. . . sensitive to the composition of the material
used.”, in contrast to what EPF themselves had claimed. If the EPF data and our
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and Tuck which in turn motivated our own work. Shortly after our PRL appeared I
received a polite note from Fujii pointing out this connection, which I subsequently
confirmed in a conversation with Frank Stacey. What Fujii had shown was that in the
dilaton theory he was proposing the e↵ective gravitational constant G

0

at laboratory
distances could di↵er by a factor of 4/3 from the constant G1 that would describe
planetary motion. The Fujii papers strongly motivated the work of Stacey and Tuck,
which at the time of our PRL was in fact indicating a di↵erence between G

0

and G1,
and this in turn stimulated our work as we have noted above. Given the clear link
between Fujii’s work and ours, his paper clearly should have been cited.

Interestingly, in the years prior to our EPF analysis I had compiled a bibliography
of relevant interesting papers, and I later found that Fujii’s paper in Nature [240] was
in that bibliography. The same self-imposed time pressure described above ensured
that I never consulted this bibliography while drafting our paper, which accounts for
our neglect of his paper. I immediately responded to Yasunori and apologized. Sub-
sequently I went to some lengths to correct my oversight by detailing the significance
of his work in both our review in Annals of Physics [225] and in our book [BOOK].
Eventually we met and became colleagues and friends. We collaborated on a paper
[198], and during the subsequent years I had the pleasure of being his guest on several
visits to Japan.

If it seems surprising that I was upset at missing a single reference in a single
paper, my reaction reflects what has always been a firm commitment of mine to fairly
credit the work of others, as I would hope they credit my own.

In the category of shortcomings that were not our fault, Ref. 7 contains two very
unfortunate typographical errors, which were not present in our original manuscript.
In order to speed up the publication process, Physical Review Letters did not send
galley proofs of accepted papers before publication, and hence we had no opportunity
to correct these errors. For the record the correct references, as they should have
appeared in our paper, are: R.H. Dicke, Sci. Am. 205, 84 (1961); P.G. Roll, R. Krotkov,
and R.H. Dicke, Ann. Phys. (N.Y.) 26, 442 (1964). The error in the first of these
references was particularly embarrassing, especially given the gracious response of
Professor Dicke to our paper. Although I apologized to him, he indicated that this
was unnecessary since, as one of the referees, he had seen the original manuscript and
knew that we had cited him correctly.

Finally, a point which we failed to comment upon, but which arose in subsequent
questions, was the role of the brass vials themselves. Specifically, what would the EPF
data look like if the samples were taken to be the combination of the brass vials and
their contents. Intuitively we had assumed that since the vials were presumably all of
the same composition, their contributions would cancel when measuring acceleration
di↵erences. Nonetheless this was a question which needed to be addressed in detail,
and we did so in our review [225] by introducing the distinction between “reduced” and
“composite” samples, where composite referred to samples when the brass vials were
included. As we anticipated, the statistical significance of the EPF results remained
unchanged thus reflecting our original intuition that the contribution from the vials
essentially canceled.

4 Reflections

4.1 The Moriond Conferences

No organizational e↵ort contributed more to searches for non-Newtonian gravity (and
other related exotic phenomena) than the Rencontres de Moriond under the leadership
of J. Trân Than Vân. Following the publication of our original paper in January 1986,
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Eötvös Results 

Reference:  Fischbach, et al., Phys. Rev. Lett. 56, 3 (1986) 
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Eötvös Apparatus 

Reference: E. Fischbach and C. L. Talmadge, The Search for Non-Newtonian 
Gravity (AIP/Springer-Verlag, New York, 1999) 
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Summary of Newtonian Gravity 
•  Newtonian Gravity •  Non-Newtonian Gravity 

 

V (r) = −Gm1m2

r
V (r) = −Gm1m2

r
1+α12e

−r /λ{ }

r
F(r) = −G /m1m2

r2
r̂ = /m1

ra1
r
F(r) = −G(r)m1m2

r2
r̂

ra1 = −
Gm2

r2
r̂ G(r) = G[1+α12e

−r /λ (1+ r / λ)]
a)  independent of the nature of m1 

(Equivalence Principle) 

b)  varies as 1/r2 

doesn’t vary as 1/r2 * 

not independent of 1 or 2 * 
* Evidence for either of these would 
point to a new fundamental force in 
nature. 

rm m1 2
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The “Generic” Fifth Force Theory 
Many specific theories lead to new weak forces of 
intermediate range.  These theories derive from 2 
observations: 

€ 

mhadron ~ 1 GeV
    mPlanck ~ 101 9 GeV

" 
# 
$ 

% $    ⇒

€ 

f =
mhadron

mPlanck

≅10−19
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       f ≅10−19

mhadron ~ 1 GeV

$ 
% 
& 

' & 
   ⇒

€ 

µ = f mhadron≅10−10  eV
(λ =1/µ ≅ 2 km)

1. 

2a. 

2b. 
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  f ≅10−19

φ GSW ≅ 240 GeV

% 
& 
' 

( ' 
   ⇒

€ 

µ = f φ ≅ 2.4 ×10−8  eV
(λ =1/µ ≅ 8 m)

or 

These parameters [f ~10-19; λ ~ 10 m - 10 km] are typical of the values suggested 
by various theories. 
Hence, new interactions like the fifth force may be natural consequences of many 
models. 
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New Yukawa Forces 

Yukawa Phenomenology: 

Many extensions to the Standard Model include new light 
bosons: (moduli, dilatons, scalar axions, hyperphotons, 
radions, KK gravitons, …)  

 
λ =

h

µc

VYukawa (r) = α GM1M 2

r
"
#$

%
&'
e−r /λ  

€ 

(µ =  boson mass)

Strength Relative to Gravity: 

Range: 

 α  

f1 f2 

1 2 
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New Test of Quantum Mechanics: Is Planck's Constant Unique' ?

Ephraim Fischbach
Physics Department, Purdue University, West Lafayette, Indiana 47907

Geoff'rey L. Greene
IVational Institute of Standards and Technology, Gaithersbur g, Maryland 20899

Richard J. Hughes
Physics Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

(Received 20 August 1990)

We discuss the possibility that diff'erent realms of physics are described by distinct quantization con-
stants. From the consistency of existing data, we infer limits on the diA'erences between hypothetically
distinct quantization constants for diAerent elementary particles. Since the existence of multiple Planck
constants implies violations of space-time symmetries, these limits may be viewed as precise tests of fun-
damental conservation laws, including the conservation of linear momentum and energy.

PACS numbers: 03.65.Bz

The concept of a universal quantization constant has
been central to modern physics since its introduction by
Planck in 1900.' As accustomed as we have become to
thinking of Planck's constant, 6 =h/2tt, as the unique
quantum in terms of which both angular momentum and
action are measured, it cannot be logically excluded that
diA'erent realms of physics are in fact described by dis-
tinct quantization constants. To appreciate that such a
possibility is meaningful phenomenologically, it is useful
to recall the classic experiments of Beth and Holbourn
which directly measured the angular momentum of the
photon in macroscopic units. By passing circularly po-
larized light of known intensity through a quartz retar-
dation plate suspended from a torsion fiber, Beth was
able to determine the angular momentum transmitted to
the plate by a single photon. His result was consistent
with the theoretical expectation, J=A. A similar result
was obtained by Holbourn, who found J/It =1.05 ~ 0.15.
It is significant that the Beth-Holbourn experiments can,
in principle, be adapted to measure the intrinsic angular
momentum of any particle. An ensemble of such experi-
ments, each employing a diAerent elementary particle,
may be viewed as a direct and unambiguous test of the
conventional assumption that the angular momenta of all
particles are quantized in terms of the same 6. As we
discuss below, the issues that are raised by such a hy-
pothetical multiplicity of Beth-Holbourn experiments are
accessible in a metrologically more robust fashion by
other means.
We begin by demonstrating that by appropriately

combining the results of various high-precision experi-
ments, we can identify and extract distinct Planck con-
stants from existing data. After discussing the consisten-
cy of the results we obtain, we show that within the
framework of nonrelativistic quantum mechanics, the in-
troduction of multiple Planck constants leads to viola-
tions of space-time symmetry laws, such as energy and
linear momentum conservation. Thus, a test of the

uniqueness of Planck's constant may be viewed as a test
of quantum mechanics and/or the aforementioned con-
servation laws.
Our analysis involves an examination of a subset of the

existing precision measurements employed in the famil-
iar least-squares adjustment of the fundamental con-
stants. It should be noted that the extremely high accu-
racies which have been obtained in many of these mea-
surements are possible because they involve experimen-
tally accessible combinations of fundamental constants.
Attainment of such accuracies would be extraordinarily
dificult, if not impossible, if measurements were restrict-
ed to direct determinations of the individual constants
themselves. For example, while it is possible to measure
6 by an experiment of the Beth-Holbourn-type, and e by
the Millikan "oil drop' method, it would be diFicult in
either case to achieve a precision well below the 10
level. By contrast, the current experimental limits on the
combinations 2e/h (Josephson effect), and h/e (quan-
tized Hall effect), are quoted at the level of several parts
in 10 .
Directly or indirectly, Planck's constant enters into

many of these experimentally accessible combinations of
constants. Often its presence can be ascribed to the
direct application of a quantization principle for a partic-
ular elementary particle. For example, the Josephson
frequency-to-voltage relation, 2e/h =v/V, arises when
one measures an electrical energy qV=2eV which is re-
lated to the frequency v of an oscillating classical elec-
tric field. A quantum-mechanical description of the elec-
tron is necessary for the derivation of this relation; how-
ever, the electromagnetic field enters only classically.
Since the essential quantization principle applies to the
electron, we identify the h in the Josephson relation as
h„ the quantization constant for the electron.
In the following we distinguish four hypothetically dis-

tinct values of Planck's constant, h„h~, h„and h„,
which we associate with the electron, proton, photon, and

256 1991 The American Physical Society
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Constraints on Light Pseudoscalars Implied by Tests of the Gravitational Inverse-Square Law

Ephraim Fischbach1 and Dennis E. Krause2,1

1Physics Department, Purdue University, West Lafayette, Indiana 47907-1396
2Physics Department, Wabash College, Crawfordsville, Indiana 47933-0352

(Received 3 June 1999)
The exchange of light pseudoscalars between fermions leads to a spin-independent potential in

order g4, where g is the Yukawa pseudoscalar-fermion coupling constant. This potential gives rise
to detectable violations of both the weak equivalence principle (WEP) and the gravitational inverse-
square law (ISL), even if g is quite small. We show that when previously derived WEP constraints are
combined with those arising from ISL tests, a direct experimental limit on the Yukawa coupling of light
pseudoscalars to neutrons can be inferred for the first time (g2

n!4p & 1.6 3 1027), along with a new
(and significantly improved) limit on the coupling of light pseudoscalars to protons.

PACS numbers: 04.80.Cc, 14.80.– j

Recently there has been growing interest in using grav-
ity experiments to constrain the couplings of new light
bosons which arise naturally in most extensions of the
standard model [1–5]. Although considerable theoretical
and experimental effort has been devoted [1–5] to the
couplings of light scalar and vector particles, there is sig-
nificant interest as well in the couplings of new light pseu-
doscalars. These include axions which have derivative
couplings to fermions, and generic pseudoscalars which
have Yukawa couplings. In a previous paper [6], it was
shown that laboratory bounds on the Yukawa couplings of
light pseudoscalars to protons and neutrons could be sig-
nificantly improved by using the results from recent weak
equivalence principle (WEP) experiments [7]. These ex-
periments are sensitive to the spin-independent long-range
forces that arise in order g4 from two-pseudoscalar ex-
change [6,8,9], where g is defined by the coupling

L "x# ! igc"x#g5c"x#f"x# . (1)

Here f"x# is the field operator for a pseudoscalar of mass
m, and c"x# denotes either a proton (p), electron (e),
or neutron (n) of mass Mp , Me, or Mn, respectively. For
each pair of interacting particles, L "x# leads to a potential
V "4#"r# in order g4 which in the m ! 0 limit is given by
[8,9]

V
"4#
ab "r# ! 2

g2
ag2

b

64p3MaMb

1
r3 , (2)

where a and b may each denote p, e, or n. The object of
the present paper is to demonstrate that already existing
data from tests of the gravitational inverse-square law
(ISL) [1,10] provide new stringent constraints on g2

p and
g2

n. When combined with the constraints implied by
Eq. (3) below and the data from the WEP test in Ref. [7],
the ISL data lead to the first direct experimental bound on
the pseudoscalar-neutron coupling constant g2

n, and to a
significantly improved bound on g2

p [see Eq. (10) below].
Leaving aside for the moment the contribution from

electrons, it was shown in Ref. [6] that V
"4#
ab leads to an

acceleration difference D "a2220 of macroscopic test objects
2 and 20 in the presence of a common source M1. If these
have masses M2 and M20 , and contain Z2 (N2) protons
(neutrons), and Z20 (N20) protons (neutrons), respectively,
then

D "a2220 ! "F ""r#
µ

M1

m2
H

∂ ∑

g2
p

µ

Z1

m1

∂

1 g2
n

µ

N1

m1

∂∏

3

∑

g2
p D

µ

Z
m

∂

2220
1 g2

n D

µ

N
m

∂

2220

∏

. (3)

In Eq. (3), "F ""r# is the integral over the mass distribution
of the source [6], mi ! Mi!mH , mH ! m"1H1#, Mn $
Mp % M, and D"Z!m#2220 ! Z2!m2 2 Z20!m20 , etc. [1].
Since all the parameters appearing in Eq. (3) are known,
except for the pseudoscalar couplings g2

p and g2
n (to protons

and neutrons, respectively), an experimental determination
of D "a2220 leads to a constraint on g2

p and g2
n.

As noted in Ref. [6], however, the right-hand side of
Eq. (3) vanishes whenever g2

p and g2
n satisfy

g2
p

g2
n

! 2
D"N!m#2220

D"Z!m#2220
, (4)

in which case g2
p and g2

n can be arbitrarily large and
still be compatible with any experimental bound on
D "a2220 . Since the right-hand side of Eq. (4) is close to
1 for most pairs of materials, including those used in
Ref. [7], Eq. (4) can be satisfied even when g2

p and g2
n

are each quite large provided g2
p $ g2

n. This is shown
graphically in Fig. 1, which plots the constraints in the
g2

p-g2
n plane that emerge when Eq. (3) is combined with

the experimental limits of Gundlach et al. [7]. It is seen
that the boundary of the allowed region is a hyperbola
with an asymptote near g2

p ! g2
n, along which no limits

on g2
p or g2

n can be inferred. To circumvent the problem
caused by such “hyperbolic” constraints, one can combine
results from experiments using different materials, which
thus have slightly different asymptotes. Alternatively,
one can choose special materials (such as 2 ! Li and

0031-9007!99!83(18)!3593(4)$15.00 © 1999 The American Physical Society 3593
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New Limits on the Couplings of Light Pseudoscalars from Equivalence Principle Experiments

Ephraim Fischbach1 and Dennis E. Krause2,1

1Physics Department, Purdue University, West Lafayette, Indiana 47907-1396
2Physics Department, Wabash College, Crawfordsville, Indiana 47933-0352

(Received 11 January 1999)
The exchange of light pseudoscalar quanta between fermions leads to long-range spin-dependent

forces in order g2, where g is the pseudoscalar-fermion coupling constant. We demonstrate that
laboratory bounds on the Yukawa couplings of pseudoscalars to nucleons can be significantly improved
using results from recent equivalence principle experiments, which are sensitive to the spin-independent
long-range forces that arise in order g4 from two-pseudoscalar exchange. [S0031-9007(99)09397-7]

PACS numbers: 04.80.Cc, 14.80.– j

It is well known that the exchange of a light pseu-
doscalar quantum !f" with mass m between two fermions
!c" of mass M gives rise to a long-range spin-dependent
fermion-fermion interaction. If we describe the funda-
mental coupling via the usual Lagrangian density

L !x" ! igc!x"g5c!x"f!x" , (1)

where g is the pseudoscalar coupling constant, then the
spin-dependent potential between two identical spin-1#2
fermions is given by [1]

V !2"!"r; "s1, "s2" !
g2

16pM2

(
! "s1 ? r̂" ! "s2 ? r̂"

"
m2

r
1

3m
r2 1

3
r3

#
2 ! "s1 ? "s2"

"
m
r2 1

1
r3

#)
e2mr . (2)

Here r ! j"rj ! j"r1 2 "r2j is the distance between fermi-
ons 1 and 2, !1#2" "s1,2 are the fermion spins (h̄ ! c ! 1),
and we have dropped a term proportional to d3!r". Our
focus in this paper will be on the m ! 0 limit [2] of
Eq. (2), which characterizes the long-range interaction be-
tween fermions when 1#m is large compared to the size
of the apparatus,

V !2"!"r; "s1, "s2" m!0! g2

16pM2

S12

r3 , (3a)

S12 $ 3! "s1 ? r̂" ! "s2 ? r̂" 2 ! "s1 ? "s2" . (3b)
Limits on g2#4p derived from recent spin-dependent ex-
periments are summarized by Ritter et al. [3]. Although
these limits appear at first to be quite restrictive, they are
not nearly as stringent as the limits implied by recent spin-
independent tests of the equivalence principle, which also
probe for the presence of new long-range forces. For ex-
ample, if the coupling of a new long-range vector field Am

to fermions is described by the Lagrangian
L ! if c!x"gmc!x"Am!x" , (4)

then typical limits on f2#4p over laboratory distance
scales are f2#4p & 10246 [4,5] compared to g2

e#4p &
10216, where ge is the pseudoscalar coupling to electrons
[3]. Among the reasons for the differing sensitivities of
spin-dependent and spin-independent experiments are [5]:
(1) The strength of the spin-dependent coupling in Eq. (3)
is suppressed relative to that for the spin-independent
coupling by a factor of order 1#!MR"2, where R is the
characteristic size of the experimental apparatus. If M
denotes the electron mass and R ! 1 m, then 1#!MR"2 %
1.5 3 10225. (2) Test masses which have a net electron-

spin polarization can also interact electromagnetically.
Since the electromagnetic background is many orders
of magnitude larger than the effects expected from a
putative new force, special materials (such as Dy6Fe23)
and methods must be used which limit the sizes of the
samples that can be studied. (3) Furthermore, even in
these special materials, only a small fraction of the test
masses actually contributes, since the net polarization
is only 0.4 electrons per Dy5Fe23 molecule [6]. (4)
The spin-dependent couplings of light pseudoscalars to
nucleons are further suppressed by the dilution of the
electron polarization as it is transferred to the nucleons.
The disparity in the limits set on g2 and f2, by

spin-dependent and spin-independent experiments, respec-
tively, raises the question of whether interesting limits on
g2 can also be inferred from spin-independent searches for
macroscopic forces. The exchange of two pseudoscalars,
as shown in Fig. 1, gives rise to a spin-independent po-
tential V !4"!r" in order g4 which has been calculated by a
number of authors [7,8]. In the limit m ! 0, V!4"!r" is
given by

V !4"!r" ! 2
g4

64p3M2

1
r3 $ g4f!r" . (5)

Interestingly, V !4" and V !2" have the same functional
dependence on M and r in the m ! 0 limit, and the ratio
of their strengths (per pair of interacting particles) is

jV !2"!r; "s1, "s2"j
jV !4"!r"j !

4p2j&S12'j
g2 , (6)

where &S12' is determined by averaging over the polar-
izations of samples 1 and 2. We see from Eq. (6) that

0031-9007#99#82(24)#4753(4)$15.00 © 1999 The American Physical Society 4753
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Lunar Precession	

 Planetary	



V (r) = −G m1m2

r
1+α ⋅ e−r /λ( )

Reference: Coy, Fischbach, Hellings, Standish & Talmadge (2003)	
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New Limits on New Submicron Forces 
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General References 
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Review

Torsion balance experiments: A low-energy frontier of particle physics
E.G. Adelberger �, J.H. Gundlach, B.R. Heckel, S. Hoedl, S. Schlamminger
Center for Experimental Nuclear Physics and Astrophysics, Box 354290, University of Washington, Seattle, WA 98195-4290, USA

a r t i c l e i n f o

Keywords:
Torsion balance
Equivalence principle
Inverse square law
Lorentz invariance

a b s t r a c t

We review recent mechanical experiments that test some of the most basic principles of
physics including the weak and strong forms of the Equivalence Principle, the gravitational
inverse-square law, and Lorentz invariance. The very high sensitivity of these tests allows
one to place interesting constraints on string-theory inspired conjectures about new
Yukawa forces from the exchange of very light scalar, pseudoscalar or vector particles, large
extra dimensions, the chameleonmechanism, non-commutative spacetime geometry, and
Planck-scale Lorentz violation.

© 2008 Published by Elsevier B.V.
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Long-Range 
Tests 

(composition-independent)  
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Inverse-Square Law:  Solar System Tests 
The presence of the non-Newtonian 
contribution  leads to 2 measurable 
 effects: 

€ 

V5(r) = −α
G∞m1m2e−r /λ

r

a) Planetary Precession: 
δφa ≅ +πα(a / λ)2e−a /λ  rad/rev ≡  πα  x2e− x

a =  mean value of semi-major axis

b) Variation of GMsun :  

€ 

V5(r) ⇒  G(r) =G∞[1+ α(1+ r /λ)e−r /λ] ≠  constant

∴  4π 2 ap
3

Tp2
=G(a)Msun ≠  constant

δϕa = cx2e-x has a maximum at x = 2 

δφa 

Mikkelson & Newman (1977); de Rujula (1986); Talmadge, Berthias, Hellings,  
& Standish (1988); Coy, Fischbach, Hellings, Standish & Talmadge (2003) 
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Inverse-Square Law Tests: 
Airy Method (Stacey 1984) 
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Inverse-Square Law Tests: 
Spero 1980 
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Long-Range 
Tests 

(composition-dependent)  
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Limits on Extra Dimensions and New Forces: 
Long-Range Composition-Dependent Limits 

Reference:  E. G. Adelberger, Prog. Part. Nucl. Phys. 62, 102 (2009)  

112 E.G. Adelberger et al. / Progress in Particle and Nuclear Physics 62 (2009) 102–134

Fig. 5. Limits on EP-violating Yukawa interactions. The upper left and right panels show coupling to Z and to N = B� L, respectively; the lower left panel
shows the coupling to B. The lower right panel displays the limits on the strength of a ⇤ = ⇤ Yukawa interaction as a function of the charge parameter ⌅̃ .
All shaded regions are exluded with 95% confidence. The labels link to the references as follows: PU64 — [19], MSU72 — [20], EW99 — [10], LLR04 — [27,
33,34], EW08 — [32].

date of 2010 and a proposed sensitiviy of ⇥ ⇥ <10�15 [40]. The satellite will carry two differential accelerometers that
compare the forces on two coaxial cylinders, using an electrostatic feedback mechanism. The outer cylinder of the science
accelerometerwill bemade fromTi, the inner from a Pt/Rh alloy. Both cylinders of the ‘‘base-line’’ accelerometerwill be built
from the Pt/Rh alloy. The satellite will be injected into a heliosychronous orbit at 800 km altitude. The Italian Space Agency
(ASI) is considering a proposal by Nobili [41] to launch a satellite dubbed GG (Galileo Galilei) that contains two cylindrical
test bodies in a concentric geometry. In contrast to MICROSCOPE, it is planned to spin the spacecraft at a high frequency of
⇥2 Hz to improve the signal to noise ratio. GG is projected to resolve ⇥ to ⇥10�17.

3. Short-range tests of the gravitational inverse-square law

3.1. Parameterizations

Experimental limits on violation of the gravitational inverse-square law (ISL) are usually expressed as constraints on an
additional Yukawa interaction that gives a modified gravitational interaction between point bodies with massesm1 andm2
of the form

V (r) = �GN
m1m2

r
(1 + �e�r/⇤). (18)

This, of course, is the static potential produced by the exchange of natural-parity (0+, 1�, 2+, etc.) bosons between
unpolarized bodies, where the boson mass is h̄c/⇤. It also is expected to approximate well the effect of ‘‘large extra’’
dimensions, as long as r is greater than the largest size of the extra dimensions [2]. Note that � must be distinguished from
the �̃ (defined in Eq. (5)) that characterizes experimental constraints on EP violation; �̃ multiplies not the mass but rather
the ‘‘charge’’-to-mass ratio, q̃/µ, of the interacting bodies. Because the fractional difference in q̃/µ values of EP test bodies
is typically quite small, ISL tests are in some ways more sensitive than EP tests. On the other hand, ISL tests are completely
insensitive to new interactions mediated by massless bosons. Note that, in contradistinction to EP experiments, any given
ISL test, which can be thought of as comparing the forces at two different length scales r1 and r2 > r1, is sensitive only to
violations with r1 . ⇤ . r2. On the other hand, EP experiments, which compare the accelerations of two different materials,
can be sensitive to Yukawa EP violation with r . ⇤ . ⇤, where r is distance from the detector to the attractor.
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Magnetic Coils 

TV Camera 

Temperature of water is 
kept at (4.0±0.2)º C 
(maximum water density) 

Composition-Dependent Tests: 
 (Thieberger 1987) 
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Composition-Dependent Tests: 
 (Eöt-Wash, 1994) 

 

Reference:  Y. Su, et al., Phys. Rev. D 50, 3614 (1994) 
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Summary of Non-Null Results 
Experiment	

 Disposition	



Eötvös (1922)	

 ???	


Long (1976)	

 Tilt Problems	


Stacey (1981)	

 Terrain Bias	


Aronson (1982)	

 ?	


Thieberger (1987)	

 ?	


Hsui (1987)	

 Unknown Systematics	


Boynton (1987)	

 Magnetic Contamination	



Eckhardt (1988)	

 Terrain Bias	


Ander (1989)	

 Gravitational Anomalies	



There is at present no credible evidence for any deviations from the 
predictions of Newtonian gravity on any length scale. 
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Short-Range 
Phenomenology 
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Extra Dimensions 

Theories: 
•  Kaluza-Klein Theories (1920s) 
•  Supergravity 
•  String Theory 

x
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z
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Gravity in 3 + n Non-Compact 
Dimensions 

Potential 
Energy: 

Observations   n = 0 

€ 

VGravity (r) = −
G4+nM1M2

r1+n

r 

M1 M2 
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Compact Spatial Dimensions 

r >> R    Space appears 3-D 
r < R      Extra dimensions appear 

Experiment: 
•  All matter sees extra dims if R< 10-15 m 
•  Only gravity sees extra dims if R< 10-4 m 

!"

#"

close to the electroweak scale. The ultimate unification of
gravity with the other forces would then take place near
10–19 meter rather than 10–35 meter as traditionally assumed.
How many dimensions are needed depends on how large
they are. Conversely, for a given number of extra dimensions
we can compute how large they must be to make gravity
strong near 10–19 meter. If there is only one extra dimension,
its radius R must be roughly the distance between the earth
and the sun. Therefore, this case is already excluded by ob-
servation. Two extra dimensions, however, can solve the hi-
erarchy problem if they are about a millimeter in size—pre-
cisely where our direct knowledge of gravity ends. The di-
mensions are smaller still if we add more of them, and for
seven extra dimensions we need them to be around 10–14 me-
ter big, about the size of a uranium nucleus. This is tiny by ev-
eryday standards but huge by the yardstick of particle physics.

Postulating extra dimensions may seem bizarre and ad
hoc, but to physicists it is an old, familiar idea that dates
back to the 1920s, when Polish mathematician Theodor
Kaluza and Swedish physicist Oskar Klein developed a re-
markable unified theory of gravity and electromagnetism
that required one extra dimension. The idea has been revived
in modern string theories, which require a total of 10 spatial
dimensions for internal mathematical consistency. In the
past, physicists have assumed that the extra dimensions are
curled up into tiny circles with a size near the traditional
Planck length of 10–35 meter, making them undetectable but
also leaving the conundrum of the hierarchy problem. In
contrast, in the new theory that we are discussing, the extra
dimensions are wrapped into big circles of at least 10–14 me-
ter radius and perhaps as enormous as a millimeter.

Our Universe on a Wall

If these dimensions are that large, why haven’t we seen them
yet? Extra dimensions a millimeter big would be discernible

to the naked eye and obvious through a microscope. And al-
though we have not measured gravity below about a millime-
ter, we have a wealth of experimental knowledge concerning
all the other forces at far shorter distances approaching 10–19

meter, all of it consistent only with three-dimensional space.
How could there possibly be large extra dimensions?

The answer is at once simple and peculiar: all the matter
and forces we know of—with the sole exception of gravity—
are stuck to a “wall” in the space of the extra dimensions [see

illustration on next page]. Electrons and protons and photons
and all the other particles in the Standard Model cannot move
in the extra dimensions; electric and magnetic field lines can-
not spread into the higher-dimensional space. The wall has
only three dimensions, and as far as these particles are con-
cerned, the universe might as well be three-dimensional. Only
gravitational field lines can extend into the higher-dimension-
al space, and only the particle that transmits gravity, the gravi-
ton, can travel freely into the extra dimensions. The presence
of the extra dimensions can be felt only through gravity.

To make an analogy, imagine that all the particles in the
Standard Model, like electrons and protons, are billiard balls
moving on the surface of a vast pool table. As far as they are
concerned, the universe is two-dimensional. Nevertheless,
pool-table inhabitants made out of “billiard balls” could still
detect the higher-dimensional world: when two balls hit each
other sufficiently hard, they produce sound waves, which trav-
el in all three dimensions, carrying some energy away from
the table surface [see illustration on opposite page]. The
sound waves are analogous to gravitons, which can travel in

The Universe’s Unseen Dimensions Scientific American August 2000      65

SMALL EXTRA DIMENSION wrapped in a circle (circumfer-
ence of tube) modifies how gravity (red lines) spreads in space.
At distances smaller than the circle radius (blue patches), the

lines of force spread apart rapidly through all the dimensions.
At much larger distances (yellow circle), the lines have filled the
extra dimension, and it has no further effect on them.

GRAVITATIONAL LINES OF FORCE spread out from the
earth in three dimensions. As distance from the earth increases,
the force becomes diluted by being spread across a larger sur-
face area (spheres). The surface area of each sphere increases as
the square of its radius, so gravity falls as the inverse square of
distance in three dimensions.
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Copyright 2000 Scientific American, Inc.

ADD, Sci. Am., 2000 
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Gravity with n Compact Extra 
Dimensions of Size R  

Yukawa Correction 
       

Range of Yukawa: λ ~ R 
Strength Constant: α ~ 1-10 (depends on n 
                          and compactification scheme) 

Newtonian Gravity 
       

VGravity (r) =

−
G4M1M 2

r
(1+α  e−r /λ ),   r >> R

−
G4+nM1M 2

r1+n ,                      r ≤ R
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Numerical Estimates 
•  It is convenient to introduce an energy scale set by the usual 

Newtonian constant G = G4. This is the Planck mass MPl = M4 
 
M4 = MPl = (ħc/G4)1/2 = 2.18×10-5 g = 1.22×1019 GeV/c2 

•  In natural units (ħ = c = 1)        M4
2 = 1/G4  

 
•  The analog of the Planck mass in higher dimensions is called M4+n 

where 
 
 

      where R(n) is the characteristic size of the compact dimension. 
 
•  This forms the basis for current experiments 

€ 

M4
2 ≈ Rn(n)M4+ n

n+ 2
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How Big is M4+n? How big is n? 
1)   The usual Planck mass M4 and the associated length scale 

ħ/M4c ≈ 10-33 cm are the scales at which gravitational 
interactions become comparable in strength to other 
interactions, and hence can be unified with these 
interactions 

2)   It would be nice if this happened at a smaller energy  
scale  bigger length scale. 
A natural choice is ~ 1 TeV = 1012 eV where 
supersymmetry breaks down 
 

3)   This can happen in some string theories with extra spatial 
dimensions if ordinary matter is confined to 3-dimensional 
walls (“branes”), and only gravity propagates in the extra 
dimensions 
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How Big is M4+n? How big is n? 
4)  In such theories M4+n ~ 1 TeV by assumption 

We then solve: 
 

 
 
 
 

  
 n = 1  R(1) ≈  2 × 1015 cm    Excluded 
 n = 2  R(2) ≈  0.2 = 2 mm      Highly Constrained 

  n = 3  R(3) ≈  9 × 10-7 cm    Weakly Constrained 

M 4
2 ≈ Rn (n)M 4+n

n+2

R(n) ≈ 2 ×10 32/n−17( )  cm
(1019 GeV)2 (1 TeV)n+2 

Limit on Largest Extra Dimension R ≤ 44 µm 
Reference:  E. G. Adelberger, et al., Prog. Part. Nucl. Phys. 62, 102 (2009). 
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Short-Range 
Experiments 
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Eöt-Wash Short-Distance Experiment 

D. J. Kapner, et al., Phys. Rev. Lett. 98, 021101 (2007) 

Tests of the Gravitational Inverse-Square Law below the Dark-Energy Length Scale

D. J. Kapner,* T. S. Cook, E. G. Adelberger, J. H. Gundlach, B. R. Heckel, C. D. Hoyle, and H. E. Swanson
Center for Experimental Nuclear Physics and Astrophysics, Box 354290, University of Washington,

Seattle, Washington 98195-4290, USA
(Received 16 October 2006; published 8 January 2007)

We conducted three torsion-balance experiments to test the gravitational inverse-square law at
separations between 9.53 mm and 55 !m, probing distances less than the dark-energy length scale "d !!!!!!!!!!!!!!
@c=#d

4
p

" 85 !m. We find with 95% confidence that the inverse-square law holds (j$j # 1) down to a
length scale " ! 56 !m and that an extra dimension must have a size R # 44 !m.

DOI: 10.1103/PhysRevLett.98.021101 PACS numbers: 04.80.Cc, 95.36.+x

Recent cosmological observations [1–3] have shown
that 70% of all of the mass and energy of the Universe is
a mysterious ‘‘dark energy’’ with a density #d "
3:8 keV=cm3 and a repulsive gravitational effect. This
dark-energy density corresponds to a distance "d !!!!!!!!!!!!!!
@c=#d

4
p

" 85 !m that may represent a fundamental
length scale of gravity [4,5]. Although quantum-
mechanical vacuum energy should have a repulsive gravi-
tational effect, the observed #d is between 1060 and
10120 times smaller than the vacuum energy density com-
puted according to the standard laws of quantum mechan-
ics. Sundrum [6] has suggested that this huge discrepancy
(the ‘‘cosmological constant problem’’) could be resolved
if the graviton were a ‘‘fat’’ object with a size comparable
to "d that would prevent it from ‘‘seeing’’ the short-
distance physics that dominates the vacuum energy. His
scenario implies that the gravitational force would weaken
for objects separated by distances s & "d. Dvali,
Gabadaze, and Senjanović [7] argue that a similar weak-
ening of gravity could occur if there are extra time dimen-
sions. In their scenario, the standard model particles are
localized in ‘‘our’’ time, while the gravitons propagate in
the extra time dimension(s) as well. Other scenarios predict
the opposite behavior: The extra space dimensions of
M theory would cause the gravitational force to get
stronger for s & R, where R is the size of the largest
compactified dimension [8]. These considerations, plus
others involving new forces from the exchange of proposed
scalar or vector particles [9], motivated the tests of the
gravitational inverse-square law we report in this Letter.

Our tests were made with a substantially upgraded ver-
sion of the ‘‘missing mass’’ torsion-balance instrument
used in our previous inverse-square-law tests [10,11].
The instrument used in this work [12], shown in Fig. 1,
consisted of a torsion-pendulum detector suspended by a
thin " 80-cm-long tungsten fiber above an attractor that
was rotated with a uniform angular velocity ! by a geared-
down stepper motor. The detector’s 42 test bodies were
4.767-mm-diameter cylindrical holes machined into a
0.997-mm-thick molybdenum detector ring. The hole cen-
ters were arrayed in two circles, each of which had 21-fold

azimuthal symmetry. The attractor had a similar 21-fold
azimuthal symmetry and consisted of a 0.997-mm-thick
molybdenum disk with 42 3.178-mm-diameter holes
mounted atop a thicker tantalum disk containing
21 6.352-mm-diameter holes. The gravitational interaction
between the missing masses of the detector and attractor
holes applied a torque on the detector that oscillated
21 times for each revolution of the attractor, giving torques
at 21!, 42!, 63!, etc., that we measured by monitoring
the pendulum twist with an autocollimator system. The
holes in the lower attractor ring were displaced azimuthally
by 360=42 degrees and were designed to nearly cancel the
21! torque if the inverse-square law holds. On the other
hand, an interaction that violated the inverse-square law,
which we parametrize as a single Yukawa

 

FIG. 1. Scale drawing of our detector and attractor. The 3 small
spheres near the top of the detector were used for a continuous
gravitational calibration of the torque scale. Four rectangular
plane mirrors below the spheres are part of the twist-monitoring
system. The detector’s electrical shield is not shown.

PRL 98, 021101 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
12 JANUARY 2007

0031-9007=07=98(2)=021101(4) 021101-1  2007 The American Physical Society
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Stanford Short-Distance Experiment 

Reference:  A.A. Geraci, et al., PRD, 78, 022002 (2008) 

quality factor: z ¼ FQ=k. The 1:5 !g test masses measure
54" 54" 27 !m3 and are cut from the edge of a 27 !m
thick gold foil using a 20 nA gallium focused-ion-beam
(FIB). This technique produced masses with more regular
shapes than those used in previous versions of the experi-
ment [7]. A scanning electron microscope (SEM) image of
a FIB-cut mass attached to a cantilever is shown in the inset
of Fig. 1. The improvement allows a flatter surface to be
presented to the drive mass, allowing more force sensitiv-
ity, and results in an improved interferometer signal. The
driving (source) mass is mounted on a piezo-electric bi-
morph which actuates in the y direction (as shown in
Fig. 1) beneath the cantilever with an amplitude of
#120 !m about its equilibrium position. The drive mass
consists of alternating 100 !m-wide bars of gold and
silicon that are approximately 100 !m deep and 1 mm
long. As the bimorph oscillates with a sinusoidal motion, a
time-varying gravitational force is exerted on the cantilever
which can occur at the driving frequency of the bimorph as
well as at higher harmonics, depending on the drive am-
plitude and spatial orientation of the test and drive masses.
Simulation indicates a maximal gravitational coupling at
the third harmonic of the drive frequency for a bimorph
amplitude of 133 !m, with only a slight reduction
(# 10%) at 120 !m [10]. A gold-coated silicon nitride

shield membrane separates the cantilever from the drive
mass and provides attenuation of electrostatic and Casimir
background forces from the oscillating drive mass. The
drive mass is covered with a smooth 1 !m-thick plane of
silicon, followed by aluminum oxide and gold to further
suppress modulations in electrostatic or Casimir forces
associated with the sections of alternating density. A sche-
matic (not to scale) showing the cantilever, test and drive
masses, shield, and piezo-electric bimorph-actuator is
shown in Fig. 1. A piezo-electric stack actuator is also
included near the base of the cantilever to allow tests with
deliberate excitation and to facilitate interferometer offset
control and characterization. The voltage from the signal
photodiode in the interferometer and the voltage applied to
the bimorph-actuator are recorded at 10 kHz on a data
acquisition device connected to a PC. The cantilever signal
(at the third harmonic of the drive frequency) is averaged
with respect to the phase of the drive signal. A series of
time records is collected for each data point. A fast Fourier
transform of the interferometer data is performed to deter-
mine the amplitude and phase at the third harmonic of the
drive signal.
The amplitude and phase of either a magnetic or Yukawa

signal will change in a predictable way as we vary the
y-equilibrium position of the drive mass oscillation in situ.

FIG. 1 (color online). A schematic (not to scale) showing the cantilever, test and drive masses, shield, and piezo-electric bimorph
actuator. Figure is adapted from Ref. [16]. Not shown are the metallization of the shield and drive mass ground plane. A Fabry-Perot
cavity is formed between the bottom of the optical fiber and top of the test mass and is used to interferometrically measure the
cantilever displacement. The coordinate axes shown in the lower inset are used throughout the paper to describe the orientation of the
drive mass and test mass. Upper inset: SEM micrograph of FIB-fabricated test mass cut from 27 !m thick gold foil attached to
cantilever.

GERACI, SMULLIN, WELD, CHIAVERINI, AND KAPITULNIK PHYSICAL REVIEW D 78, 022002 (2008)

022002-2
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Riverside Lateral Casimir Force Experiment 

Reference:  H. –C Chiu, et al., Phys. Rev. B 80, 121402(R) (2009) 

sphere which is sandwiched against the grating. Next the
imprinting was done by applying a voltage to the z piezo to
squeeze the sphere between the grating and the hard flat sur-
face. To obtain deeper imprints preserving sphericity addi-
tional pressure was put on the sphere using the stepper mo-
tor. With the help of the same motor the hard flat surface was
gently removed and the sphere was then moved horizontally
to a different position on the grating !as the latter might have
changed its local amplitude during the imprint process". The
amplitude of the imprinted corrugations over a 30
!30 "m2 area on the sphere was measured with an AFM to
be A2=13.7#0.4 nm !60% increase as compared with Ref.
9". The diameter of the Au-coated sphere was measured to be
2R=194#0.3 "m using a scanning electron microscope.
The corrugations were examined using an AFM and found to
be homogeneous.

The distinctive feature of the setup shown in Fig. 1 is that
a lateral force along the x-axis tangential to the corrugated
sphere and a grating would lead to the vertical bending of the
cantilever !measured using the bicell photodiodes A and B in
Fig. 1", whereas a force acting normal to the test bodies
would lead to a torsional deflection. The torsional spring
constant was found to be 46 times larger than the bending
spring constant using an independent quad-cell AFM mea-
surement of the torsional movement of such a cantilever.
Thus, the normal Casimir force could lead to only a negli-
gible change in the second sphere position and the phase of
the corrugations. First, the torsional cantilever deflection due
to voltages V applied to the grating while the sphere re-
mained grounded was measured by means of the difference
signal between the bicell photodiodes. The measured deflec-
tion signal S at z=1 "m, where the Casimir force is negli-
gible, was fitted to the following expression for the normal
electrostatic force between the sphere and the grating:

Fnor
el !z,$" = ktorSnor

el

= − 2%&0!V − V0"2# R

2z

1
$1 − '2

+ c0 + c1
z

R
+ c2

z2!2 + '2"
2R2 + c3

z3!2 + 3'2"
2R3

+ c4
z4!8 + 24'2 + 3'4"

8R4 + c5
z5!8 + 40'2 + 15'4"

8R5

+ c6
z6!16 + 120'2 + 90'4 + 5'6"

16R6 % . !1"

Here, ktor is the normal force calibration constant, V0 is the
residual potential difference between the grating and the
sphere when both are grounded, ci are the numbers listed in
Ref. 11, '= !A1

2+A2
2−2A1A2 cos $"1/2 /z, and $=2%x /( is

the phase shift between the corrugations on both surfaces.
Equation !1" was derived using the exact formula for the
electric force in the sphere-plate geometry11 and taking the
corrugations into account by means of the PFA. We have
checked that within the measurement range, the analytical
result !1" coincides up to 2.8% with the numerical solution of
the Poisson equation using the software COMSOL MULTIPHYS-
ICS !http://www.comsol.com". The good agreement is ex-
plained by the absence of diffraction effects for the static
electric field. The measurement of S was repeated for eight
different voltages between −0.52 V and 0.47 V. The mean
value of V0 found from the fit to Eq. !1" is V0=−39.6
#1.6 mV.

Then the cantilever bending due to the lateral Casimir
force was measured. In this case only the residual voltage V0
was applied to the grating in order to make the electric force
equal to zero. The x piezo was used to move the grating
along the x axis and thus change $. The z piezo, which was
independently controlled by an external voltage source, was
used to change z. The piezoextensions with applied voltage
in both directions were calibrated using optical
interferometry.12 Small deviations of the grating from the x
axis during the movement were corrected as described in
Ref. 9. Initially the corrugated sphere was positioned 3.79
nm from the separation on contact between the two surfaces
z0 determined by the corrugations and the highest roughness
peaks. The mechanical drift of this position was verified to
be very small !average value of 0.14 nm/min". A phase shift
was introduced by moving the x piezo continuously for a
total distance of 3.3 "m at 0.103 Hz. The photodiode signal
corresponding to the cantilever deflection was filtered with a
low-pass filter with a 30 ms time constant and recorded at
each of the 8192 points corresponding to x changes of 0.4
nm. Then the separation from z0 was increased by 3.6 nm
from 3.79 nm to 7.39 nm and the deflection signal Slat

C was
similarly measured as a function of $ and recorded. After
this, the separation from z0 was increased by 3.96 nm from
7.39 nm to 11.35 nm and the measurements repeated. Next
Slat

C due to the lateral Casimir force as a function of $ was
measured at separations of 20.05, 32.48, 45.30, 58.01, and
70.86 nm from z0.

To convert the measurement data from Slat
C into values of

the lateral Casimir force at some specific separation, it is
necessary to determine the values of kben and z0. This was
achieved by measuring the cantilever deflection signal due to
the lateral electrostatic force which arises when a voltage is
applied to the grating. The measurements of this signal were
performed at small separations from close to z0 to z0
+120 nm. First, a voltage of 141.456 mV was applied to the

FIG. 1. !Color online" Schematic of the experimental setup !see
text for further details". Insertion shows the imprinted corrugations
on the second sphere. The lighter area shows higher points and
hence demonstrates the sphericity of the imprinted surface.

CHIU et al. PHYSICAL REVIEW B 80, 121402!R" !2009"
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with a thickness of 20 nm and then evaporation coating a
gold layer with a thickness of 1000 nm.

The torsion balance is a copper bar that is suspended
above the center of gravity by a tungsten wire of diameter
60 !m and length 400 mm and the torsion constant of the
wire is 6:1! 10"7 N #m=rad. The torsion angle can be
obtained by an optical lever with a helium-neon laser and a
photodiode. The angular resolution of the photodiode was
measured to be 2:3 mV=! rad, and the angular sensitivity
was measured to be 1! 10"6 rad=

ffiffiffiffiffiffi
Hz

p
at 1 mHz.

A feedback system is used to measure the macroscopic
forces by a null method. The torsion angle is maintained in
order to maintain a certain position during the measure-
ment. The signal of the torsion angle is integrated, filtered,
and then converted into the feedback voltage !V in the
analog feedback circuit. The position of the torsion balance
is controlled by applying voltages V0 þ!V and V0 "!V
to plates P3 and P6 respectively, where V0 is the bias
voltage. The feedback response was adjusted to give a
unity gain frequency of approximately 0.04 Hz. An elec-
tric force corresponding to !F ¼ 2V0!VdC=dx is applied
to the torsion balance, where dC=dx is the derivative of
the capacitance of the plates. The feedback coefficient
!F=!V was calibrated to be 1:11& 0:01! 10"12 N=mV.

The variation of the force acting on plates P1 and P2 is
determined by measuring the feedback voltage. Flat plate
P2 is attached to the piezoelectric translator (PZT) on a
motorized stage and faces the spherical plate P1. The
dependence of displacement of the PZT on applied voltage
(11:0 !m at a bias voltage of 100 V ) was calibrated with a
Michelson interferometer. The PZT was used only along

the calibrated routes and the repeatability error in distance
is measured to be 0.3%. These instruments were set in a
vacuum chamber and a pressure on the order of 0.1 Pa was
maintained during measurements.
In order to determine the absolute distance z0 between

plates P1 and P2, we use the dependence of the electric
force on distance. If a bias voltage Vb is applied between a
flat plate and a spherical lens, the electrostatic force FeðVbÞ
for z ) R is given byFeðVbÞ ¼ "#0RðVc " VbÞ2=z, where
Vc is the contact potential difference and #0 is the dielectric
constant. The contact potential difference between two
metallic surfaces is caused by the different work functions
of different metals or the distribution of surface charges. If
the bias voltage is varied with an amplitude of Vs at a
certain distance z0, the variation in the electrostatic force
!FeðVbÞ * FeðVb þ VsÞ " FeðVbÞ is given by

!FeðVbÞ ¼
2Vs"#0R

z0
Vb þ

"#0R

z0
ðV2

s " 2VcVsÞ: (2)

First, we measured !FeðVbÞ while the bias voltage was
changed in steps of 10 mV at a certain distance. By fitting
the data to Eq. (2), we obtained Vc ¼ 82:6& 0:9 mV and
z0 ¼ 1:601& 0:013 !m. We then measured the force as a
function of distance by bringing plate P2 close to plate P1
with a constant step of 0:3 !m from a distance of approxi-
mately 6:5 !m. A bias voltage is applied between plates
P1 and P2 to diminish the electric force. After obtaining
data at a distance of approximately 0:5 !m, we returned
the plate to approximately 6:5 !m and began the next
cycle in the same manner. Each step requires 600 s, in-
cluding a dead time of 200 s, and one cycle requires
approximately 4 h. The final data comprise 587 points in
the 0:48–6:5 !m range.
The obtained data correspond to the force variation

!FexpðzÞ * FexpðzÞ " Fexpðzþ !zÞ, where FexpðzÞ is the
attractive force between the plates as a function of dis-
tance. All data were divided into independent bins with the
width of 0.1 to 0:3 !m, fitted with a linear function defined
within each bin. Then, to ensure the quality of data analy-
sis, 28 data points with 2:5$ far from the fitted function
were rejected, which are 5% of the obtained data. Within
the scope of the standard interaction theory, each data point
conceals the residual electrostatic and the Casimir force
variations. The difference in the electric force when the
distance is varied with a constant step !z at a constant bias
voltage can be expressed as

!FeðzÞ
!z

¼ FeðzÞ " Feðzþ!zÞ
!z

¼ "#0RV
2
res

zðzþ !zÞ : (3)

In order to reveal the electric force and the Casimir force,
the data of !FexpðzÞ=!z with the statistical errors in the
whole range of the 0:48–6:5 !m were fitted simulta-
neously to the sum of 2 functions: the expected electro-
static force Eq. (3) whose residual voltage difference Vres is
a fit parameter and the Casimir force without assuming any

Torsion balance

Laser source

Differential amplifier

Mirror

PZT driver
circuit

Motor controller

P2

DC supply

Photodetector

Feedback circuit

P1

P3

P4

P5

P6

12 cm

Vacuum chamber

FIG. 1 (color online). Schematic diagram of the instrument
used herein. P1 and P2 indicate the spherical lens and the flat
plate, respectively, that produce a macroscopic force. P3, P4,
P5, and P6 indicate the plates forming actuators that are used to
control the torsion angle. Plates P1, P4, and P5 are electrically
grounded through the wire of the torsion balance.
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represent an improvement of the constraints on Yukawa
forces by approximately half an order of magnitude over
our previously published work [7]. We also note that the
mean values of ! from the histograms in Ref. [7] are now
excluded at better than the 95% level by the present work.
Our final results are shown in Fig. 9. We show only the 95%
confidence exclusion results from Table V.

VIII. FUTURE DIRECTIONS

One limiting factor of the experimental run had to do
with the duty cycle of the experiment. Improvements to the
duty cycle could be made by adding more automation to
the experiment or transferring the apparatus to a generally
less noisy environment. A substantial improvement could
involve the redesign of the cantilever to allow a larger area
test mass. Such an improvement is underway in a second-
generation rotary-drive experiment [21], expected to be 1
to 2 orders of magnitude more sensitive than the present

apparatus. A number of other improvements could be
implemented resulting in more marginal gains. A doubly
clamped cantilever beam loaded with a test mass in its
center could reduce the systematic error associated with
the transverse position of the fiber above the test mass. In
this configuration, any transverse displacement of the fiber
along the test mass length affects the measured vertical
displacement to a lesser degree, as the cantilever mode
shape is quadratic rather than linear at the mass-attachment
point. An additional piezo-electric transducer that, unlike
the bimorph, can be operated at the cantilever resonance
frequency could be installed near the bimorph to further
characterize the effectiveness of the vibration isolation.
Voltage noise on the interferometer could potentially be
reduced by improving the vibration isolation between the
optical fiber in the cryostat and the bimorph actuator. A
new set of shield wafers could be fabricated from a double-
polished silicon wafer to allow a sharper reflection of the
drive mass image during the room temperature alignment
procedure. This could potentially reduce uncertainty in the
tilt, resulting in decreased effective separation of the
masses.

IX. CONCLUSION

To date, the gravitational interaction remains as one of
the least-understood and least-tested aspects of fundamen-
tal physics. In this paper we have presented the latest
results from the first-generation Stanford micro-cantilever
experiment, which in sum has improved the limits on new
Yukawa-type forces at 20 "m by over 4 orders of magni-
tude since its conception. Our most recent experimental
constraints on Yukawa-type deviations from Newtonian
gravity represent the best bound in the range of
5–15 "m, with a 95% confidence exclusion of forces
with j!j> 14; 000 at # ¼ 10 "m.
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additional term, originating from the light scalar boson
exchange, leads to a modification of angular dependence
not observed in the experimental data. Let us stress that the
same bound is valid for gV .

According to [15,16], experimental data in the keV
energy range are well described by the following expres-
sion:

d!

d!
¼ !0

4"
½1þ!E cos#$; (12)

where
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!0=4"

p
% 10 fm and ! ¼ ð1:91'

0:42Þ10)3 keV)1. These numerical values are very reason-
able from the nuclear scattering point of view, and from the
demand that these values are not spoiled by a Yukawa
potential contribution originating from a light boson ex-
change, bounds on g and $ were obtained in [16]. The
point is that the Yukawa amplitude, interfering with the
strong interaction amplitude, will show up in the following
contribution to ! for E ! 0:

j"!j ¼ 16m2
nffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

!0=4"
p

%2
n

4"

A

$4 ; (13)

and from the demand that "!<!, the above mentioned
bound was extracted. For an update of results obtained in
[16], see [17].

It is quite natural to assume that the coupling of a new
light boson with nucleons originates from its coupling with
u and d quarks. In this case, bounds from pion and kaon
decays [18] are applicable. Let us start with vector cou-
pling. According to the conservation of vector current,

couplings to nucleons are equal to the sum of the couplings
to quarks: 2fuV þ fdV for a proton and fuV þ 2fdV for a
neutron (fi are analogous to our g

i
N). The "

0 ! VV decay
contributes to"0 ! invisible decays and, using the experi-
mental bound Brð"0 ! &&Þ< 2:7* 10)7 in [18], the fol-
lowing bound was obtained:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jf2uV ) f2dV j

q
+ 4* 10)3; (14)

which is automatically satisfied for an isoscalar coupling,
fuV ¼ fdV . However, the bound on the "0 ! 'V decay,
with the latter contributing into the "0 ! 'þ invisible
mode, will translate into bounding of isoscalar couplings
as well [18]:

2fuV þ fdV
3

< 1:6* 10)3: (15)

Here, the experimental bound Brð"0 ! '&&Þ< 6*
10)4 was used. These numbers should be compared with
our bound on gVN (8).
Since "0 ! SS and "0 ! S' decays violate the corre-

sponding P and C parities, we do not obtain bounds on fS
from these decays. C-parity conservation forbids the "0 !
'A decay as well, while from the bound on "0 ! invisible
decays, we get the coupling constant bound (14) for the
axial vector boson.
More stringent upper bounds on the coupling constants

follow from very strong experimental limits on the branch-
ing ratio BrðKþ ! "þ þ &&Þ< 2* 10)10. The longitu-
dinal component of the axial vector boson contributes to
the decay amplitude proportionally as ð2mq=$ÞfqA [18],
and even if the axial vector boson couples only with light
quarks, we obtain

fu;dA & 10)6$ðMeVÞ: (16)

The factor of 2mq=$ is absent when the axial vector
interaction is substituted by the scalar interaction, and thus
we obtain

fu;dS & 10)5: (17)

Fortunately, the conservation of vector current forbids
K ! "V decays for $2 ¼ 0, so that is why the bound on
the vector coupling for light $ is not very strong:

fu;dV

"
$

mK

#
2
& 10)5: (18)

IV. CONCLUSIONS

Our bounds obtained from high-energy and very small
momentum transfer np elastic scattering data [2] provide
exclusions of new forces at distances above 5 fm, which
corresponds to exchanged particle masses lighter than
40 MeV. These bounds are extracted in a covariant ap-
proach, as an alternative to the bounds on couplings at
larger distances, extracted from the absence of deviations
from the Newtonian gravitational law.

/1m)log(
-14 -12 -10 -8 -6 -4

)
G

lo
g(

0

5

10

15

20

25

30

35

40

Seattle

Lamoreaux

Stanford

Decca et al.Mostepanenko et al.

Mohideen et al.
Nesvizhevsky et al.

Nesvizhevsky

Bordag et al.

& Protasov

Pokotilovski

This Work
Scalar
Vector

FIG. 4 (color online). Experimental limits on (G and % from
[5–14] parametrizing deviations from Newton’s law. Our limits
transformed into coordinates (G and % are also shown for
comparison.

BOUNDS ON NEW LIGHT PARTICLES FROM HIGH- . . . PHYSICAL REVIEW D 78, 114029 (2008)

114029-5



Ephraim Fischbach 
Rencontres de Moriond, March 2015 

Why are Sub-micron Limits so Poor? 
Problems:   
 
1.  Strong Background Forces 
 

 Casimir force dominates when 
      10-10 m < separation < 10-6 m 

2.  Small Fraction of Mass  
       Contributes 

Only mass within λ of surface 
contributes to Yukawa force  
between macroscopic bodies 
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Power Law Forces 

n = 2  2-photon exchange; 2-scalar exchange 
n = 3  2-pseudoscalar exchange, Randall-

Sundrum model with warped infinite 
dimensions 

n = 5  2-neutrino-exchange; 2-axion exchange 
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Limits on Power Law Forces from  
Short-Distance (~ cm) Gravity Experiments 

_ 

n	


2	

 4.5 × 10-4	



3	

 1.3 ×  10-4	



4	

 4.9 ×  10-5	



5	

 1.5 ×  10-5	



βn

Reference:  E. G. Adelberger, et al., Prog. Part. Nucl. Phys. 62, 102 (2009). 
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Finite-size Effect:  New Power-law Forces 

_ 

Power-law forces acting between two 1 cm ×  1 cm ×  
1mm copper plates separated by distance d (αn = 1) 

It is difficult to set limits 
on power-law forces at 
very short distances 
using macroscopic test 
bodies. 
Background forces 
increase faster than 
new power-law forces 
as separation 
decreases. 
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Setting Limits on New Forces/New Extra 
Dimensions at Very Short Distances  

•  Extensions to the Standard Model of 
particle physics include new forces and 
extra dimensions that might appear at 
short distances. 

•  Many models predict that these effects 
appear as Yukawa or power-law 
corrections to Newtonian gravity. 

•  To set limits on Yukawa forces with ranges  
 λ < 10-6 m using force experiments, one 
must use test bodies separated by < 10-6 m  
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•  Dominant electronic force at small (~ 1 nm)       
separations 

•  Non-retarded: van der Waals 

•  Retarded: Casimir 

Attractive force! 
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Searching for New Forces/Dimensions using 
Casimir Force Experiments 

FX

FCasimir

€ 

FX ≤ FCasimir
Measured − FCasimir

Theory

Measure Casimir force and 
compare result with theory: 

Corrections from Ideal: 
•  Temperature-Dependence 
•  Roughness Corrections 
•  Finite-Conductivity 

Reference:  Advances in the Casimir Effect by M. Bordag, et al. 
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IUPUI Experiment  
(Decca, Lopéz, Fischbach, Krause) 

Experimental Parameters: 

Plate: 500 µm × 500 µm × 3.5 µm 
Sphere Radius: ~50 µm 
Sphere/Plate Separation: 150-500 nm 

Image: R. S. Decca, et al.,  Phys. Rev. Lett. 94, 240401 (2005)	
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Casimir Force: 
Static Measurement 
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Casimir Pressure: 
 Gradient Measurement 
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Theories at Sub-Micron Distances 

Reference: R. S. Decca, et al.,  Phys. Rev. Lett. 94, 240401 (2005)	
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Limits on Extra Dimensions and New Forces: 
Sub-micron Limits 
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Iso-electronic Effect 
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Abstract

We describe a new experimental and theoretical effort to search for new forces and extra spatial dimensions over nanometer
distance scales. Since the Casimir force produces a large background over these distances, we plan to base our experiments on
the iso-electronic effect. This utilizes the observation that the Casimir force depends primarily on the electronic properties of
the test bodies, whereas new long-ranged forces also couple to nuclei. By measuring force differences between isotopes of the
same element, we hope to greatly improve the current limits on new forces and extra dimensions at submicron separations.
! 2003 Elsevier B.V. All rights reserved.

PACS: 14.80.-j; 04.65.+e; 11.30.Pb; 12.20.Fv

Keywords: Casimir force; Non-Newtonian gravity; New forces

1. Introduction

Motivated in part by new theoretical models sug-
gesting the possibility of large new spatial dimen-
sions [1–3], a considerable experimental effort has
been undertaken to search for deviations from the pre-
dictions of Newtonian gravity at submillimeter dis-
tances [4–7]. Remarkably, most extensions to the Stan-
dardModel of particle physics, including string theory,

* Corresponding author.
E-mail address: ephraim@physics.purdue.edu (E. Fischbach).

yield the same prediction, Yukawa corrections to the
usual Newtonian potential energy between two masses
m1 and m2 separated by a distance r [1,8,9]:

(1)V (r) = −Gm1m2

r

(

1+ αe−r/λ
)

,

where G is the Newtonian gravitational constant, α

is a dimensionless constant measuring the strength of
the new force relative to gravity, and λ is its range.
In extra dimensional models, λ ∼ R∗, where R∗ is
the size of the new spatial dimension. However, since
experiments searching for Yukawa interactions of the
form given by Eq. (1) are only sensitive when the

0375-9601/$ – see front matter ! 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.physleta.2003.07.010
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“Casimir-less” experiments 
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Experimental setup 
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Au 

Problems 

Au Ge 

Si MTO 

Al2O3 

Au 

• Motion not parallel to the axis 
(too small) 

• Step 
(0.1 nm needed) 

• Difference in electrostatic force 
(0.1 mV needed) 

• Difference in Au coating 
(unlikely) 

• Au coating not thick enough 
(unlikely) 
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New “Casimirless” 
Experiments 
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-Reduce background 

What next? 

 

Si 
Ti 

Si  

Si 
Ti 

Si 

 

Si 
Ti 

Si Au 

 

 

Si 
Ti 

Si Au 

 
Glass 

 

Au 
Ti 
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Glass 

 ω = ω
r/n 

-Improve signal 
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Proceedings of the Sixth Meeting on CPT and Lorentz Symmetry (CPT’13)

2

2. Results

The experimental setup is schematically shown in the inset of Fig. 1. The
sample is made of sectors of Au and Si defined on a Si waÆer. This is glued
to a flat glass surface, the Si waÆer is etched and the whole sample is cov-
ered with ª200 nm of Au. This sample is then rotated in close proximity to
an Au-coated sapphire sphere, which in turn is glued to a microelectrome-
chanical torsional oscillator. The actual sample has diÆerent regions with
alternating Au-Si sectors, each subtending the same angle. Each region,
which has a radial extent of 200µm, is separated by a solid Si region of
250µm from a diÆerent alternating Au-Si region with a diÆerent number of
‘spokes.’ The number of Au-Si regions varies from a minumum of 50 to a
maximum of 250, in increments of 25.

Fig. 1. Measured force as a funtion of separation. Inset: schematic of the experimental

setup. The Au layer that covers the structured Au-Si test source mass is not shown.

With the sphere positioned over a structured Au-Si part of the sample,
the system is rotated at f = fr/n where fr is the resonant frequency of
the oscillator plus sphere system and n is the number of Au-Si sectors. In
this way, if there is a signal associated with the changes in mass in the
source mass, the signal will be more easily detectable by the force sensitive
mechanical oscillator.

The results obtained with the system are shown in Fig. 1. This signal,

Au-coated Sphere 

Torsion Oscillator 

Reference: R. S. Decca, Proceedings of the 6th Meeting on CPT and Lorentz Symmetry (CPT’13) 

Schematic of Experimental Setup with Measured Force 
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Previous “Casimir-less” Limit 

New“Casimir-less” Limit 
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Outlook 
•  New Experiments 

  Levitated Microspheres (Geraci) 
  Micro-cantilever (Long) 
  Neutrons (Nesvizhevsky, Jenke) 
  Superconducting Torsion Balance (Chalkley) 
  Atom Interferometry—FORCA-G (Pelle) 
  Casimir (Reynaud) 

•  Spin-Dependent Experiments 
•  Improved Iso-electronic experiments 
•  Improved understanding of the Casimir effect 
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The End 
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Present: 
Padova Short-Distance Experiment 
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Electrostatic Force Measurements 
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IUPUI Experiment  
(Decca, Lopéz, Fischbach, Krause) 
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Separation measurement 

Θ−−−= bzzzz goimetal

zg = ~(1500.0 ± 0.1) nm, interferometer 
 
zi  = ~(30000.0 ± 0.2) nm, absolute interferometer 
 
zo = ~(20000.0 ± 0.5) nm, electrostatic calibration 
 
b = ~(210 ± 3) µm, optical microscope 
 
Θ = ~(1.000 ± 0.001) µrad 
 

zg 

zmeas is determined using a known interaction 
 
zi, Θ  are measured for each position 
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The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may 
have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to 
delete the image and then insert it again.

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have 
been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete 
the image and then insert it again.

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may 
have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to 
delete the image and then insert it again. The image cannot be displayed. Your computer may not have enough memory to open the image, or the 

image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, 
you may have to delete the image and then insert it again.

1 sec 

1000 sec 100 sec 

10 sec 
The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been 
corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and 
then insert it again.

z = 500 nm 
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Signal optimization: 
Work at wo!!! 
 
Oscillate plate at f1, sphere at f2 
such that f1 + f2 = fo 
 
 

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then 
open the file again. If the red x still appears, you may have to delete the image and then insert it again.
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95% confidence 
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Net force! 

“Casimir-less” experiments 
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Sanity check: more samples! 

“Casimir-less” experiments 
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lLC =(1240 +/- D) nm (low coherence),  
lCW 1550 nm (high coherence) in 

x 

Mirror (v ~ 10 mm/s) 

Dx = zi 

Readout 

-Phases obtained doing a Hilbert transform of the amplitude 
-Changes in D (about 2 nm) give different curves.  
Intersections provide Dx 
-Quite insensitive to jitter. Only 2DDx’/(lCW)2  
Instead of 2Dx’/lCW 

(Yang et al., Opt. Lett. 27, 77 (2005)  

ψ D =ψ LC −
4
5ψ CW

zi =
λCW
4

int Sfringe( ) + Sphase$% &'

Sphase = ψ D (x1) −ψ D (x2 )( )(mod2π )
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Separation measurement 

Electrostatic force calibration 
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Separation measurement 

Electrostatic force calibration 
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Separation measurement 

Electrostatic force calibration 
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-After measuring the deflection (expressed as force  
here), we adjust for the unknown separation. 
-The figure shows the ΔFe for the optimal  z and one 
off by 1.5 nm 
-The error in the force associated with the error in Vo is 
< 1 fN. 
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Experimental Setup for Casimir Force 
Measurement between Dissimilar Materials  
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Non-Newtonian Gravity 
V (r) = −Gm1m2

r
 1+α12e

−r /λ{ }

F(r) = −G(r)m1m2

r2 r̂

G(r) = G[1+α12e
−r /λ (1+ r / λ)]

doesn’t vary as 1/r2 * 

not independent of 1 or 2 * 

* Evidence for either of these would point to a new fundamental force in 
nature. 

rm m1 2
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Summary of Newtonian 
Gravity 
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a)  independent of the nature of m1 
(Equivalence Principle) 

b)  varies as 1/r2 

rm m1 2
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Dynamic measurements 
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Pressure determination 
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Comparison with theory 
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- Dark grey, Drude model approach 
-Light grey, Leontovich impedance approach 

PRD 75, 077101 

Comparison with theory 
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- Dark grey, Drude model approach 
-Light grey, impedance approach 

PRD 75, 077101 

There is a significant issue: Drude does 
not agree with the data 
-Experimental problem? 
-Theoretical problem? 
-Theory not applied to the right 
experiment? 

Theoretical errors: 
-Sample dependence:   0.5% 
-Separation dependence:  1.5% (162 nm) 

   0.32%(750 nm) 
 
~19 mPa @162 nm (Exp: ~2.5 mPa @162 nm) 

Comparison with theory 
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Signal optimization: 
Work at wo!!! 
 
Heterodyne 
Oscillate plate at f1, sphere at f2 
such that f1 + f2 = fo 
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Conclusions 
 
 
•  Most sensitive measurements of the Casimir Force  
  and Casimir Pressure 
 
•  Unprecedented agreement with theory 

•  First realization of a “Casimir-less” experiment 

•  Improvement of about three orders of magnitude in Yukawa-like 
  hypothetical forces 
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“Casimirless” Capped 2-Material Experiment: Results 

Reference: R. S. Decca, et al.,  Phys. Rev. Lett. 94, 240401 (2005)	
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