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The Eötvös Paradox

1. The Eötvös Experiment was performed correctly.

2. The 1986 Reanalysis of the Eötvös Experiment 

leading to the suggested “5th Force” is correct.

3. The results of many experiments aimed at 

detecting the proposed “5th Force” have failed to 

confirm its existence.

Is it possible for all three of these 

statements to be true?
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The Search for New Macroscopic Forces: Pre-1986
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Reanalysis of the Eötvös Experiment
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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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1986
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Evidence that the Eötvös Experiment

was performed correctly

1. Care was taken to exclude temperature effects 

along with those arising from electromagnetic 

fields.

2. Correction for gravity gradients in                        

AgSO4+ 2FeSO42Ag +Fe2 (SO4)3

3. CuSO4  5 H2O—Cu comparison gives a 5σ 

“signal” for an anomalous result

4. Why did Eötvös not publish his results between 

1908 and 1919?  His results improved over 

those of Bessel by more than a factor of 300.
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And finally, the most compelling evidence

that the Eötvös Experiment was performed correctly…
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Phenomenology
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Summary of Newtonian Gravity
• Newtonian Gravity • Non-Newtonian Gravity
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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.
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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:
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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, …)
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1988
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Laboratory
Lake

Tower

Earth-LAGEOS

LAGEOS-Lunar

Lunar Precession Planetary

V (r) = -G
m1m2

r
1+ a × e-r /l( )

Reference: Coy, Fischbach, Hellings, Standish & Talmadge (2003)

Limits on Yukawa Forces:

Long-Range Limits

Log10[λ/1 m]
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New Limits on New Submicron Forces

Reference: Y.-J. Chen, W. K. Tham, D. E. Krause, D. López, 

Ephraim Fischbach, and R. S. Decca,  arXiv:1410.7267



Ephraim Fischbach

Eötvös Centenary 10-14 June 2019

Inverse-Square Law:  Solar System Tests

The presence of the non-Newtonian 

contribution  leads to 2 measurable

effects:

   

V5(r) = -a
G¥m1m2e

-r / l

r

a) Planetary Precession:

dfa @ +pa(a / l)2e-a /l  rad/rev º  pa  x2e- x

a =  mean value of semi-major axis

b) Variation of GMsun : 
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Inverse-Square Law Tests:

Airy Method (Stacey 1984)

z

R
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Inverse-Square Law Tests:

Spero 1980
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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) 
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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.



Ephraim Fischbach

Eötvös Centenary 10-14 June 2019

Extra Dimensions

Theories:

• Kaluza-Klein Theories (1920s)

• Supergravity

• String Theory
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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

!"

#"

ADD, Sci. Am., 2000
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Eöt-Wash Short-Distance Experiment

D. J. Kapner, et al., Phys. Rev. Lett. 98, 021101 (2007)
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Limits on Extra Dimensions and New Forces:

Short-Range Limits

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

Gravitational strength
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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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Various mechanisms lead to inverse power-law potentials:
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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

bn

Reference:  E. G. Adelberger, et al., Prog. Part. Nucl. Phys. 62, 102 (2009).
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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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Towards a resolution of the Eötvös Paradox

The most likely resolution of the paradox probably lies 

in our group’s reanalysis of the Eötvös experiment:

• Although this paper is completely correct, there may 

be other models which could also account for the 

Eötvös data which would suggest a different family 

of experiments that have yet to be performed.

• In fact, it is likely that any interaction whose “charge: 

is baryon number (B) or hypercharge (Y) could 

work.
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Towards a resolution of the Eötvös Paradox:

Some Possibilities

• Baryonic neutrinos

• Baryonic force is somehow “activated” or “catalyzed” 

by the Earth’s rotation

• New force-gravitation interference enhancement

• New Non-Yukawa baryonic interaction

• Scalar-Vector Yukawa baryonic interactions

• A feature of the Eötvös experiment “hiding in plain 

sight”?

• Combination of puzzles (neutrino physics, dark 

energy, dark matter) may hold the answer
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The End
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Outline

I. Prehistory:
• Early Motivation

• Generic Theories of Non-Newtonian Gravity

II. Re-analysis of the the Eötvös Experiment

III. The 5th Force and Rencontres de Moriond
• Original 5th Force

• Spin-Dependent Forces

• String-inspired Short-Distance Forces
 Extra Dimensions

 Casimir Forces

IV. Conclusions
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Pre-History
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The Search for New Macroscopic Forces: Pre-1986
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The Search for New Macroscopic Forces: Pre-1986
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The 5th Force
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Particle Data Group
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New Limits on New Submicron Forces

Reference: Y.-J. Chen, W. K. Tham, D. E. Krause, D. López, 

Ephraim Fischbach, and R. S. Decca,  arXiv:1410.7267
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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:
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Long-Range

Tests
(composition-dependent) 
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Short-Range 

Phenomenology
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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+ a  e-r /l ),   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
» R

n
(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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Gravity and Extra Dimensions:

Some References

• L. Randall, Science 296, 1422 (2002)

• N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Sci. Am. 283, 62 
(August 2000)

• “Extra Dimensions,” Review of Particle Physics, Particle Data Group

• T. G. Rizzo, arXiv:1003.1698

• A. Pérez-Lorenzana, arXiv:hep-ph/0503177

• N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Rev. D 59, 
086004 (1999)

• I. Antoniadis, N. Arkani-Hamed, S. Dimopoulus, G. Dvali, Phys. Lett. 
B 436, 257 (1998)

• L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999); 83, 
4690 (1999)

• A. Kehagias and K. Sfetsos, Phys. Lett. B 472, 39 (2000); E. G. 
Floratos and G. K. Leontaris, Phys. Lett. B 465, 95 (1999)
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Short-Range 

Experiments
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Stanford Short-Distance Experiment

Reference:  A.A. Geraci, et al., PRD, 78, 022002 (2008)
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Riverside Lateral Casimir Force Experiment

Reference:  H. –C Chiu, et al., Phys. Rev. B 80, 121402(R) (2009)
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Lamoreaux Short-Distance Experiment

Reference:  S. K. Lamoreaux, Phys. Rev. Lett. 78, 5 (1997)
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Tokyo Casimir Experiment

Reference:  M. Masuda and M. Sasaki, Phys. Rev. Lett. 102, 171101 (2009)



Ephraim Fischbach

Eötvös Centenary 10-14 June 2019

Limits on Extra Dimensions and New Forces:

Very Short-Range Limits

Reference:  Y. Kamyshkov, et al., PRD 78, 114029 (2008)
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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


D

effective mass FYukawa

FGravity

= a
l

D

æ

èç
ö

ø÷

2

Gravitational 
Force

Casimir Force

Yukawa Force (α=1, λ=10-6 

m)

Forces between two “pennies” at T = 300 K
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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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Casimir

Experiments
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Searching for New Forces/Dimensions using 

Casimir Force Experiments

F
X

F
Casimir

  

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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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

10 9 10 8 10 7 10 6 10 5
Λ m105

1010

1015

1020

1025

1030
Α

Excluded Region

Chiu 

2009

Decca 2005
(isoelectronic)

Decca 2007

Lamoreaux 1997

Reference:  V. M. Mostepanenko and G. L. Klimchitskaya
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Iso-electronic

(“Casimirless”)

Experiments
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Iso-electronic Effect
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“Casimir-less” experiments

Au Ge

Au

Si MTO

Al2O3Al2O3
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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?
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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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Non-Newtonian Gravity

V (r) = -
Gm1m2

r
 1 + a12e

-r /l{ }

F(r) = -
G(r)m1m2

r2
r̂

G(r) = G[1 + a12e
-r /l (1 + r / l)]

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.
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Summary of Newtonian 

Gravity

a) independent of the nature of m1

(Equivalence Principle)

b) varies as 1/r2


