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Experimental constraints!

Texas Symposium, Geneva - Dec. 15, 2015!D. Moore, Stanford!

•  Searches for deviations from 1/r2 gravity can test a variety of models of new 
physics!

•  Typically parameterize potential as:!
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Recent proposal for 
spacecraft with drag-free 

test mass at 1-100 AU!

Laboratory tests using 
microfabricated sensors!



2

One way to parametrize possible deviations from the
1/R2 behavior of gravity is by introducing a new Yukawa
force with charge proportional to mass, so that the e↵ec-
tive gravitational potential can be written as

 (R) = �GM

R

h
1 + ↵e�R/�

i
, (1)

where G is Newton’s constant, M is the source mass, and
R is the distance from the source. The new Yukawa in-
teraction then has a strength ↵ relative to gravity and a
characteristic length scale �. In this framework, experi-
ments measure (or constrain) the dimensionless parame-
ter ↵ as a function of the distance scale �. A summary of
current limits on the magnitude of ↵ is shown in Fig. 1.

Qualitatively, the sensitivity of experimental measure-
ments to new Yukawa forces of strength ↵ improves as
� becomes substantially larger than Earth-scale inhomo-
geneities and reaches a level < 10�10 for � ⇠ RMoon

(the radius of the lunar orbit) owing to laser lunar rang-
ing measurements [6]. Beyond such distance scales, the
orbital mechanics of the planets in the Solar System
forms the most stringent test of new Yukawa contribu-
tions to gravity [25]. The Pioneer 10 and 11 spacecraft
provided an alternative way to measure ↵ at very long
scales � ⇠ 10–100 AU as they receded from the Sun over
a period of over 30 years. Indeed for some time the anal-
ysis of the Pioneer data appeared to indicate an anoma-
lous acceleration towards the Sun of 10�10 m/s2 [26, 27],
resulting in |↵| ⇠ 1.7 ⇥ 10�4 at � ⇠ 1013 m. A sub-
sequent, more careful analysis, however, attributed this
e↵ect to instrumental systematics [28]. The many un-
certainties resulting from spacecraft designed for other
purposes make the upper limit on |↵| not competitive
with that computed from planetary dynamics.

As will be discussed (and as shown in Fig. 1), a spe-
cially optimized space mission o↵ers the opportunity
of improving sensitivity to a new Solar System-scale
Yukawa force by at least two orders of magnitude with re-
spect to the present state of the art. We show that such a
mission can be relatively simple and would use only well-
understood and tested technology. In addition, measure-
ments directly done along a trajectory actually reaching
100 AU constitute a test that is fully model independent
and would detect anomalies that are not well-described
by a Yukawa term. This is in contrast with measure-
ments using planetary motion that rely on the specific
Yukawa parametrization to extract deviations at scales
� di↵erent from the orbital radius. While the Yukawa
potential is quite generic, there are interesting modifica-
tions of gravity that produce truly long-distance e↵ects
that are not accurately described by a Yukawa potential.
Reliance on the Yukawa functional form is a limitation
of the previous searches in Ref. [25]. In a strict sense,
no data exists beyond the distance of Jupiter except for
the limits set by the Pioneer spacecraft. The mission
proposed here would improve these direct limits by over
four orders of magnitude by carefully controlling system-
atic e↵ects and performing direct measurements along
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FIG. 1. Existing 2� experimental limits on new Yukawa forces
with strength |↵| relative to gravity as function of the scale
�. The grey region, adapted from [1], is the current state of
the art. The dashed line is the size of the “Pioneer anomaly,”
which can be interpreted as a limit set by the trajectory of
the Pioneer spacecraft. The dotted curve corresponds to the
expected sensitivity of the experiment proposed here.

the journey to 100 AU.

II. EXPERIMENTAL CONCEPT

Two guiding principles are key in the design of a
space mission optimized for a sensitive search for devi-
ations from the 1/R2 law at large distances: the mis-
sion should have a reasonable duration and the space-
craft should be designed in such a way as to minimize
the non-gravitational interactions on the body whose ac-
celeration is being measured. Both issues were far from
ideal in the Pioneer missions that were designed for the
exploration of the outer Solar System. Pioneer 10 took
37 years to reach 100 AU and substantial systematic un-
certainties on the measurement of the acceleration vector
a(R) occurred due to thruster leakages, drag produced by
interplanetary dust and solar wind, and recoils against
various forms of radiation emitted by the spacecraft.
The concept discussed here is based on a low mass

(M = 200 kg) spacecraft propelled by a heavy rocket. Af-
ter a series of planetary flybys designed to gain speed, the
spacecraft would then coast, while performing the mea-
surements. For concreteness, we assume that the coast
phase takes the spacecraft from ⇠ 1–100 AU, consistent
with a series of flybys via Jupiter, Mars, and finally,
Earth. The simple model here conservatively assumes
that the position and velocity of the spacecraft is mea-
sured once every ⇠ 3 weeks. Likely, Deep Space Network
(DSN) ranging will be available for measurement more
often than this assumption. A preliminary and generic
flight time calculation is consistent with a total coast
time to 100 AU of seven years [29]. The sensitivity of
the experiment depends somewhat on the details of the

Long distance tests!

Texas Symposium, Geneva - Dec. 15, 2015!D. Moore, Stanford!

•  Deviations at long distance could arise in models accounting for dark energy 
(e.g., Vainshtein-type mechanisms) or dark matter (MOND-like theories)!

•  Recent proposal to use spacecraft with drag free test mass at 1-100 AU:!
B. Buscaino, D. DeBra, P. Graham, G. Gratta, and T. Wiser,  !

Phys. Rev. D 92,104048 (2015) arXiv:1508.06273 !
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Current and projected constraints:!

Projected 
sensitivity!
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FIG. 2. Conceptual view of the drag-free (DF) and relay
spacecraft. The figure is not to scale, and the DF craft is
shown in cross-section. The DF craft uses micro-thrusters to
remain centered on the free-falling PM while rotating in a
plane perpendicular to the Sun to reduce thermal and grav-
itational backgrounds. The relay craft carries a high-gain
antenna, always pointing towards Earth, for DSN ranging
and communication. Communication and ranging between
the two spacecraft are performed by small omnidirectional
transponders.

coasting trajectory; for most of this paper we consider
a polar trajectory, perpendicular to the ecliptic plane of
the Solar System. This trajectory reduces the impact
of the Kuiper Belt’s highly uncertain gravitational pull.
Other trajectories are possible, but have di↵erent sys-
tematics to consider; we discuss the choice of spacecraft
trajectories in Sec. II B.

A. Spacecraft

Central to the spacecraft design is the use of the drag-
free (DF) technique [30], whereby a feedback system
“flies” the spacecraft around a “proof mass” (PM) that,
to within a very high degree of accuracy, is subject only
to gravity. The PM is stowed and inactive during the
initial maneuvering and flyby phases and is only released
and tracked during the coast. The DF technique was de-
veloped in the ’60s and initially tested on the U.S. Navy
TRIAD spacecraft [31]. More recently, Gravity Probe
B [32] used the DF technique in a challenging configura-
tion, where each of the quartz rotors of the gyroscopes
at the heart of the experiment were also used as PMs.
In 2009, ESA launched the Gravity Field and Steady-
State Ocean Circulation Explorer (GOCE) [33] that uti-
lized the DF design to map Earth’s gravitational field.
The Laser Interferometer Space Antenna (LISA) [34] also
plans to use the DF technique to establish a highly ac-
curate geodesic network between PMs located on di↵er-
ent (and widely separated) spacecraft. As will become
clear, the DF system discussed here is conceptually sim-
pler than those of Gravity Probe B and LISA, although
new and unique challenges are presented by the long du-
ration of the flight and the needs of telemetry and ranging
over very large distances.

Parameter Value

DF Spacecraft Mass (M) 200 kg

DF Spacecraft Radius (r
S

) 1 m

Experiment Duration (t) 7 yr

PM Mass (m) 10 kg

PM Radius 5 cm

DF Cavity Radius (r
C

) 10 cm

Required Thruster Bandwidth 10�2 Hz

Optical Sensing Deadband (d) 10 µm

Minimum Correction Period 100 s

Time Between DSN Measurements 2⇥ 106 s

PM Discharge Period 2⇥ 105 s

Microthruster Fuel Mass < 50 g

Angular Velocity (!/2⇡) 0.1 Hz

Spacecraft Velocity, Radial (v) 14 AU/yr (initial)

Trailing Spacecraft Distance 10 km

RTG Thermal Power Requirement 1 kW

TABLE I. Summary of relevant parameters, as outlined in
the text. The PM mass assumes the use of platinum for its
construction, and the fuel mass required includes only the
amount necessary for operating the DF system. The RTG
thermal power refers to the trailing spacecraft and would re-
sult in ⇠ 50 W of electrical power. The drag-free craft may
use a substantially smaller RTG or, maybe more likely, re-
ceive power transmitted optically from the relay craft. The
symbols in parentheses match those used in Table II.

In our model we assume that measurements of the
1/R2 law can be carried out over about two orders of
magnitude in distance, from ⇠ 1 AU to 100 AU. While
conventional chemical engines would be employed for the
flyby phase, such engines would be jettisoned at the
beginning of the coast when micro-thrusters optimized
to assist the DF system over the long duration of the
flight would take over. Standard telemetry using NASA’s
Deep Space Network (DSN) [35] would provide range and
Doppler data at well known times, from which a(R) can
be derived.

A conceptual sketch of the spacecraft in the coasting
configuration is shown in Fig. 2. The ultimate perfor-
mance of a DF system is limited by the interactions be-
tween the spacecraft (shell) and the PM. These include
thermal gradients on the inner surface of the shell, resid-
ual gas from spacecraft components, and gravitational
forces from asymmetries in the shell. The thermal gra-
dients can be reduced with appropriate insulation, and
the residual gas can be reduced by appropriate choices of
materials. However, gravity cannot be shielded, so great
care has to be taken to build the spacecraft symmetrically
around the cavity hosting the PM. In order to minimize
the residual gravitational interaction of the spacecraft on
the PM at the maximum o↵set allowed by the feedback
system, it is advantageous to design the gap between the
PM and the inside of the cavity to be larger than found in

Schematic of experimental design:!



Short range forces!

Texas Symposium, Geneva - Dec. 15, 2015!D. Moore, Stanford!

•  In addition to new forces apparent at astrophysical distances, non-
Newtonian forces can be searched for in the laboratory!

•  Theories attempting to account for the hierarchy problem, dark matter, or 
dark energy predict that there could new forces at << 1 mm !
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m
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Large extra dimensions:!

ϕ 

Exchange forces from new 
scalars (moduli, dilatons, …):!

Dark energy (“fat” gravitons, screened scalars, …):!

 Λ ~ 2 meV!
  (~ 80 μm)!
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Recent proposal for 
spacecraft with drag-free 

test mass at 1-100 AU!

Laboratory tests using 
microfabricated sensors!

Experimental	
  constraints	
  at	
  short	
  distance:	
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  et	
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  (2014)	
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Optical levitation!

Texas Symposium, Geneva - Dec. 15, 2015!D. Moore, Stanford!

•  Suspending test mass with an “optical 
spring” offers several advantages:!

•  Test mass can be isolated from 
surroundings and cooled optically !

•  Dielectric spheres between             
~10 nm – 10 μm can be used!

•  Position can be controlled and 
measured precisely with optics!

•  Control over 3D optical potential 
enables differential measurements!

•  At high vacuum, extremely low 
dissipation is possible:                    
Q ~ 1012  at 10-10 mbar!

SiO2	
   Au	
  

Ashkin	
  &	
  Dziedzic,	
  Appl.	
  Phys.	
  LeU.	
  19,	
  283	
  (1971)	
  
Geraci	
  et	
  al.,	
  PRL	
  105,	
  101101	
  (2010)	
  

SchemaBc	
  of	
  opBcal	
  levitaBon	
  technique:	
  

Photograph	
  of	
  trapped	
  microsphere:	
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Experimental setup!

Texas Symposium, Geneva - Dec. 15, 2015!D. Moore, Stanford!

•  Developed setup capable of levitating 
SiO2 microspheres with r = 0.5-5 μm!

•  Microspheres are levitated in vacuum 
chamber with λ = 1064 nm, ~few mW 
trapping laser!

•  Have demonstrated trapping times of 
>10 days at ~10-7 mbar !

Simplified	
  opBcal	
  schemaBc:	
  

Trapping	
  laser	
  
(1064	
  nm)	
  

Imaging	
  laser	
  
(650	
  nm)	
  

Vacuum	
  
chamber	
  

Output	
  imaging	
  opBcs	
  Input	
  opBcs	
  

Photograph	
  of	
  experimental	
  setup:	
  

8	
  



Microsphere neutralization!

Texas Symposium, Geneva - Dec. 15, 2015!D. Moore, Stanford!

•  Have demonstrated controlled discharging 
with single e precision!

•  Measure microsphere response to oscillating 
electric field while flashing with UV light!

•  Once neutral, have not observed 
spontaneous charging in more than 106 s!

Vac!

Vac!

4	
  
m
m
	
  

Electrode	
  cross-­‐secBon:	
  

Example	
  of	
  discharging	
  process:	
  

Vpeak	
  =	
  10	
  V	
   Vpeak	
  =	
  500	
  V	
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  of	
  force	
  sensiBvity:	
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  V/mm	
  x	
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  e)	
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Measured	
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Force sensitivity!

Texas Symposium, Geneva - Dec. 15, 2015!D. Moore, Stanford!

•  Can also use observed single e steps to perform absolute calibration of 
force sensitivity for each microsphere in situ!

•  Low pressure force 
sensitivity limited to:            
σF = 5 x 10-17 N Hz-1/2!

•  Currently limited by laser 
jitter and imaging noise!

•  Pressure limited sensitivity 
at 10-9 mbar:      !

           σF ~ 10-21 N Hz-1/2!

    i.e., near the quantum limit:         !

�F ⇠
p
~(m!2)
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Search for millicharged particles!

Texas Symposium, Geneva - Dec. 15, 2015!D. Moore, Stanford!

•  As a first application of this force sensing technique, we have performed a 
search for millicharged particles (|q| << 1e) bound in the microspheres!

•  Sensitive to single fractional charges as small as 5 x 10-5 e 
•  Current sensitivity (<1 aN) limited by residual response due to 

microsphere inhomogeneities that couple to E-field gradients!

0°

45°

90°

135°

180°
1 10 100 1000

X component of residual response [10 e]-6

Angle of response 
relative to field

EX,

Measured	
  residual	
  response:	
   Limits	
  on	
  abundance	
  of	
  millicharged	
  parBcles:	
  

This	
  
work	
  

	
  Kim	
  et	
  al.,	
  PRL	
  99	
  161804	
  (2007)	
  

Marinelli	
  et	
  al.,	
  
Phys.	
  Rep.	
  85	
  
161	
  (1982)	
  

	
  Moore	
  et	
  al.,	
  PRL	
  113	
  251801	
  (2014),	
  arXiv:1408:4396	
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Attractor design!

Texas Symposium, Geneva - Dec. 15, 2015!D. Moore, Stanford!

•  Need attractor that can be placed at 
~μm separations from microsphere!

•  Spatially varying density allows 
reduction of backgrounds!

•  Initial test mass arrays will be Au/Cu, 
also investigating Au/Si!

10	
  μm	
  100	
  μm	
  1	
  mm	
  

Images	
  of	
  preliminary	
  fabricaBon	
  tests:	
  

Au	
  

Si	
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  view:	
   Side	
  view:	
  

s	
  ≈	
  0.2	
  –	
  5	
  μm	
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  –	
  3	
  μm	
  	
  
rb	
  ≈	
  5	
  μm	
  	
  g

g
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  ρ	
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  ρ	
  

High	
  ρ	
  material:	
  
	
  Au,	
  ρ	
  ≈	
  20	
  g/cm3	
  	
  

Low	
  ρ	
  materials:	
  
	
  Cu,	
  ρ	
  ≈	
  9	
  g/cm3	
  
	
  Si,	
  	
  ρ	
  ≈	
  2	
  g/cm3	
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Microsphere positioning!

Texas Symposium, Geneva - Dec. 15, 2015!D. Moore, Stanford!

•  Cantilever is mounted on nano-positioning stage and can be precisely 
positioned next to the trap!

•  Stage allows cantilever to be swept ~100 μm in all 3 DOF at >10 Hz!
•  Microsphere position can also be controlled optically using the AOD!

Side	
  view	
  of	
  microsphere	
  near	
  a\ractor:	
  

10	
  μm	
  

A\ractor	
  
canBlever	
   Microsphere	
  

SchemaBc	
  of	
  nano-­‐posiBoning	
  stage:	
  

CanBlever	
  

Coarse	
  posiBon	
  stage	
  

Nano-­‐posiBoning	
  stage	
  

50
	
  m

m
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Electrostatic shielding!

Texas Symposium, Geneva - Dec. 15, 2015!D. Moore, Stanford!

•  Trap is surrounded by shielding cones to attenuate stray electric fields!
•  Stray fields can cause large electric field gradients near attractor tip!
•  Even for neutral microspheres, stray fields will polarize microspheres 

which can couple to residual field gradients!

40	
  m
m
	
  

Image of trapped microsphere:!
Cross section of lens holders 

and shielding cones: !

Each	
  cone	
  can	
  be	
  
biased	
  individually	
  

1	
  cm	
  

Focusing	
  lenses	
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Casimir backgrounds!

Texas Symposium, Geneva - Dec. 15, 2015!D. Moore, Stanford!

•  Even for neutral, unpolarized microspheres, electromagnetic backgrounds 
will still be present!

•  If unscreened, differential Casimir force between Au and Si/Cu can present 
dominant background!

•  Coating attractor with Au shield layer (0.5 to 3 μm thick) can sufficiently 
suppress this background!

Current	
  force	
  
sensiOvity	
  

Pressure	
  limited,	
  
10-­‐9	
  mbar	
  

1/r2	
  gravity	
  

CalculaBon	
  of	
  differenBal	
  Casimir	
  force:	
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10
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a) b)
SchemaBc	
  of	
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t	
  ~	
  0.5-­‐3	
  μm	
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  μ
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Patch potentials!

Texas Symposium, Geneva - Dec. 15, 2015!D. Moore, Stanford!

•  Deposited Au films typically have potential variations ~10–100 mV over 10 
nm–1 μm surface regions!

•  Such “patch potentials” have been studied extensively in previous work!
•  Have estimated background using recent patch measurements of Au films!

CalculaBon	
  of	
  force	
  due	
  to	
  patch	
  potenBals:	
  

Current	
  force	
  
sensiOvity	
  

Pressure	
  limited,	
  
10-­‐9	
  mbar	
  50	
  nm	
  

Topography	
  and	
  surface	
  potenBal	
  for	
  
spu\ered	
  Au	
  film:	
  

GarreU	
  et	
  al.,	
  J.	
  Phys.	
  Condens.	
  MaUer	
  27,	
  214012	
  (2015)	
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Expected sensitivity!

Texas Symposium, Geneva - Dec. 15, 2015!D. Moore, Stanford!

•  Have calculated expected sensitivity to Yukawa strength parameter, α, as a 
function of length scale, λ!

•  Assumptions:!

Demonstrated	
  
force	
  sensiBvity	
  

s	
  =	
  0.2	
  μm	
  	
  	
  

s	
  =	
  2	
  μm	
  	
  	
  

s	
  =	
  0.2	
  μm	
  	
  	
   s	
  =	
  2	
  μm	
  	
  	
  

Projected	
  sensiBvity	
  to	
  non-­‐Newtonian	
  forces:	
  

Projected	
  force	
  
sensiBvity	
  

Face-to-face separation, s:            
0.2 μm (dashed) or 2 μm (solid)!
Force sensitivity:  !
σF = 5 x 10-17 N Hz-1/2 (blue)!
σF = pressure limited at 10-9!
       mbar (red)  !
106 s integration time!
Backgrounds:  !
At or below noise level, Au shield 
thick enough to suppress Casimir 
background!

•  Substantial improvement over 
existing limits may be possible at 
0.5−40 μm!
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Chameleons!
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•  Recent theoretical interest in light 
scalars with screened interactions at 
short distances!

•  In the “chameleon” mechanism, the 
effective mass becomes large in high 
density regions!

•  Allows sensitivity to larger couplings, 
β, than torsion pendula!

•  Could substantially improve on 
current constraints from neutron and 
atom interferometry!

•  Microspheres in our geometry are not 
substantially screened for β < 108!

•  Can search for new forces below dark 
energy length scale Λ ~ 80 μm!

Power law index of potential, n 

34

V. CONCLUSION

It is fascinating that experiments at low energy with
neutrons can address three big questions about the Uni-
verse:

1. Does the standard theory of primordial nucleosyn-
thesis predict the correct amount of helium and
deuterium?

2. Was the asymmetry between matter and antimat-
ter generated during the electroweak phase transi-
tion?

3. Is Dark Energy a dynamical field interacting with
matter?

The measurement of the neutron lifetime helps to an-
swer question 1. Experiments will continue until the in-
consistencies of the present data are resolved.

The answer to the second question is either yes or no.
By improving the measurement of the neutron electric
dipole moment we could be able to reach a definitive
answer in the next decade.

The third question is the main focus of this work. We
have looked in details at the strongly coupled Khoury-
Weltman chameleon. The present constraints are com-
piled in Fig. 32. We have identified two methods to probe
the chameleon with neutrons. The first is neutron inter-
ferometry. A pilot experiment performed in 2013 was
described in this work. The second is using the quan-
tum states of bouncing neutrons. Ultimately, it has the
potential to explore a significant part of the parameter
space.

Searching for Dark Energy in the lab is a new and
rapidly developing field of research. Less than ten years
after the chameleon was proposed, a major part of the pa-
rameter space is already excluded by experiments search-
ing for deviations of the inverse square law of gravity at
short distances, neutron experiments, and very recently
atom-interferometry. Besides the chameleon, there are
other theoretical ideas related to Dark Energy to be ex-
plored in the lab. For sure there are other neutron ex-
periments to be invented.

n
1 2 3 4

β
1

10

210

310

410

510

610

710

810

910

1010

EXCLUDED

Q Bounce

neutron-interferometry

atom-interferometry

 = 1 Hz12 fδ

ultimate gravitational levels

 force limits

th5

FIG. 32 Exclusion regions (95 % C.L.) in the chameleon
parameter space (Ratra-Peebles index n and matter coupling
�). The blue zone is excluded by gravitational resonance spec-
troscopy of the quantum bouncer (Jenke et al., 2014). The red
dashed line corresponds to the sensitivity of the flow-though
setup in GRANIT, the red dotted line corresponds to the ulti-
mate sensitivity. The orange zone is excluded by the neutron-
interferometry experiment (Lemmel et al., 2015). The grey
zone is excluded by the Eot-Wash experiment to search for
a short range force (Upadhye, 2012). The hatched region is
excluded by the atom-interferometry experiment (Hamilton
et al., 2015).

C
ha

m
el

eo
n 

co
up

lin
g,

 β
 

Demonstrated	
  
force	
  sensiBvity	
  

Projected	
  force	
  sensiBvity	
  

Adapted from:          
arXiv:1503.03317 !

Constraints on power law chameleons: 
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Summary!
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•  Levitated microspheres can enable novel searches for new forces at 
micron distances!

•  Ability to control charge state and optical potential allows precise 
measurement and mitigation of electrostatic backgrounds!

•  Have demonstrated force sensitivity <10-18 N, but substantial improvement 
is possible!

•  Developing attractors necessary to search for non-Newtonian forces!
•  May be able to probe significant amounts of unexplored parameter space 

for new forces coupling to mass at length scales from 0.5 – 40 μm!
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