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Eot-Wash torsion balance 
techniques  

• With NSF support, pioneered rotating torsion balances for 30 year and 
Performed a wide array of precision measurements: 

• In the gravitational sector: 

• Best and broadest weak Equivalence Principle test 

• Shortest distance test of gravitational inverse square law at gravitational 
strength 

• With spin-polarized pendulums: 

• Plank scale test of Lorentz violation 

• Best test of non-commutative space-time geometry 

• Searched for pseudo-goldstone bosons of hidden high energy symmetries
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Eot-Wash torsion balance 
techniques  

• Motivated by recent ideas in the field, and leveraging our torsion balance experience,  
we are investigating what we could do with dedicated torsion balance searches for 
ULDM 

• We can look for two of the four general experimental observables identified by Surjeet: 

• Spin precession 

• Differential acceleration 

• Over the lighter 30% of the relevant (logarithmic) mass range 

• We will show a new analysis of our existing data looking for these effects 

• And explain how a dedicated balance could be significantly more sensitive 

• Simpler systematics 

• Improved suspension, readout and turntable systems for lower noise 
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Light Dark Matter 
Possibilities

4

Type  Couples to
Axial/PS Fermions
Vector/Scalar Fields
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Light Dark Matter 
Observables
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Scalar/vector motivation
• Any motivation you have for a new light scalar or 

vector is instantly a well-motivated dark matter 
candidate:  
 
They appear so often that theorists have to hide 
them… 

• relaxions to solve hierarchy problem 

• light fields to unify GR and Quantum Mechanics

7
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Torque Signal

8

ɸ-field at t = 0 ɸ-field at t = π/ωc
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Pendulum observable
• Preferred pendulum orientation oscillates at DM compton frequency!!! 

(not turntable rotation frequency) 

• Previous analysis technique would have averaged away the signal!
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ɸ-field at t = 0 ɸ-field at t = π/ωc
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We Even Have the Right (Torsion) 
Pendulums for these Observables!

Scalar/Vector Axion

> 5th generation 3rd generation
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We Even Have the Right (Dipole) 
Pendulums for these Observables!

Scalar/Vector Axion10

fiber

Al test
masses

Be test
masses

mirror
(for angle read out)

DM-induced
acceleration

twist response

FIG. 1: A torsion pendulum for dark matter direct detection. The dark matter field directly induces an equivalence-principle
violating acceleration on the test masses, resulting in an oscillating twist in the the pendulum. The twist angle is measured by
observing the deflection of a laser reflected from the mirror. Adapted from [69].

In modern experiments, the entire setup is placed on a turn table rotating at a frequency ftt. This causes the
torque exerted by an otherwise static force to oscillate at this frequency. The DM signal, by contrast, oscillates at
a frequency fDM = m/2⇡ (the Compton frequency of the DM), modulated by both the turn-table frequency ftt and
the Earth’s rotation frequency f�. Since the DM matter signal does not occur at a frequency associated with either
the experiment or the environment, it is naturally distinguishable from most backgrounds.

Torsion balance experiments looking for a static EP-violating force towards the earth (e.g. [66, 69]) must deal
with any e↵ect that produces a pendulum twist at the turntable rotation frequency, such as turn-table imperfections,
temperature gradients, and gravity gradients. Consider lab-fixed gravity gradients. These apply a torque on the
gravitational moments of the pendulum, and the torque changes direction at frequency ftt as the torsion balance
rotates, just like a static EP signal. The degree to which one can cancel the gravitational gradients in the lab and the
gravitational moments of the pendulum is a limiting factor in these experiments. However, the DM signal always has
frequency components separated from ftt, even for arbitrarily small DM masses, and so only phase-coherent gravity
gradient fluctuations that exactly mimic Eq. (19) a↵ect the measurement. This strategy has been e↵ectively used to
suppressed the major systematics in searches for sidereally modulated signals in torsion pendulum experiments [70, 71],
and it should work just as well in searches for the DM modulated signal.

A second major advantage of the DM search over the static search is the direction of the force. The static force
sourced by the Earth points in the vertical direction, while a hanging torsion pendulum is sensitive only to horizontal
forces. Since the Earth’s rotation causes the pendulum to hang at a slight angle, the pendulum is sensitive to the
static EP force, but only sensitive to at the level of 1 part in 103. A DM-induced force, on the other hand, points in
a random direction avoids this large suppression.

As a result of the turn-table rotation and the Earth’s rotation, the DM signal occurs at 6 distinct frequencies,

⌧(t) ⇠ ⌧DM

X

i

cie
2⇡fit (19)

fi = fDM ± ftt +
n+f�

0
�f�

o

, (20)

where f� is the Earth’s rotation frequency, as we show in appendix A. The overall amplitude ⌧DM of the induced
torque, and the six O(1) coe�cients ci, are determined by �~aDM, the di↵erence in the DM-induced linear acceleration
between the two test materials. This is given in Eqs. (4, 13 & 18) for B�L and scalar DM. In practice one could then
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Figure 3.1: The Spin Pendulum. Scale drawing of the spin pendulum. The light green and
darker blue volumes are Alnico and SmCo5, respectively. Upper left: top view of a single
pendulum puck; the spin dipole points to the right. Lower right: the assembled pendulum
with the magnetic shield cut away to reveal the four pucks inside. Two of the four mirrors
(light gold) used to monitor the pendulum twist are visible. Arrows with filled heads show
the relative densities and directions of the electron spins, open-headed arrows show the
magnetic field direction. The eight tabs on the shield hold small masses that we used to
tune out the pendulum’s residual q21 and q22 moments.

3.1.1 Magnets

The trapezoidal magnets in the pendulum pucks, purchased from Magnet Sales & Manufac-

turing [23], were cut to size locally by electric discharge machining. Their dimensions are

listed in Table 3.1. The magnetization of the individual SmCo magnet segments varied by

several percent, deduced by measurements of the magnetic field measured a few millimeters

away. Holding the SmCo magnets in a strong external field adjusted their magnetization

enough to create a set of sixteen well-matched pieces to use in the pendulum. The Alnico

pieces were remagnetized to match the SmCo after the pendulum pucks were assembled.

Measurements of the field outside the magnets gave information about the uniformity
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Rotating Balance
• Shifts science signal to 

turntable frequency 

• Allows study of lab-
fixed signals 

• Better 1/f noise 

• Rotation rate must be very 
uniform (36,000 stripe 
encoder) 

• Tilt axis very stable 
(adaptive length feet)
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New Analysis of 4 years of 
spin pendulum data

Torque per electron after demodulating the turntable rotation
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Fitting the torques to DM 
signal
Product of sidereal frequency 

with 60k DM frequenciesSin

Cos

Amplitude
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Figure 5.7-1. Preliminary distributions of aX cos

and aX sin

coe�cients. The results are
quite close to Gaussians with zero mean.

first factors transform local to galactic (equatorial X and Y) coordinates and !C = 2⇡fC .
The averages of these basis states in each of the 147 data sets were also set to zero. Our
initial analysis probed 60,000 fC values between 3 ⇥ 10�8 and 1 ⇥ 10�4 Hz. Each value of
fC yielded 4 amplitudes: aX cos

, aX sin

, aY cos

and aY sin

. The zeroing process introduced a
problem when the sidereal and Compton frequencies were essentially identical because in that
case there are only 2 independent amplitudes. For those cases we used a di↵erent strategy,
making independent 2-parameter analyses for the X and Y directions.

Fig. 5.7-1 shows preliminary distributions of aX cos

and aX sin

for 60000 fC values between
10�8 and 10�4 Hz. The region between 11 and 13 µHz was computed using 2-parameter fits
as explained above. Fig. 5.7-2 shows the aX =

p
|aX cos

|2 + |aX sin

|2 distribution and the
resulting aX spectral distribution. The results for pa along Y are very similar those along X.
We do not quote results for pa along Z because those signals do not have sidereal modulation.

Figure 5.7-2. Left: histogram of aX amplitudes. The results follow the expected Rayleigh
distribution. Right: preliminary spectral distribution of aX . The black curve is our data,
the blue curve shows the result of adding a synthetic 10 zeV, 1µHz signal to the data. It is
resolved by almost 10�.
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Current Scalar and Vector limits
18

ℒ⊃gϕeeϕee

FIG. 4: Estimated reach of searches for scalar DM coupled through L � g�ee�ee. The blue, red and green curves and the
yellow shaded region are as in Fig. 2. Above the gray line the scalar mass is fine tuned if the cuto↵ ⇤ is above ⇠TeV.

long baseline. This suppresses backgrounds such as time varying gravity gradient noise and seismic vibration noise
that normally plague long baseline accelerometer setups such as terrestrial gravitational wave detectors. Removing
these backgrounds makes it possible to search for low frequency signals, where accelerometer sensitivity is maximized.
Thus, accelerometers such as torsion pendulums and atom interferometers are optimal ways to directly detect such
light dark matter over 10 orders of magnitude in mass from ⇠10�8 Hz to kHz. Our present proposals help establish
a full experimental program to discover light dark matter.
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Appendix A: DM signal in a rotating torsion-balance

In this appendix we derive and discuss the form of the signal in a rotating pendulum arising due to a DM-induce
acceleration that is fixed in the galactic rest frame. The result is of importance for discriminating a DM signal from
backgrounds: the signal has a distinctive pattern, with 6 di↵erent frequencies with correlated phases and amplitudes.

• Let {x̂�, ŷ�, ẑ�} define coordinates for an observer standing on the Earth, chosen so that ẑ� is the axis of the
Earth’s rotation, and ŷ� is east. Since these coordinates rotate with the Earth, a vector ~E that is not rotating
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DM frequency means science 
is not at turntable frequency!

• Science signal triply modulated at TT, compton and sidereal 

• Systematics are dominated by effects that come at the the 
turntable frequency  
 
 
 
 
 

• Past experience proves sidereal signals have greatly 
reduced systematics

Torsion-balance tests of the weak equivalence principle 10

It is well known that small tilts of the apparatus induce a twist in the fibre because

of tiny asymmetries in the upper fibre attachment point. Dual-axis electronic tilt

sensors placed above the upper attachment of the fibre and beneath the pendulum

(see figure 2) measured the turntable tilt. A feedback loop locked the turntable rotation

axis with a precision of a few nanoradians to local vertical as determined by the upper

tilt sensor. However, the lower tilt sensor revealed that the direction of local vertical at
the pendulum position differed from that at the upper sensor by ∼ 50 nrad. Since the

fibre axis is determined by local level at the pendulum site, corrections were needed to

account for this gradient in the down direction. The tilt-induced twist was measured

by purposely tilting the apparatus by a measured amount. The resulting feed-through

of a small tilt into pendulum twist was typically around 5%, but varied from mirror to

mirror. Corrections for tilt were applied to obtain the final result.
Temperature gradients and magnetic effects were primarily minimized by multi-

stage passive shielding. The magnetic systematic uncertainty was found by removing

the outermost mu-metal shield (which normally reduced the ambient laboratory field to

≈ 2.5× 10−6 T) and measuring the effect on the twist signal when a strong permanent

magnet was placed outside the vacuum vessel. In the absence of any shielding the

magnet’s field at the pendulum would have been ≈ 1.7× 10−4 T. Data were taken with
both the north and south poles pointing toward the pendulum. The pendulum twist

did not significantly change when the magnet orientation was reversed. The magnetic

systematic error was computed by scaling this upper limit on the twist change by the

ratio of the normal to enhanced fields inside the outermost shield.

The effect of temperature gradients was measured by placing large temperature-

controlled copper plates next to the apparatus and measuring the pendulum signal as a

function of the applied temperature gradient. Temperature gradients of up to 15 K/m
were applied, while in normal operation the apparatus saw a gradient of ∼ 44 mK/m.

The maximum twist signal change in the temperature test was scaled to temperature

gradients seen in normal data and assigned equally to systematic uncertainties in the

north and west signals.

Table 2 summarizes the lab-fixed systematic effects in the Be-Ti measurement.

When astronomical objects were viewed as the attractors, their additional signal

Table 2. Error budget for the lab-fixed Be-Ti differential accelerations. Corrections
were applied for gravitational gradients and tilt, only upper limits were obtained on
the magnetic and temperature effects. All uncertainties are 1 σ.

Uncertainty source ∆aN,Be−Ti (10−15 m s−2) ∆aW,Be−Ti (10−15 m s−2)

Statistical 3.3± 2.5 −2.4± 2.4
Gravity gradients 1.6± 0.2 0.3± 1.7
Tilt 1.2± 0.6 −0.2± 0.7
Magnetic 0± 0.3 0± 0.3
Temperature gradients 0± 1.7 0± 1.7
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Japanese Proverb: 
The nail that sticks out the farthest  

gets hammered the hardest 

Gravity 

Thermal 
noise 

Tilt Temperature 

Readout 
noise 
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Japanese Proverb: 
The nail that sticks out the farthest  

gets hammered the hardest 

Thermal 
noise 

Readout 
noise 
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Key Improvements

1. Ultra-low-noise suspension fibers 

2. More sensitive twist-angle measurement 

3. Higher performance turntables 

4. Larger B-L composition dipole

11

fit the ✓(t) datastream to the functional form from Eq. 19, to fully reconstruct the best fit value of the vector �~aDM

as a function of fDM. We elaborate on this briefly in appendix A, but otherwise we ignore the details of this analysis
and simply take

|⌧ | ⇡ ⌧DM ⇡ 1

2
M R

�aDMp
3

, (21)

where M and R are the combined mass of the test bodies and the arm length of the pendulum. The factor 1/
p
3

relects the fact that only one direction for �~aDM contributes to the torque at any instant.

2. Noise in torsion balances

We assume statistical noise sources to be the limiting factor in constraining �aDM with torsion balance data. The
statistical uncertainty in torsion balance measurements come from damping noise in the wire, noise in the angle read
out, and external sources of noise such as seismic noise or gravity gradient noise. These are described by a noise power
P�a(f), which controls the uncertainty ��a in the measurement of �aDM. For an integration time tint <⇠ 106/fDM,
the width of the signal cannot be resolved, and ��a scales as

��a(f) ⇡
p

P�a(f) tint (f <⇠ 106/tint) . (22)

For longer integration times, when the width of the signal is resolved, ��a can only be improved by performing a
bump hunt in P�a(f), giving

��a(f) ⇡ 103
p

P�a(f)/f (tintf/10
6)

1
4 (f >⇠ 106/tint) . (23)

P�a(f) is related to the noise power in the pendulum twist, P✓(f), by combining Eq. 21 with the pendulum
response function given in Eq. 24,

P⌧ (f) = (2⇡)4I2
�

(f2 � f2
0 )

2 + f4
0 /Q

2
�P✓(f) , (24)

P�a(f) ⇡ 12

M2R2
P⌧ (f) ⇡ (2⇡)412R2

�

(f2 � f2
0 )

2 + f4
0 /Q

2
�P✓(f) , (25)

where 2⇡f0 =
p

/I is the resonant frequency of the pendulum, I ⇡ MR2 is the moment of inertia,  is the torsional
spring constant, and Q is the quality factor. The f4 scaling at high frequencies reflects the fact that the twist of the
pendulum for a fixed torque drops as ✓ / f�2, since damping becomes irrelevant and the pendulum rotates by the
maximum amount possible in a time 1/f .

Noise P✓, r.o. in the angular read-out system limits the sensitivity to an angular deflection of the pendulum. Con-
verting a flat P✓, r.o. spectrum to the corresponding acceleration noise power, using Eqs. (24) and (25), gives a
high-frequency scaling

q

P�a, r.o.(f) ⇡ 3⇥ 10�9 cm s2p
Hz

⇥
✓

f

100mHz

◆2
R

2 cm

pP✓, r.o.

10�9 radHz�1/2
. (26)

This is the limiting factor for the DM sensitivity at high frequencies, as seen in Figs. 2 & 3.
Internal damping in the fiber produces thermal noise in the fiber that dominates the noise of the system at low

frequencies. This results in a torque noise P⌧,th(f) = 4T/(2⇡fQ), and an acceleration noise

P�a,th(f) ⇡ 48T

M2R2Q

1

2⇡f
(27)

The spring constant  of the wire scales as  / M2/Lwire, where Lwire is the length of the wire and M is the maximum
mass it can support. The constant of proportionality depends on the wire materials and how it is fabricated. For the
1m tungsten wire used in the Eot-Wash setup, this gives a noise scaling

q

P�a,th(f) ⇡ 3⇥ 10�10 cm s2p
Hz

⇥
s

mHz

f

r

T

300K

2 cm

R

r

5000

Q
, (28)

where we have normalized to the parameters of the current setup [69] (see Table II). For a fused silica wire,  and
therefore P�a,th may be lowered by a factor of ⇠ 4 compared to tungsten. Using fibers with higher Q or cooling the
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Another Reason For Silica Fibers

• Silica has better thermal properties:

– Drifts are up to factor 10,000 better!

– Improves duty cycle and drift associated noise

– Less sensitive to temperature gradients

• Possibility of sacrificing dynamic range for angular readout sensitivity

Fit ~ 1 nrad/day 
drift!

~ 10,000 nrad/day

Fiber drift comparison

Slide courtesy of Erik Shaw

1. Comparison of Fused Silica and Tungsten Fibers

But fused silica is not 
conducting! 
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Typical Noise Performance

substantial statistical noise improvement

~ factor 5 improvement

Now 1 day of clean data ~ 1 month of clean data with tungsten

Slide courtesy of Erik Shaw

Data taken with  
B-L pendulum
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Lots of room for 
improvement remaining

• thinner, more 
uniform fibers would 
greatly reduce 
kappa with same Q 

• LIGO fibers have %-
level uniformity 

• kappa/Q 
improvement of 4 - 
16 possible 23

Profiler Output

~30 microns

Image of Fiber

● Program Smartscope to 

take images of fiber
● Wrote software to 

analyze each image
● Calculates average 

diameter for a frame
● Calibration with  

tungsten fiber

Full fiber profile
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2. Angle readout 
improvements

• 10,000x smaller dynamic range required 

• Potential for huge lever arm  
             -> great angle resolution 

• Testing interferometric readout systems
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One Possible Interferometric 
Readout

• Preliminary test running  
in air 

10-1 100 101 102 103 104

frequency (Hz)
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Interferometer intensity signal
Beamsplitter

torsion balance

Photodiodes

Laser

Slides courtesy of Krishna Venkateswara
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3. Turntable Improvements
• Necessary to take full advantage of lower noise 

• Key requirements: 

•  stability of rotation rate  

• alignment of rotation axis with local vertical 

• May allow higher turntable frequencies  
(less 1/f noise)
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Aligning Rotation Axis
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Aligning Rotation Axis
machine learning system
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Increase in B-L charge
• Be - Al charge difference: 0.036 

• Be - PP charge difference: .127 

• Main challenges 

• Gold Coatings 

• Thermal stability 

• Outgassing

Material B-L

Beryllium 0.5548

Aluminum 0.5189

Polypropylene 0.4285
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Estimated potential  
improvements

• B-L test can be improved by as much as 40x with 
better fibers and a potential 4x with Polypropylene 
test bodies 

• Axion limit improved by as much as 80x with new 
fibers
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Proposal for dedicated Axion 
and B-L DM experiments

Stage 1)  

• Build dedicated fiber pulling set-up to optimize fused silica fibers 

• Design, build and commission ultra-high sensitivity rotating 
balances at CENPA with B-L and spin pendulums 

• 1 year of data taking 

Stage 2) 

• Move to shallow site at DUSEL site for 3 years of data taking 
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The side bands are at well defined relative frequencies !

B“Axion“ = 1 nT ± 0.1 nT 
ν“Axion“ = 1.5 Hz 
A0      = 12.6 fT

Mimicking the axion by an oscillating magnetic field
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Food for thought: EP 
interferometer

Figure 2. Advanced LIGO optical
layout. Light travels from the laser through
the input mode cleaner into the power
recycling cavity. The light is split at the
beamsplitter, then enters the two 4 km long
arm cavities formed by the input and end
test masses. Any signal exits through the
signal recycling mirror and output mode
cleaner. Also shown are the compensation
plates used to control thermal lensing.

Figure 3. Anticipated contributions
from individual noise sources to the
total Advanced LIGO sensitivity (thick
solid). Noise sources shown are seismic
noise (thick dash-dot), suspension thermal
noise (thin solid), coating thermal noise
(dotted), gravity gradient (thin dashed)
and quantum noise from the light (dashed).
This graph is in color online.

result in 1000 times the volume of space that can be searched for those sources in the mid-band
of Advanced LIGO. These sources would include unmodeled bursts where the details and even
nature of sources is not known. This could include supernovas, compact object mergers, neutron
star instabilities, and cusps in cosmic strings. Searches for inspirals of neutron stars and/or black
holes will also be possible over a greater volume than initial LIGO. An individual interferometer
will have a direction and source averaged [7] range to binary neutron stars inspirals of around
200 Mpc. This is expected to be su±cient to see up to 40 neutron star inspiral events per year [8].
The equivalent expectation for 10 MØ black hole binaries is 30 per year, and 10 per year for
mixed neutron star-black hole inspirals. The final two estimates have far greater uncertainty
than the first due to less information about populations. Advanced LIGO will also be able
to observe in the previously inaccessible 10-40 Hz band, allowing longer measurements of light
objects such as neutron stars, and the ability to observe signals before coalescence of far more
massive objects in the hundreds of solar mass range.

With two years of data at the Advanced LIGO sensitivity, there are several low mass X-ray
binaries that possibly could be detected from their output of continuous gravitational waves.
There could also be pulsars or other sources that are not known electromagnetically but might be
seen gravitationally with Advanced LIGO. For a gravitational stochastic background, an energy
density of 10°9 times the Universe’s closure density will be within reach using just 3 months of
Advanced LIGO data. This will improve as the square root of observation time. At this level
there are predictions of stochastic gravitational waves from early universe phase transitions [9]
and some predictions for more exotic sources of a broadband gravitational wave background [10].

Advanced LIGO will also participate in multimessenger astronomy, adding detections of
gravitational waves to neutrino and gamma-ray burst observations. Simultaneous detections
with neutrinos could reveal information about the processes happening deep inside supernovas.
The detection of gravitational waves from compact object mergers in coincidence with a short
gamma ray burst would provide direct evidence for the compact binary progenitor model [11].


