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Mass defect = binding Energy 13.6 e\Vc2

Binding Energy =AE__-AE,;,

pot



The non-linearity is rather small

but occurs also in Mass defect for 1 kg of
gravitationally =~ Earth:Am=0.46pg
bound systems L

Mass defect for 1 kg of
Moon: Am=0.02ng

QERARTHRISE
OVER THE moon




The mass of an object
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Newton’s Principia (1689)

Newton’s 29 Law Gravitational Law

F=ma Fe= G m,; my, /12

Equivalence Principle (EP): ; =m,

Is the Equivalence Principle valid for all contributions to the mass?

Weak Equivalence Principle: Gravitational birglenergy is excluded.

Strong Equivalence Principle: Includes all 4 fumeéatal interactions.




In General Relativity

Gravitational field g
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Acceleration a

Inertial mass = gravitational mass=m for all bodies
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The known unknowns

GR Is not a quantum theory.
Cosmological constant problem.

Dark matter.

The unknown unknowns

Is there another force {3orce)?

EP-Tests provide a big bang for the bu

ck!
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Searching for new Interactions

(b Ny
M, m 2
Wl B B e
I
Strength / \/Jlj\/JZJ > Interaction range

relative to e Test

gravity mass

Assumed |Be Ti Al Be-Ti Be-Al
charge g/ g/ g/u (x102) | (x10?)

0.554 80 0.54147 0.51887 1.33 3.59
Z 0.44384 0.45961 0.48181 -1.58 -3.80

and any linear combinations: (V) = Z cosW¥ + Nsin¥



a/lL

Mass (u) q=B q/u

1.007 3 1 0.992 8

1.008 7 1 0.991 4

9 Be 0.101 2 9 0.998 7
48 Ti 47.947 9 48 1.001 1




Average binding energy/B (MeV)
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B/u varies, because

Baryon number B
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o Ti-48 :
Fe-57

* Be-9
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1st Tests of the Equivalence Principle

F=m.g
>a:%g
F=ma m

Time t to fall from h

=

e 2h
e

1600 Galileo: , _ 8478 _ 54
Y(a+a,)




2"d Generation Tests

Measurement of the swing
periods of pendula:

L m
Vg m

Newton (1686), Bessel (1830),
Potter (1923)

n=2x10"

T =27




Eotves Experiments

F, =mw’r cosd
m r
E= sin(26)
=meg— " " m, 20
CHO, 38 SEA 47.5°
0 110 2IO 3:0 4IO 5‘0 éO 710 éO 20

lattitude (°)



The torsion balance

* A violation of the EP would yield to different plumb-line for
different materials.

*A torsion balance can be used to measure the difference in
plumb-lines:

Torsion fiber hangs like the
average plumb line.

Difference in plumb lines produces
a torque on the beam.

-> twist in the fiber

E6tvos (1922) g = 5x10°°




Dicke’s idea

Using the Sun as a
source

i .0005" TUNGSTEN

FUSED QUARTZ TRIANGLE

MIRROR

GOLD — Sun

MAGNETIC DAMPING CUP

ALUMINLIM

ELECTRODE i
n=1x10

GOLD
BOTTOM PLATE
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Historical overview

S
% (al + a2) year Type of experiment
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Principle of our experiment

Composition dipole pendulum

(Be-Ti) Rotation .
1 rev./ 20min
Ape
—
Source Mass ar;

EF-Violating signa

Autocollimator (=optical readout)

horizontal _acc. (ms)

local masses (hill) 1 - 0 <7x10° Northwest
entire earth 19- 107 1.7x10% North
Sun 13! - «© 5.9x 108 modulated

Milky Way (incl. DM) 10%0 - o 1.9 x 16° modulated



t1lt sensor

fiber rotation s PRSI T
— 0 = fai= T e S e

— I 5 | stage

& 1 @;@,:/ 5 ~ thermal and ; l te
wlosicee 2 = magnetic shields
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. mirror

vacuum

chamber tuning e o -7-7-Bé;test

: screw bk masses
autocollimator

local
source
mass

gravity gradient
compensators

tilt sensor pendulum




The torsion pendulum

20 um diameter tungsten fiber
(length: 108 cm)
K=2.36 NNm

8 test masses (4 Be & 4 Ti)
4.84 g each (within 0.1 mg)
(can be interchanged)

4 mirrors

tuning screws for adjusting
tiny asymmetries

Data:

torsional period: 800 s
guality factor: 4000
decay time: 11d 19 hrs

machining tolerance: 5 pum
total mass : 709



0=Pendulum’s Excursion (urad)

Raw data
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Filtered F(t)=0O(t-T/4)+0O(t+T/4)

This data was taken with an asymmetric
pendulum to illustrate the data analysis.]

F=Filtered data (urad)
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¢ Turntable angle (deg)



West
COS

North
sin

F (urad)
PPENON 2000 ==4000 =

Segmented & fitted
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A day of data
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sin amplitude cos amplitude
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Conversion of angle to differential acceleration

6.41 x 10 m/< / nrad

o K N—
Aa = @

\ ) e A

Can be measured with
an uncertainty of

3 nrad per day

K [2.36 X109 Nm D

m |4.84x103 kg

Aa can be measured to

Q.

1.0X 102 m 20 fm/&




Data taking sequence

After a 2 months of data taking and systematic kb@e physically invert the
dipole on the pendulum and put it back into theaapius.

Ti-Be Be-Ti

I I I I I I

40 + NG A - These data points
o i )| have been corrected

! | for systematic

20
E effects.

10 - i i
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20 | | | | | } T\ uncertainties shown.

0 3 \
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Corrected result

measured 3.3 £25 24+ 24
gravity gradient 1.€ £ 0.7 0.2 = 1.7
tilt 1.2 £+ 0.6 -0.2 £ 0.7
temperature gradients O = 1.7 0 £ 1.7
magnetic coupling 0 = 0.3 0O £ 0.3

correctedresult 06 £ 31| -25 £+ 35




Tilt coupling

&
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rotation aXIS

* Qe

Tilt of the suspension point
+ anisotropies of the fiber
—— will rotate

Tilt coupling

ﬁ\

1. Thicker fiber at
the top provide
more torsional
stiffness



T|It coupling

rotation aXIIS /

2. Feedback

minimizes tilt of TT
1. Thicker fiber at

the top provide
more torsional
stiffness

Tilt of the suspension point
+ anisotropies of the fiber
—— will rotate



Active
foot

N

/

PID |ey

1.70m

The tilt matrix

2 b

No signal!

/

Tilt feed through in quadrature (%)
V)

©180°
AlBe
°90°
BeAl

"e 270°

4

-2 0

Tilt feed through in phase (%)

Remaining tilt uncertainty:

0.6 fm/s2 N
0.7 fm/s2 W




Th o rmal Effect on the applied gradient on the signal (measurement
was done on one mirror):

EW (nrad)

NS (nrad)

temp. difference (K)

-70

o 50 nrad Signal
= 20 Effectofa7K AT =7K
£ -100 - gradient on . f
= 110 | two different During data taking
5 mirrors. AT=0.053 K
E‘ -120

-130 ) = 0.38 nrad

-140 b 1L M Lopein s L 1.7 fm/32 N

-150

-150 -140 -130 -120 -110 -100 -90 -80 -70 1 7 fm/SZ W

NS-signal (nrad)



Results

____Aa(10®ms?

ay(Be) - a,(Ti) 0.6 + 3.1
ay(Be) -ay(Th -25 + 3.5
ay(Be) - a,(Al) -2.6 £ 2.5
aw(Be) - ay(Al) 0.7 £ 2.5
a..(Be) -a,(T) -1.8 + 2.8
a..(Be) -a,(Al 0.0 £ 25
a..(Be) -a.(T) 2.1 £ 3.1
a..(Be) - a, (Al 1.6 + 2.8



Results

T a0ty |

ay(Be) - a,(T) 06 +31 ( 0.3 +£18 ) x103
ay(Be) -ay(Th -25 + 35

ay(Be) - a (Al 26 £ 25 (-15+15 ) x1068
aw(Be) - ay(Al) 0.7 £ 2.5

a.(Be) -a. T -1.8 + 28 ( -3.1 £4.7 ) x10°
a.(Be) -a.(Al 00+25 ( 00 +42 ) x10
a..(Be) -a, (T) 21 +31 (4465 ) x1¢
a..(Be) -a. (Al 1.6 £+ 28 ( 34 £58 ) x1€
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a-A plot for g=N (y=7/2)

107 ¢

|lI'I'| T T llll'ﬂ:I
excluded with 95% confidence

q= N EW09-Combined
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w-a, plot for g=N (acc. towards the Sun)

10° |

| ! ! | ! ! |
excluded with 95% confidence
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Acceleration to the center of our galaxy

1825 h of data taken over 220 days

50 |- -

center of the galaxy:

(-2.1+ 3.1) x 1(15 m/<2
_50 3 ] ] ] ] 4

50 7 In quadrature:

l } * l | Differential acceleration to the
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Ng - ] J J %_} } l 1 (2.7+3.1)x16°m/g
2’ 0 % } T wi’ /} ( | -NJNLI T\L ? |
& _,,,%»ﬂ T } ! j } w --\“..”"_ Hypothetical signal:
W | (7 times larger)
& , | , | 1 20 x 105 M/
0 5 10 15 20

local sidereal time [h]



Galactic dark matter

Eanh::

Milky Way



Galactic dark matter
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Galactic dark matter

7 Dark matter inside the
Earth’s galactic orbit
causes 25-30% of the total

Earth ;
acceleration.

Milky Way '\
" Halo of dark matte

Our acceleration toward the galactic center is:
agaI: Hark' aordinary: 1.9x 10+ m/SZ =~ Sgark™ 5x10* m/SZ

Measured differential acceleration toward the gatamenter:
Aagal :('2-1 iS,l)X 1015m/s => Ndark™ IAagallladark: ('417) x 10°

The acceleration of Be and Ti towards dark mattesdot differ by mor
than 150 ppm (with 95 % confidence).




Limits on the acceleration of neutral H
towards dark matter

Observed acceleration of the Sun

1011 | EW09-Al

excluded with 95% confidence

'l (m/s®)

EWO09-combined




Summary

The test of the equivalence principle is a serespirobe for
fundamental physics.

Principle of the measurement.
Main systematic effects.

Results

— Earth (North):ag,-a;=(0.6+ 3.1) x 1(* m/<2.

— n=(0.3+£1.8) x 163

— Towards Galaxyag-ar;=(-2.1 + 3.1) x 16~m/s?.
— Ny =(-4 £ 7) x 10°.

— 10x improved limits on a long range interaction.
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