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relativity
• physical results are independent of the velocity of the 

experiment and the direction it points

• juggling facing the other way still works
• rotation invariance – results are independent of the 

direction the experiment points



relativity
• physical results are independent of the velocity of the 

experiment and the direction it points

• juggling on ship moving at constant velocity without 
rocking still works

• boost invariance – results are independent of the 
constant velocity of the experiment
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what does relativity violation look like?

• juggling while lying on your back is different



what does relativity violation look like?

• juggling while lying on your back is different
• apparent relativity violation
• resolution: Earth is part of experiment.  It should be turned 

with the juggler.
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fundamental relativity violation

• relativity violation

• relativity

(in general, there can be time 
components and higher rank 
tensors, but they’re hard to 
draw)
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underlying theory at Planck scale
options for probing experimentally

• galaxy-sized accelerator

• suppressed effects in 
sensitive experiments

Lorentz violation
• can arise in theories of new physics
• difficult to mimic 

with conventional effects
STE-Quest can probe Planck-scale physics!
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Gravitational Standard-Model Extension (SME):
effective theory which contains
• General Relativity
• the Standard Model
• all Lorentz-violating terms
• broad search for LV

Lorentz-violating terms
• constructed from known physics                              

(fields, particles, interactions)
• parameterized by coefficients
• sample

general test framework

Colladay & Kostelecký PRD ’97, ’98   Kostelecký PRD ’04

different for various particlesdifferent for various particles

~a = ~g+~c(~c·~g)
X

y

~a

~c



LSME = LSM + LGR

• effective field theory
• expansion of Lagrangian about known physics

• nongravitational minimal QED limit

gravitational SME

+LLV+LLV + . . .

known physics Lorentz violating corrections

Lfermion =
1
2 iψ(γ

μ− cμνγ
ν− eμ. . . )

←→
Dμψ

−ψ(m+aμγμ+bμγ5γμ + . . . )ψ

coefficients for Lorentz violation
• particle-species dependent
• to first approximation, 
constant in Sun-centered frame X

y

LLV = Lfermion + Lphoton + Lpure gravity + . . .



PPN vs. SME
framework PPN SME
parameterizes 
deviations from:

General Relativity
(including some 
Lorentz violation)

exact Lorentz invariance
(including some 
corrections to GR)

expansion about: GR metric GR + standard model 
Lagrangian

GR corrections? Yes Yes, different ones!

matter sector 
/standard model 
corrections?

No Yes



• compare experiments pointing in different directions 

• compare experiments traveling at different velocities

• SME
– predictive
– quantitative comparisons

• find
– relativity violation
– field of unknown origin eg. best existing bounds on 

spacetime torsion1

tests

1) Kostelecký, Russell, Tasson PRL ’08



• orientation & velocity of experiment constantly changes
• periodic at rotational (sidereal) period
• test relativity by comparing experimental results at an 

infinite number of orientations & velocities

Earth rotation




• velocity of experiment constantly changes
• annual periodicity
• test relativity by comparing experimental results at an 

infinite number of velocities

Earth revolution

V

V



• variation in direction
about an axis different from Earth

• additional sensitivities

• systematics

Turntable



• rapidly sample large space of Lorentz frames, higher 
boost, chosen directions

• STE-QUEST variable orbit – additional independent 
sensitivities

• additional advantages in the context of gravitational tests

Satellite



clock comparisions

tests:
• clock comparisons
• spin-polarized solids 
• pulsar-timing observations
• particle traps
• neutrino oscillations
• muons

LLV = Lfermion + Lphoton + Lpure gravity + . . .
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sensitivities with ordinary matter

Data Tables for Lorentz and CPT violation
Kostelecký, Russell Rev. Mod. Phys ‘11
2013 edition arXiv:0801.0287v6



sensitivities with ordinary matter

Data Tables for Lorentz and CPT violation
Kostelecký, Russell Rev. Mod. Phys ‘11
2013 edition arXiv:0801.0287v6

• 1st – ever measurements possible     
in STE-QUEST clock test 
• numerous other competitive 
measurements 
• 10-21 to 10-28 level sensitivities

• 1st – ever measurements possible     
in STE-QUEST clock test
• numerous other competitive 
measurements
• 10-21 to 10-28 level sensitivities



Lfermion expand to desired order in LV

L’fermion

HRelativistic

HNonRel

relativistic quantum experiments

non-relativistic quantum experiments

field redefinition

Euler-Lagrange eq.

Foldy-Wouthuysen expansion

path to atomic experiment analysis

Hnonrel = . . .+bjσ
j +m(−cjk−

1
2c00δjk)

pjpk
m2 + . . .

periodic energy level perturbations!

spin



< F,mF |Hnonrel|F,mF >= . . .+
mF

F sinχ
P

w βwb
w
Y sinωt+ . . .

periodic energy level perturbations

total angular momentum

sum over N particles 
of species w

rotation frequency

Kostelecky Lane PRD ’99
Bluhm etal PRL ’02; PRD ‘03

Schmidt model:
primary proton secondary 
electron sensitivity



sensitivities with ordinary matter

Data Tables for Lorentz and CPT violation
Kostelecký, Russell Rev. Mod. Phys ‘11
2013 edition arXiv:0801.0287v6

• 1st – ever measurements possible     
in STE-QUEST clock test 
• numerous other competitive 
measurements 
• 10-21 to 10-28 level sensitivities
• 25 independent combinations

• 1st – ever measurements possible     
in STE-QUEST clock test
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measurements
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WEP tests

tests:
• lab tests

– gravimeter
– Weak Equivalence P. (WEP)

• space-based WEP
• exotic tests

– charged matter
– antimatter
– higher-generation matter

LLV = Lfermion + Lphoton + Lpure gravity + . . .

• solar-system tests
– laser ranging
– perihelion precession 

• light-travel/clock tests
– time delay
– Doppler shift
– red shift

• ...

gravitational couplingsgravitational couplings

Kostelecky Tasson PRL ’09; PRD ‘11



WEP tests
place constraints on coefficients unobservable in flat spacetime

Data Tables for Lorentz and CPT violation
Kostelecký, Russell Rev. Mod. Phys ‘11
2013 edition arXiv:0801.0287v6

* few independent constraints



WEP tests
place constraints on coefficients unobservable in flat spacetime

• extend range to 10-10 to 10-14

• 3 – 5 order of magnitude improvement
• many more independent sensitivities

• extend range to 10-10 to 10-14

• 3 – 5 order of magnitude improvement
• many more independent sensitivities

Data Tables for Lorentz and CPT violation
Kostelecký, Russell Rev. Mod. Phys ‘11
2013 edition arXiv:0801.0287v6



Lfermion expand to desired order in LV and gravity

L’fermion

HRelativistic

HNonRel

LClassical

relativistic quantum experiments

non-relativistic quantum experiments

non-relativistic quantum experiments
classical experiments

field redefinition

Euler-Lagrange eq.

Foldy-Wouthuysen expansion

inspection

path to experimental analysis

variation 

ẍμ



classical results

ẍj = −1
2∂
jU+(cT)jk∂

kU + 1
mTα(a

T
eff)0∂

jU + ...

S and T denote 
composite coefficients

for source and test respectively

U = 2Gm
r

³
1+cS00+

2
m(a

S
eff)0

´
+ . . .

• modified metric & particle equation of motion
• experimental hooks

– particle-species dependence
– time dependence



• standard frame
for reporting SME bounds

• boost and rotation of test         annual & sidereal variations 

time dependence

~̈x ⊃ −2g αaT ẑ − 2gV⊕ αaXsin(ΩT )ẑ
− 2

5
gVL αaXsin(ωT + ψ)ŷ

V⊕ = 10−4



lab tests
acceleration of a test particle T

• monitor acceleration  
of one particle          
over time       gravimeter 

• monitor relative 
behavior of particles         
- WEP (Weak Equivalence 
Principle) test 

• frequency and phase 
distinguish from other 
effects 

• monitor acceleration  
of one particle          
over time       gravimeter

• monitor relative 
behavior of particles          
- WEP (Weak Equivalence 
Principle) test 

• frequency and phase 
distinguish from other 
effects

boost variation frequency

~̈x ⊃ −2 1
m
gV⊕ α(aTeff)Xsin(ΩT )ẑ+ gV⊕(c

T)TXsin 2χ sin (ΩT )x̂




STE-QUEST

~β

~β

• improved overall WEP sensitivity

• more independent measurements via sampling 
of many frames



WEP tests
place constraints on coefficients unobservable in flat spacetime

• extend range to 10-10 to 10-14

• 3 – 5 order of magnitude improvement
• many more independent sensitivities

• extend range to 10-10 to 10-14

• 3 – 5 order of magnitude improvement
• many more independent sensitivities

Data Tables for Lorentz and CPT violation
Kostelecký, Russell Rev. Mod. Phys ‘11
2013 edition arXiv:0801.0287v6



additional possibilities
LLV = Lfermion + Lpure gravity + . . .

gravitational couplingsgravitational couplings

• red-shift tests
• orbital tests

LLV = Lminimal + L5 + L6 + L7 + . . .

existing tests large space for new searches

Kostelecky Bailey PRD ’06
Bailey PRD ‘09
Kostelecky Tasson PRL ’09; PRD ‘11

Kostelecky Mewes PRD ‘12

Gravitomagnetic effect on intrinsic spin

Tasson PRD ‘12
~b ↔ G

r3
~J⊕



• STE-QUEST can probe Planck-scale physics via Lorentz 
symmetry tests

• sensitivities to large classes of presently uninvestigated 
coefficients can be attained

• significant sensitivities can be achieved via both clock- 
comparison tests and WEP tests that have qualitatively unique 
signatures

• sampling many Lorentz frames is an advantage of STE- 
QUEST in obtaining a maximum number of independent 
sensitivities to Lorentz violation

Summary


