Title: Recent Gravitational Experiments and their Implications for Particle Physics
Date: Sep 11, 2007 08:30 AM

URL.: http://pirsa.org/07090036

Abstract:

Pirsa: 07090036 Page 1/68



TOPICS COVERED
Equivalence Principle tests
short-range Inverse-square
cosmic preferred-frame tests

WILL SUMMARIZ

Law tests

motivations
techniques
results



TOPICS COVERED
Equivalence Principle tests
short-range Inverse-square
cosmic preferred-frame tests

WILL SUMMARIZ

Law tests

motivations
techniques
results



|
W ®)
O ¢ ©
m m __._ __ ) __; “,: .mu.h
e : o e s A
@ J e U X T |- © -
..|.,4.. a U m .ﬂ: ___-.. _,._ _ Ak
mu e ) __,L_ .“_..L .:....__ .j_ — :_ q” ()
- ¥ 2 gl e B v
v **_m_#._._f_
= e
< G 0
Lengly k
/) O >
(D + 9
“.,H,u.. - i o
_ =z (L
- m 3 ._u”..u
| @ I — = :
~— - L W)
M X 0 [ b
ol L) th - W]
ﬁc U = L) ] s
X Cr ®©§ OO 0
= QO GO g T 5B Vi
g 05 @ L0 P
(2 B = THaR _..f,”

L = 00 LL v U U

3




r
I

N O IraNIiTw, AT L= —~ AThar :.-‘-'\-.'.r".-'-\:-‘-u ' rym I m
J U yliaviLy w | TNE OrNe orces Iin pnysics
| [ . . -

-~ 4+ A rantra ~rrih o vy T ~ Y - cranco

S tNe cerral proplem In runaamental sciernce

string or M theory provides the only known framework
for doing this

BUT: it inherently contains features that have to be
hidden from experiment:

10 or 11 dimensions
nundreds of massless scalar particles

must find a way to account for the extreme weakness
of gravity and the observed dark energy

el alaal=at. ~ =T = £~ —~4 - et il = s =
S TIG U nese ew Teaiures couid snow up in

— el r- o~ et loes o~ o~ o~ o~ =~ - . $

—quivalence Frincipie and/or inverse-squal !

T



A brief history of Equivalence Principle tests:

Do all materials have the same m!/mseg ?

Galileo test Newiton-Bessel test Eotvos test

/1 HHH!{HHH Ieiviis

are fall times equal? are periods equal? are angles equal?

T=v(2d/g (m'/me)) T=2mw (/g (Mm'/m2)) e=w?Rsin26/(2g) (m'/

Aafa<0.1 Aafa<104 Aafa< 10°

n



balance twists only if force vectors are not parallel

(1

EP is violated down is not a unique direction

ravity gradients also make vectors nonparallel
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modern era in EP tests was ushered in by

—0tvos's results

Fischbach's reanalysis of

Fischbach at el., PRL 56, 3 (1986)

This result along with
geophysical-measureme
was taken as evidence fo
a "5t




2 WaYs TO THIVK AEout EP TESTS
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torsion pendulum of the new E&6t-Wash EP test

20 um diameter 108 cm long
tungsten fiber

eight 4.84 g test masses
(4Be&4Ti) or(4Be & 4

4 mirrors

tuning screws adjust the mas
multipole moments & minimi
sensitivity to gravity gradient

free osc freq: 1.261 mi
quality factor: 4000

decay time: 11d 6.5 1
machining tolerance: 5 um
total mass : b8
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turntable of the new EP balance

Servoedad roitary contacior
-

thermal insulation

air-bearing turntable

angle encoder electronics

thermal expansion feet
- e -— fedback to keep turntable

= =, rotation axis level
- /
_ . ¥
; ‘.
B\ torsion balance hangs
=< AR from the bearing which
| -
-

x rotates at 0.833 mHz



without “feetback”
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»
©
o
—
=
.
=

1000 2000 3000 4000 5000 6000
phi [degrees]




with “feetback”

u
L=
o
-
=
e
—
——

| l | l

1000 2000 3000 4000 5000 6000
phi [degrees]




gravity-gradiometer pendulums

4, configuration on a table g,, configuration insta
w




gravity-gradient compensation

Compensators
D)., compensators can be rotated
‘otal mass: 880 kg by 360°
D= 1.8 g/cm? dn -
11"\ | r -\-.."'I
Q44 compensators hillside &
Total mass: 2.4 kg local masses

Q¢ =6.7-10* g/cm*

Pirsa: 07090036
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limitations on gradient cancellation

T“'!l'll'l'l'l!

i

these data were taken in early November




leveling
eet

SSa

1.70m

correction for tilt of the
turntable rotation axis

2 EﬁﬁgZ?;:al - Feedback removes tilt at upper t

: sensor
of upper tilt ] _ )
I | " sensor - However, local vertical varies wi

----- —-““’# height
. Gravity - gives a spurious deflectiqn of
[ | gradient tl:]E‘ pendulum due to residua
] compensator tilt
I Lower tilt sensor measures:
local earth field (-60 nrad)
+ off-center compensator field (-—15 nrac
= measured tilt (-45 nrad)
________________ Tilt at pendulum is only due to local earth fie
T Lower tilt -50 nrad of tilt = -2.5 nrad correction to

sensor pendulum signal

‘ -
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gravity-gradient compensation

Compensators
D)., compensators can be rotated
‘otal mass: 880 kg ) — by 360°
D-,= 1.8 gfcm? - L hJjL
S e
Q44 compensators hillside &
Total mass: 2.4 kg local masses

Q¢ =6.7 - 10* g/cm*
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leveling
eet

e

correction for tilt of the
turntable rotation axis

.| Feedback
nulls signal
of upper tilt

1.70m

Feedback removes tilt at upper t
sensor

However, local vertical varies wi
height

- gives a spurious deflection of
the pendulum due to residua
tilt

| —"| sensor
Gravity
gradient
compensator
J

Pirsa: 07090036

sensor

Lower tilt sensor measures:
local earth field (-60 nrad)
+ off-center compensator field (-—15 nrac
= measured tilt (-45 nrad)

Tilt at pendulum is only due to local earth fie
7 Lower tilt -50 nrad of tilt = -2.5 nrad correction to

pendulum signal
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10 statistical + systematic uncertainties
from our Equivalence Principle experiment
with beryllium and titanium test bodies

Source Aa (cm/s?) A3/3source
=lgig (0 =35, gl (0 S5 2y 2 L
Sun (177 % 1= (2.1 £ 4.6)x10"

Galaxy (0.0 £ 3.0)x1013 0.0+ 161510
CMB (3.0 £ 2.6)x10-13 (1.8 1.5 10




95% confidence level exclusion plot

for interactions coupled to baryon number
o2 [eV]




95% confidence level exclusion plot

for interactions coupled to B - L
o2 [eV]
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95% confidence level exclusion plot
for interactions coupled to B - L
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Is gravity the only
long-range force
between dark and
luminous matter?
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95% confidence limits on non-gravitational acceleration of
hydrogen by galactic dark matter
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motivations for sub-millimeter tests
of the inverse-square law

= untested regime

= probes the dark energy length scale
= |arge extra dimensions?

= chameleons?

= fat gravitons”™?
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95% confidence Iimits as of 2000
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the Irvine experiment
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Does dark energy define a new
fundamental length scale in
physics?

Pd ~ 3.8 keV/CIIl




GGauss’s Law and extra dimensions

Hlustration from Savas Dimopoulis

w




the 42-hole inverse-square law pendulum

tungsten fiber, 20pum diameter. SOcm lengt

leveling mechanism

3 alummum calibration spheres

4 murrors for tracking angle of detlection

detector: | mm thick molvbdenum ring
with 42 holes arranged 1in 21-fold
rotational symmetry

not pictured. 10pm thack Au-coated
BeCu membrane. electrostatic shield

attractor = rotating pair of discs with 21-

fold rotational svmmetrv, holes in lower
attractor out of phase with holes in upper

attractor to cancel Newtonian gravity

PhD project of Dan Kapner




Mary Levin photo




rotating attractor and its electrostatic shield

||

« tightly stretchec
10- um thick, Au-
coated BeCu foil

shields electrostat
effects.

« placed 12 ym
above rotating
attractor




power spectral density of twist noise

d = 379 um d = 46 pm

pwr/Hz in twist signal [prad” sl




measuring the detector-membrane separation
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these data
were taken
with the
calibration
turn-table
stationary

signal processing

raw signal

2-pt digital fil
used in our
earlier work
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5-pt digital fil

attractor angle [degrees]



data from 42-hole experiment ll|
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95% confidence upper limits on [SL
violation
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some 20 implications of our data

s inverse-square law holds down to 56 microns

= largest possible size of an extra dimension is R
= A(a=8/3) = 44 microns

s for ADD’s 2 equal extra dimensions scenario
M*= 3.4 TeV/c?

s radion exchange with n extra dimensions gives
a Yukawa force with a¢=n/(n+2) and
A=2.4 mm [ 1 TeV/M*c?]; this implies M*(n=6)
6.4 TeV/c?

QR

« dilaton must have mass mc? = 3.5 meV




the chameleon mechanism

can circumvent experimental evidence against
string theory’'s gravitationally coupled low-mass
scalars by adding a self-interaction term

to the effective potential density

1 5 3

E(D, ) = grnirﬁ}ﬂ + —'If_‘:J‘ = [ p(T)o ENE] EIIES Ofﬁ & y dlre |

2 Iy Mp

in presence of matter, massless
chameleons acquire an effective mass

so that an object’s external field comes only from
a thin skin of material of thickness ~ 1/m.s (= 60p1m)



the chameleon mechanism

can circumvent experimental evidence against
string theory’s gravitationally coupled low-mass
scalars by adding a self-interaction term

to the effective potential density

1 G 3

Veg(0.T) = —}m o° —|—4—"“" — 3 p(T)o RENNEL Va|Ues Of)B & vy df€ 1
- : Pl

in presence of matter, massless
chameleons acquire an effective mass

| h /90 )1 /6 " ' Bp 1/3
Meglp) = — | = 3 il
FE— e RZ Mpy

SO that an object’s external field comes only from

.......
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will be the PhD project of Ted Cook
[ﬂu



the plate pendulum

Thiz will be the PhD project of Charlie Hagedomn



cosmic preferred frames?

We all were taught that there are no preferred frames.
But the Universe defines a frame in which the CMB is
essentially isotropic. Could there be other preferred
frame effects defined by the Universe?

Kostelecky et al. developed a scenario where vector and
axial-vector fields were spontaneously generated in the
early universe and then inflated to enormous extents;

particles couple to these preferred-frame fields in
Lorentz-invariant manners.

This "Standard Model Extension” predicts lots of new
observables many of which violate CPT. One observable
IS £ = 0" be where beis fixed in inertial space - its
benchmark value is me2/Mpjanck = 2 X 1017 eV

T



non-commutative space-time

geometry

string theorists have suggested that the space-time
coordinates may not commute, i.e. that

where Oj has units of area and represents the
mimimum observable patch of area, just as the
commutator of x and px represents the minimum
observable product of Ax Apy

“"Review of the Phenomenology of Noncommutative
Geometry”
I. Hinchliffe, N Kersting and Y.L. Ma
hep-ph/0205040



effect of non-commutative
geometry on spin

non-commutative geometry is
equivalent to a "pseudo-magnetic”
A

field and thus couples to spins

Anisimov, Dine, Banks and Graesser
Phys Rev D 65, 085032 (2002)
A IS a cutoff assumed to be 1TeV




A

Pirsa: 07090036

L3

9.8 x 10%2 polarized electrons
negligible mass asymmetry
negligible composition asymmetry
flux of B confined within octagons
negligible extemal B field

SmCo.: Sm 3* ion has spin
pointing along total B and its spin
B field is nearly canceled by its
orbital B field--so B of SmCo.
comes almost entirely from the
Cao’s electron spins

therefore the spins of Alnico and
Co cancel and pendulum’s net spin
comes from the Smand J = —

Page 53/68




vacuum can

autocollimator '

thermal

pendulum
|

= 0t-Wash rotating torsion
balance

compensation
masses
|
magnetic
shielding




B outside = few mG

e

)

B inside = 9.6+0.2 kG

= | - i




spin-pendulum data span a period of 36 months
a 113 hour stretch is shown below

definition of B:
Epena= —N,, B0

pend

simulated signal
from assumed

- MN-20 a\/
b =2 5x10<" eV

best fit out-of-phase sine
waves--corresponds to
preferred-frame signal:

Page 56/68




lab-fixed spin pendulum signal

uspension
s'x_,-'szerr:a{’gm'.:ﬂ_m i‘ gyrocompass
“signal",* effect

by [nanorad]

-30 -20 -10
8¢ [nanarad]




The gyrocompass

Anschutz’s gyrocompass.
Anschuetz-Kaempfe and Sperry
separately patented gyrocompasses in
K and US. In 1915 Einstein ruled that
Anschiitz's patent was valid.

Our gyrocompass.

Earth’s rotation €2 acting on ]
of pendulum produces a
steady torgue along
suspension fiber

| Q@ xJ - n | wherenis unit
vector along local vertical.
Because S=—] this is
equivalent to B, = — 1.616
x 1020 gV



Lorentz-symmetry violating rotation

parameters

TABLE IX: 1o constraints on the Lorentz-svimmetrv violating
I e T3 1n—22 r §
b® parameters. Units are 10 eV.

parameter electron” proton” neutron”
bx +1.0+ 1.5 < 2x 10* 0.22 + 0.79
by 06+ 1.5 < 2 x 10* 0.80 +0.95
bz +3.7T+21.2 / /
4 4 ) 7 |
Cane et al, PRL 93(2004) 230801 Phillips et al, PRD 63(2001) 111101

These should be compared to the benchmark value
2 . — 2T o
m_ [ Mplanck = 2 % 10 £ oV

Pirsa: 07090036 Page 59/68




an amusing number

= our upper limit on the energy
required to invert an electron spin
about an arbitrary axis fixed in inertial
space is ~10-22 eV

= this is comparable to the electrostatic
energy of two electrons separated by
~ 90 astronomical units



95% confidence upper limits on CP-violating
monopole-dipole interactions
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effect of non-commutative
geometry on spin

A IS a cutoff assumed to be 1TeV
Anisimov, Dine, Banks and Graesser
hep-ph/2010039

A

minimum observable patch of area
implied by our results

16"”] < 6 x 10758 m?2



6 x 1028 mZ seems very small.

In another sense it is also still large:
6 x 108 m? ~ (10° L,)?
where L, is the Planck Length
V(h G/c3)=1.6 x 1035 m

or ~ (10° L)?
where L is the Grand Unification length
L, = hc /1016 GeV

But 1013 GeV is pretty good for a table-top
result!




We are now studying the interactions
between our spin pendulum and a larger spin source based
on the same principles as those used in the pendulum

some motivations:

etest for the spin-spin interactions predicted by
Arkani-Hamed’s “"ghost condensate” modification
of gravity

etest for proposed torsion fields that couple to
Intrinisic spin

e
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