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outline:

1) weak and strong equivalence principle
tests
thesis work of Todd Wagner

2) short-distance inverse-square law tests
thesis works of Dan Kapner, Ted Cook
and Charlie Hagedorn



two ways to test gravity:

1) watch things fall down (Galileo)
obvious
long history
revived with new technology

2) watch things fall sideways (EOtvOs)
not so obvious
currently the most sensitive tests



Weak equivalence principle (WEP):

All laboratory sized test bodies (objects with negligible
gravitational binding energy) fall with the same acceleration
In a uniform gravitational field. All metric theories predict
that the WEP is exact. Quantum gravity models allow
violation.

Strong equivalence principle (SEP):

Extends the WEP to include objects so large that
gravitational binding energy is significant. This probes the
non-linear nature of gravity. SEP Is violated by some metric
theories. Quantum gravity models allow violation.



Testing the WEP by watching things fall
Sideways

beam only twists If force vectors are not parallel
down Is not a unique direction
IT EP Is violated or If gravity field is not uniform



two ways to think about WEP tests:

old way:

IS m,=m; exact?

new way (popularized by E. Fischbach):
a broad-gauge way to search for
ultra-feeble long-range boson-exchange
forces that may lie hidden underneath
gravity



brief history of WEP tests in the 20t century:

1910-20’s EOtvOos
watched things falling In
earth’s field and turned balance manually

1950-60’s Dicke and later Bragisky
watched things falling toward sun and let
earth’s rotation turn the instrument

1980’s onward EOt-Wash

watched things fall in fields of earth, sun, galaxy
and in the rest frame defined by the CMB

using balances on high-performance turntables
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Parameterizing EP-violating effects of
guantum vector exchange forces

gravity couples to mass

guantum exchange forces
couple to “charges”



Suppose we have no preconceptions about the
nature of EP violation and want unbiased tests:

this reguires:

sSensitivity te wide range ofilength scales
need earth (noet sun) as attractor
and a site with interesting tepography.

eSensitivity te wide range ofi pessible charges
Vector charge/mass ratio of any composition
monopole or dipole vanishes for some value of y.
need 2 test body pairs and 2 attractors
to avoid possible accidental cancellations



torsion pendulum of the recent WEP test
T. A. Wagner et al., Class. Quant. Grav. 29, 184002 (2012)

20 um diameter tungsten fiber

eight 4.84 g test bodies
(4 Be &4 Ti) or (4 Be &4 Al)

4 mirrors for measuring
pendulum twist

symmetrical design
suppresses false effects
from gravity gradients, etc.

free osc freq: 1.261 mHz
guality factor: 4000

machining tolerance: 5 um
total mass : 70 g




Eot-Wash torsion balance hangs from
turntable that rotates with a ~ 20 min period

TR =

air-bearing turntable

thermal expansion feet
fedback to keep turntable
rotation axis level



gravity-gradiometer pendulums

g., configuration on a table 0,: configuration installed



Q,; compensators
Total mass: 880 kg
Q,,= 1.8 g/lcm3

gravity-gradient compensation

Compensators
can be rotated
— by 360°
r""ﬂ
r .

Q;; compensators
Total mass: 2.4 kg
Q5 =6.7x10“g/lcm?

hillside &
local masses



Segment data and fit segments to find the signal

at the turntable rotation frequency.
(this example shows gravity- gradlent data)
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Rotating Torsion Balance Tests of the

Weak Equivalence Principle =



daily reversal of
pendulum orientation
with respect to
turntable rotor
canceled turntable
Imperfections.

Power Spectral Density
Imrad? / Hz]
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Test bodies were
Interchanged after
data set 4 to cancel
asymmetries in pend
body and suspension | _—
fiber. Each data point .
represents about et

2 weeks of data Comhenrations of the g, The el seslt 1 the diflmence neoween the menne

of the two configurations (shown as solid lines).




WEP results using the earth, the sun and
the galaxy as attractors and their
10 statistical + systematic uncertainties

Be-Ti Be-Al

0.6 3.1 —1.2 2.2
—2.5x 35 0.2+24
—1.8x 238 —3.1x24
—2.1=x3.1 —1.2+26

0.3+ 1.8 —0.7 1.3
—3.1 4.7 —5.2x4.0
—4.2+6.2 —2.41+5.2

" FIEN ;o FIEN .

2
2
2
2




95% confidence level exclusion plot
for interactions coupled to B-L

\ EXCLUDED REGIDN , i/ EXCLUDED REGION
k Ew 93 , I

EW’ 84

/ \ Moscow

-80 -B0 -40 -20 O 20
7 ldeg]

Yukawa attractor integral based on:
0.5m<A<5m lab building and its major contents
1m< A<50km topography.

Skm< A<1000km USGS subsurface density model
1000km< A<10000km PREM earth model

T. A. Wagner et al., Class. Quant. Grav. 29, 184002 (2012)
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95% confidence limits on non-gravitational
acceleration of hydrogen by galactic dark matter
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at most 6% of the acceleration can be non-gravitational



gravitational properties of antimatter

Some people suggest that antimatter could

could fall up with acceleration -g! They propose

o test this by drepping antinydregen, a very: difficult
and challenging experiment. How: plausible is this
SCEenario?

lifantimatter falls ujp:
1) phoetens (their own antiparticles) should not fall

2) nucleons (=99% of thelr mass consists of glue &
anti-glue) should fall with ~100 times
smaller accelerations than electrons



gravitational properties of antimatter
(guantitative argument)

It H and anti-H fall with different accelerations
gravity must have a vector component. Consider
an EP test with H and anti-H. This woeuld have
A(Z)=2. Our Be/AI'WEP test has A(Z/11)=0.0382
and we See no evidence for such an interaction
with Ag/g greater than a few parts in 1012.

The following plot assumes only CPT invariance
and the impossibility of exact cancellation
between V and S interactions



95 CL constraints on gravi-vector difference in
free-fall accelerations of anti-H and H
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T. A. Wagner et al., Class. Quant. Grav. 29, 184002 (2012)



Combining LLR data and a laboratory WEP test

to make a loophole-free test of the SEP

E o/ (MoC?)= -4.6 X 10-10 &0

Earth has a massive Fe core.

Earth and Moon test bodies differ in
both composition and gravitational [
binding energy '
O Egal/(MgC?)= -0.2 x 1010
Moon does not have massive Fe core

Only composition differs.

Rotating Torsion Balance Tests of the

Weak Equivalence Principle =



ree test of the Strong EP

* Lunar laser ranging:
Nsept Nep =(-0.8 + 1.3) x 1013
(goal of N, g ~ 1014

e Our measurement:
Nep = (1.2 £1.1) x 10713

Rotating Torsion Balance Tests of the
Weak Equivalence Principle



Microscope: French-German collaboration to

test the WEP to 1 part in 10%° using Ti-Pt test bodies
and a Pt/Pt null comparison in a drag-free satellite
operated In both inertial and rotating modes.

Expected to be launched in 2016

[ Piatirem
B Titanium




motivations for sub-millimeter tests of
the inverse-square law (ISL)

= explore an untested regime

= probe the dark-energy length scale
pa ~ 3.8 keV /cm?

Ad = Vhe/pag = 85 um

= search for proposed new phenomena
large extra dimensions: why is gravity so weak?
chameleons: what happened to the stringy scalars?



Parameterizing ISL violating effects

V ( r } — Ig ( ” [1 + aexp( —;r, ,\}]

this Yukawa form 1s exact for one-boson exchange and a good approximation
for extra dimensions as long as r < R where R 1s the size of the largest extra
dimension.

Note that a # a. For a given Yukawa interaction, the I[SL-violating signal
cr, which reflects the full strength of a new iteraction, 1s much larger than
the EP-violating signal. o, which describes only 1ts composition-dependent

plece.
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Gauss’s Law and extra dimensions

Moral: to see the true strength of gravity
you have to get really close

illustration from Savas Dimopoulos



chameleons

Chameleons circumvent experimental evidence against
gravitationally-coupled low-mass scalars by adding a
self-interaction term to their effective potential density.

This gives massless chameleons an effective mass in
presence of matter so that a test body’s external field comes
entirely from a thin skin of material of thickness ~ 1/m .
For a density of 10 g/cm3 and natural values of the
chameleon couplings this skin is ~ 60 um thick; making
such particles very hard to detect.

Khoury and Weltman, PRD 69, 0444026 (2004)
Gubser and Khoury, PRD 70, 104001 (2004)



the 42-hole test of the ISL

tungsten fiber, 20pum diameter, 8Ocm length

leveling mechanism

3 aluminum calibration spheres

4 mirrors for tracking angle of deflection

detector: Imm thick molybdenum ring

with 42 holes arranged in 21-fold
rotational symmetry

not pictured, 10pm thick Au-coated
BeCu membrane, electrostatic shield
attractor : rotating pair of discs with 21-
fold rotational symmetry, holes in lower
attractor out of phase with holes 1 upper
attractor to cancel Newtonian gravity

PhD project of Dan Kapner

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



Some implications of Kapner et al.” s ISL results:

largest extra dimension < 44um
dilaton mass > 3.5 meV
strong constraints on generic chameleons

excluded by Eot-Wash

1 10 100
matter coupling & “natural value”

Upadhye, Hu and Khoury, PRL 109, 041301 (2012) of §is 1l




Parallel-

top view

torsion ——
pendulum

Ti, p=4.6 g/cm 3

Ta, p=16.6 g/cm 3

=d

stretched Ti foil /

Om

nlate null test of the ISL

=)

T

thin Pt attractor sheet,
backing made from Ti:
a rim makes the finite
attractor look “infinite”:

PhD project
of Charlie Hagedorn



Parallel-plate ISL instrument

attractor is mounted on a
pneumatically-driven flexure

Attractor

Charlie is doing a sophisticated
blind analysis of his data. He is
brave and will “open the
envelope” during his upcoming
thesis defense.

the electrostatic shield between
pend and moving attractor was
removed for this photo. Its
position Is monitored by

3 fiber interferometers




UW Fourier-Bessel ISL instrument

Ted Cook’s 2013 PhD project. Now being upgraded by
Svenja Fleischer and John Lee.
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Active elements of pendulum and
rotating attractor are cut from 50
micron W (Pt) foils. F-B expansion gives
analytic solution for Newtonian and
Yukawa torques




2_| T A N T ]
[ A A no II |
[1 ] noll [ Nl ]
, [ | | AN ]
1 II || I| ! | |Ir| |I II |I || | I | |I | II Il ]
Q ANRIRn "|||||| I N1t ]
3 l TR l 'I' I I|' I|'I ||I |I II B lll |l f ]
E‘ D_I ¥ I| | f\ [ | [ Hop ) i | ! s o]
0 [V VLI | N NG
+ L] | I| | III IIJI || [ [4] II| | [ | II | ]
-1 IRYAL U SRR

[ BIRf IR I||I |

2 |I I| |L.I I II, I| || III
0 10 20 30 40 50 60

simulation is speeded up by
factor of 1000

Ted Cook | tedcook@gmail.com | www.npl.washington.edu/eotwash



Data Fit
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Cook’s preliminary 95% C.L. results

order of
magnitude
higher sensitivity.

than Kapner et al.

pelow 40 um:

\We hope to do

significantly:
petter by major
upgrade of
Cook’s device.

S. Fleischer leads
this effort.
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erriy (nradvdays)

erryg (nradvdays)

patch fields

patch field potential minimum
not aligned with fiber minimum

T
Oglz,)=a, +a, Expl-z, / T)

L=17%1um

vibrations

almost sleepless in Seattle
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EP and short-distance ISL tests are tough:

weak signals (WEP & ISL)

tricky alignment (ISL)

changing gravity gradients (WEP)
patch electrostatic fields (ISL)
sensitivity to vibrations (ISL)

But there is still room for improvements:

new test-body materials (WEP & ISL)
lower-loss suspension fibers (WEP)
Improved vibration damping (I1SL)



But the achieved sensitivities are
iImpressive

the differential acceleration resolution
achieved in our WEP tests iIs
Aa~3x%1013 cm/s?

this Is comparable to the difference in g

between 2 spots In this room separated
vertically by = 1 nm



But there Is still room for improvements:

new test-body materials (WEP)
proton-rich test bodies

lower-loss suspension fibers (WEP)
fused silica suspension fibers

Improved vibration damping (I1SL)
better dampers for unwanted
pendulum modes
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