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•  Local Lorentz symmetry  
–  Two kinds of transformations: Rotations and Boosts   

Rotations (3) Boosts (3) 

V

•  Experimental outcomes are the same when the apparatus 
undergoes (local) Lorentz transformations 

V

Local Lorentz Invariance 



Local Lorentz Invariance and Gravity 

•  Geometrical framework of General Relativity:  
–  (pseudo) Riemann spacetime (no Torsion) 

•  Symmetries:  
–  local Lorentz symmetry (~rotations) 
–  diffeomorphism symmetry (P->Q, ~translations) 

 
Curved spacetime manifold 

Local inertial frame 

•  “Manifold picture” 
–  Spacetime described by metric, curvature 

  
•  Local Picture  

–  metric 
–  Spin connection 
–  Local Lorentz transformations 

èGR can be thought of as the gauge theory of with gauge 
symmetries LLI and Diffeomorphism invariance 



Motivation for studying Lorentz violation 

General Relativity    

             Fundamental theory (Planck scale)                    
(strings?, noncommutative spacetime?, quantum gravity?, …) 

              Lorentz symmetry 
Standard Model 

Lorentz-symmetry breaking 
(spontaneous Lorentz-symmetry breaking 
or others…) 

              Lorentz symmetry 
Standard Model General Relativity    

signal for Lorentz violation -> signal of Planck-scale physics! 

•  Motivation 1: such an important principle should be tested 
•  Motivation 2: (the more interesting one): 

 There could be Lorentz violation coming from a fundamental theory 
 

(Reviews: Tasson Rep Prog Phys 14, Will Liv Rev Rel 14, Bluhm Lect Notes Phys 06, Mattingly Liv Rev Rel 05, ... ) 



Generic Lorentz violation 
•  Rotate or boost your experiment – physics changes! 
•  Any kind of Lorentz violation  

–  Described by the presence of                                           
background general tensor fields in spacetime                        
(aμ, bμ, cμν, kμνκλ ,… )  

Two kinds of Lorentz transformations! 
–  Observer vs. particle (field) Lorentz transformations 

Observer transformation Particle transformation 

particle 

Background tensor field 

•  Lorentz violation is the violation of “particle” Lorentz symmetry 



•  Explicit Lorentz breaking – prescribed, nondynamical coefficients 

Produces modified conservation laws 

Lorentz Violation and Gravity 

   Result 2: Explicit Lorentz/diffeo breaking is generically 
incompatible with Riemann geometry 

Conflicts with geometric identities     

Bianchi identities                    
(boundary of a boundary is zero) 

   angular momentum 
   energy & momentum 

Result 1: Lorentz breaking ↔ diffeomorphism breaking 

Coefficients control Lorentz and diffeomorphism breaking 

(Kostelecký PRD 04, Bluhm & Kostelecký PRD 05, 08, Bluhm PRD 15) 



Spontaneous Lorentz-symmetry breaking 
•  Tensor fields acquire vacuum expectation values 

e.g., vector field            

Potential 

Expand about minimum 

Fluctuations, includes Nambu-
Goldstone modes 

V 

vev 

Key feature: Lorentz violation is dynamical 
→  Conservation laws are unaffected  

Bianchi identities are preserved  

Result 3: Spontaneous symmetry breaking saves geometry! 
However… 

(Kostelecký and Samuel PRL 89, PRD 89, Kostelecký PRD 04) 



Standard-Model Extension (SME) 

•  Basic Idea: 

•  General framework for studying Lorentz violation 

+ + All possible forms of 
Lorentz violation       
Background fields 
interacting with known 
matter  

General  
Relativity    

Standard Model 

(Developed by Kostelecký and collaborators in the 90s) 

SME – effective field theory with lagrangian: 

Usual SM fields 

All possible Lorentz-violating terms              
constructed from SM & GR fields                    
and background coefficients 

Usual GR lagrangian 



Constraints on Lorentz violation in the SME framework 

Collected results-> Data Tables: Rev. Mod. Phys.  2011, arxiv: 0801.0287v8 (2015 edition) 

•  atom-interferometer tests (Mueller et al) 

•  lunar laser ranging (Battat et al) 

•  pulsar-timing observations (Shao) 

•  short-range gravity tests (Long et al ) 

•  trapped particle tests (Dehmelt, Gabrielse, …) 

•  spin-polarized matter tests (EotWash) 

•  clock-comparison tests (Gibble, Hunter, Romalis, Hedges, Walsworth, …) 

•  tests with resonant cavities (Lipa, Mueller, Peters, Schiller, Tobar, Wolf, Bize, …) 

•  neutrino oscillations (LSND, Minos, Super K, …) 

•  muon tests (Hughes, BNL g-2) 

•  meson oscillations (BABAR, BELLE, DELPHI, FOCUS, KTeV, OPAL, …) 

•  astroparticle physics  (Altschul, ...) 

•  cosmological birefringence (Mewes, ...) 
•  … 



Some models of Lorentz violation in gravity 

Model	   Link	  to	  SME	   Lorentz-‐viola6ng	  fields	   General	  Test	  
Framework	  

SME,	  gravity	  sector	   Yes	   all	  tensors,	  flavor	  dependent	   Yes,	  EFT	  

Bumblebee	   Yes	   vector	   No	  

E-‐A	  Theory	   ?	   vector	   No	  

Horava	  gravity	   ?	   vector	   No	  

ATT	  model	   Yes	   anC-‐symm.	  two-‐tensor	   No	  

Cardinal	   Yes	   symm.	  two	  tensor	   No	  

PPN	   Yes	   None	  (α1,	  α2,	  wj)	   Yes,	  metric	  

Massive	  gravity	   ?	   two-‐tensor	   ?	  

Bimetric	  gravity...	   ?	   symm.	  two	  tensor?	   ?	  

...	  

èRelated Moriond talks: Diego Blas (next), Luc Blanchet, ... 



Gravity and the SME 

•  Basic lagrangian expansion: 
 

•  Coefficients can be treated dynamically                                  
(avoids conflicts with geometric framework) 

•  Vacuum expectation value 

Pure-gravity sector  matter sector Dynamics for 
coefficients 



Species-dependent coefficients for Lorentz violation  

Note: aµ is unobservable in flat spacetime 

•  Classical action for spinless matter: 

•  For basic matter (e, p, n) there are 36 coefficients 
•  Features:  

•  Flavor dependent anisotropic gravitational fields 
•  Test-particle dependent motion in a gravitational field  

(WEP violation!)  
•  Sidereal time variation 
•  Can be probed in WEP tests, solar-system tests, ... 

Brief remarks on SME matter-gravity couplings 

(Kostelecký & Tasson PRL 09, PRD 11) 



Example signal of Lorentz/WEP violation 
 ->relative acceleration of two species varies annually 



Pure-gravity sector of the SME 
•  Lagrangian: 

•  Mass dimensions:  [Lagrangian]=4, [GN]=-2 , [k(4)]=0, [k(5)]=-1, [k(6)]=-2  
 (can also use inverse length M=L-1) 

•  Some k(5) coefficients cause self-accelerations (Newtonian level) 

k terms=Lorentz-violating couplings Contains ordinary matter,               
dynamics for coefficients 
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(Bailey & Kostelecký PRD 06 & Bailey, Kostelecký, Xu PRD 15) 

•  Dynamics of coefficients a priori unknown (can be composite) 
•  Assume linearized gravity and a SSB scenario (to date) 
•  Fluctuations can be decoupled from the metric (with 

assumptions) -> Effective linearized field equations -> metric 

20 60 

126 210 



k(4) coefficients solutions 

•  Post Newtonian metric: 

Only in isotropic limit… 

•  Match to Parametrized Post-Newtonian formalism?    
  (Will & Nordtvedt, ApJ  70s) 

•  Decompose            into trace and traceless pieces:  ,      , 



k(6) coefficients solutions 

•  Modified Poisson equation: 

•  Perturbative solution (point mass): 

•  Distinctive features:  anisotropic cubic potential 
  depends on sidereal time in lab 

15 combinations of the (336) k1, k2 coefficients 

(Bailey, Kostelecký, Xu PRD 15) 



Survey of gravity experiments/observations 

9 12 27 Coefficients 
hunted: 

•  gravimeter tests (Müller etal PRL 08, Chung etal PRD 09) 

•  gyroscope experiment (Bailey etal PRD 13)      
•  lunar laser ranging (Battat etal PRL 07)                                                                 
•  pulsars (binary and single) (Shao PRL 14, PRD 14) 

•  redshift/clock tests (Hohensee etal PRL 11, PRL 13, STE-QUEST !? ) 

•  short-range gravity tests (Long etal. CPT 10’, arXiv:1412:8362) 

•  space-based WEP tests 
•  solar system ephemeris (Iorio, CQG 12) 

•  time delay/light-bending tests (Hees etal PMGM 13) 

•  torsion-pendulum tests (Schlamminger etal PRL 08) 

•  Gravitational waves (analysis forthcoming…) 
•  Black holes, Cosmology, … 

336 

red=pure-gravity coefficients,  
black=matter-gravity coefficients 

See talks at Moriond:  

Pulsar tests (Freire, this session) 
GAIA (Klioner, Tues)                    
Galileo satellites (Delva, Tues) 
MICROSCOPE (Rodrigues, Tues)  
WEP (Nobili, Fri) 

…  

All these can potentially test 
Lorentz symmetry!  



•  To probe, need sensitivity to Newtonian forces 
•  Compare to isotropic Yukawa potential 

Short-Range gravity tests 
•  Focus on k(6) coefficients  
•  Point-mass potential (anisotropic cubic term) 

9

!6 !5 !4 !3 !2
!4

!2

0

2

4

6

8

Log " !m"

L
o

g
#

k$E!15

k$E!10

k$E!5

.01 mm

.1 mm

1 mm

10 mm

FIG. 2. A plot of the family curves representing the boundary where the perturbative results for Lorentz violation hold. The

values of the probing distance � used range from 10mm to 10µm, which roughly spans the range used in some key experiments.

Experiments that probe the Yukawa force in the region below the curves will be sensitive enough to probe for the e↵ects from

“small” mass dimension 6 Lorentz violation coe�cients. Also shown are three dashed straight lines representing approximate

sensitivity levels. The points represent the approximate sensitivity levels for distinct experiments.

C. Sensitivities and countershading

It is instructive to examine the range of validity of the perturbative approximations used in the derivation of
equation (35) in the context of a simple Yukawa parametrization. For instance, it is common to adopt
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In order that the perturbation approximation hold, we need the combination k̃/r

2 to be less than unity. This
corresponds, in the Yukawa potential, to having ↵e

�r/�

< 1.
The plot (figure 2) shows the regions for which the perturbation approximation holds. In other words, experiments

that can probe the area below the curves will be the most sensitive to Lorentz violation in the form of equation (47).
Experiments that probe outside of this region (upper right) will not be sensitive enough to probe for perturbative
Lorentz violation. Also appearing in the plot are three sample straight lines representing the likely sensitivity to the

coe�cients k̃ for a given experiment when compared to the plot.

We can estimate how sensitive a given test will be to combinations of Lorentz violation coe�cients k̃ by using
the upper limit curves in the ↵ vs. � plots published in the literature (which can be directly compared to our plot
2). In plot 2 we include representative points that mark the sensitivity level of di↵erent experiments. From these
points we can calculate an approximate value of ↵e�r/� which gives us an indication of the level to which deviations

from Newton’s gravitational can be measured. Thus we can estimate the values of k̃ that can be measured using the

heuristic equation k̃ ⇠ ↵e

�r/�

r

2.
Note that the sensitivities in table I are on the order of 1020 GeV�2. On the other hand, the inverse Planck mass

squared is, 7⇥10�39 GeV�2, some 60 orders of magnitude away. These numbers just reflect the fact that the distances
probed in the short-range tests are some 30 orders of magnitude from the Planck length. Nonetheless, this shows that
potentially “large” Lorentz violation could exist and have escaped detection so far. For example, if the coe�cients
k, are of order of an inverse electron mass squared, or 1/m2

e

= 4 ⇥ 106 GeV�2, than the laboratory sensitivities are
about 18 orders of magnitude away.

Other Short-range tests 
Geraci et al. (Stanford) PRD 08 
Decca et al. (IUPUI) PRD 03, many others... 
Talks on Wed.: Nesvizhevsky, Dufour, Lopez, Calloni  

Tests of the Gravitational Inverse-Square Law below the Dark-Energy Length Scale

D. J. Kapner,* T. S. Cook, E. G. Adelberger, J. H. Gundlach, B. R. Heckel, C. D. Hoyle, and H. E. Swanson
Center for Experimental Nuclear Physics and Astrophysics, Box 354290, University of Washington,

Seattle, Washington 98195-4290, USA
(Received 16 October 2006; published 8 January 2007)

We conducted three torsion-balance experiments to test the gravitational inverse-square law at
separations between 9.53 mm and 55 !m, probing distances less than the dark-energy length scale "d !!!!!!!!!!!!!!
@c=#d4

p
" 85 !m. We find with 95% confidence that the inverse-square law holds (j$j # 1) down to a

length scale " ! 56 !m and that an extra dimension must have a size R # 44 !m.

DOI: 10.1103/PhysRevLett.98.021101 PACS numbers: 04.80.Cc, 95.36.+x

Recent cosmological observations [1–3] have shown
that 70% of all of the mass and energy of the Universe is
a mysterious ‘‘dark energy’’ with a density #d "
3:8 keV=cm3 and a repulsive gravitational effect. This
dark-energy density corresponds to a distance "d !!!!!!!!!!!!!!
@c=#d4

p
" 85 !m that may represent a fundamental

length scale of gravity [4,5]. Although quantum-
mechanical vacuum energy should have a repulsive gravi-
tational effect, the observed #d is between 1060 and
10120 times smaller than the vacuum energy density com-
puted according to the standard laws of quantum mechan-
ics. Sundrum [6] has suggested that this huge discrepancy
(the ‘‘cosmological constant problem’’) could be resolved
if the graviton were a ‘‘fat’’ object with a size comparable
to "d that would prevent it from ‘‘seeing’’ the short-
distance physics that dominates the vacuum energy. His
scenario implies that the gravitational force would weaken
for objects separated by distances s & "d. Dvali,
Gabadaze, and Senjanović [7] argue that a similar weak-
ening of gravity could occur if there are extra time dimen-
sions. In their scenario, the standard model particles are
localized in ‘‘our’’ time, while the gravitons propagate in
the extra time dimension(s) as well. Other scenarios predict
the opposite behavior: The extra space dimensions of
M theory would cause the gravitational force to get
stronger for s & R, where R is the size of the largest
compactified dimension [8]. These considerations, plus
others involving new forces from the exchange of proposed
scalar or vector particles [9], motivated the tests of the
gravitational inverse-square law we report in this Letter.

Our tests were made with a substantially upgraded ver-
sion of the ‘‘missing mass’’ torsion-balance instrument
used in our previous inverse-square-law tests [10,11].
The instrument used in this work [12], shown in Fig. 1,
consisted of a torsion-pendulum detector suspended by a
thin " 80-cm-long tungsten fiber above an attractor that
was rotated with a uniform angular velocity! by a geared-
down stepper motor. The detector’s 42 test bodies were
4.767-mm-diameter cylindrical holes machined into a
0.997-mm-thick molybdenum detector ring. The hole cen-
ters were arrayed in two circles, each of which had 21-fold

azimuthal symmetry. The attractor had a similar 21-fold
azimuthal symmetry and consisted of a 0.997-mm-thick
molybdenum disk with 42 3.178-mm-diameter holes
mounted atop a thicker tantalum disk containing
21 6.352-mm-diameter holes. The gravitational interaction
between the missing masses of the detector and attractor
holes applied a torque on the detector that oscillated
21 times for each revolution of the attractor, giving torques
at 21!, 42!, 63!, etc., that we measured by monitoring
the pendulum twist with an autocollimator system. The
holes in the lower attractor ring were displaced azimuthally
by 360=42 degrees and were designed to nearly cancel the
21! torque if the inverse-square law holds. On the other
hand, an interaction that violated the inverse-square law,
which we parametrize as a single Yukawa

 

FIG. 1. Scale drawing of our detector and attractor. The 3 small
spheres near the top of the detector were used for a continuous
gravitational calibration of the torque scale. Four rectangular
plane mirrors below the spheres are part of the twist-monitoring
system. The detector’s electrical shield is not shown.

PRL 98, 021101 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
12 JANUARY 2007

0031-9007=07=98(2)=021101(4) 021101-1 ! 2007 The American Physical Society

(EotWash, Kapner et al PRL 07) 

Source Mass

Tuning Block

Stiff Shield

Transducer Probe

Detector

Torsion Axis

PZT Bimorph

Source Mount

Detector Mount
to JFET

FIG. 1: Central components of the apparatus

suppressing the Newtonian background in the context of a new force search. The source

mass consists of a 35 mm ! 7 mm ! 0.305 mm node–mounted tungsten reed. It is driven

at its second cantilever mode by a PZT bimorph at a frequency carefully matched to the

1 kHz resonant frequency of a normal mode of the detector mass. The detector mass consists

of a 0.195 mm thick tungsten torsional oscillator of a double–rectangle design. The small

rectangle measures 11.455 mm ! 5.080 mm. For the resonant mode of interest (the 5th

normal mode) the two rectangular sections counter–rotate about the torsional axis, with

most of the amplitude confined to the motion of the small rectangle. This double–torsional

arrangement provides significant isolation of the small rectangle from the detector mount,

reducing mode damping [20]. When data are collected, the front edge of the source mass is

aligned with the back edge of the small detector rectangle, and a long edge of the source is

aligned above the detector torsion axis. This geometry (called “fiducial” below) maximizes

the on–resonance torque on the detector if a mass–coupled force is present between the

source and detector.

A sti! conducting shield suspended between the test masses suppresses electrostatic and

acoustic backgrounds. The shield consists of a 0.060 mm thick sapphire plate with a 100 nm

gold plating. The shield is mounted on a brass support and secured on opposite ends with

epoxy.

5

(Long et al Nature 03) 

cancellation of the changes of the Newtonian force. (1) The
clamp was assembled by three elaborately ground and
polished glass blocks, which helped to locate the sus-
pended fiber to the center of the pendulum’s body with
an uncertainty of 1:5 !m in the X direction. (2) An
L-shaped glass (the alignment glass in Fig. 1) was used
to touch the fiber in the X direction to acquire the relative
positions, and then the source mass can be adjusted face to
face with the test mass with an uncertainty of 1:9 !m in the
X direction. By taking the errors of all actual measure-
ments into account, the net change of the Newtonian torque
in the experimental range (0.4–1.0 mm) was calculated to
be !" ! "0:65# 1:59$ % 10&16 Nm (peak-peak), and a
perfect cancellation was designed at the gap of 0.7 mm
between the test and the source mass. Therefore, the total
uncertainty of the amplitude was determined to be

0:9"! 1
2

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
0:652 ' 1:592

p
$ % 10&16 Nm. The main error

budget of the !" is shown in Table I.
Spurious torques from the electrical force between W1

and W3 was minimized by inserting a tightly stretched,
45-!m-thick square beryllium-copper membrane, and the

smallest gap between W1 and the membrane was set to
"263# 1$ !m. For the same reason, a 200-!m-thick glass
membrane was inserted between W2 and W4, and a larger
gap between the W2 and the membrane was kept to about
2.7 mm. The pendulum, the glass blocks, and the mem-
branes were all gold-coated to lower the effect of the
electrostatic interactions. Furthermore, to further minimize
the difference of the electrostatic surface potential, the
residual differential potential between the pendulum and
the two membranes were found, respectively, and then
compensated individually in each experimental cycle by
using the same method as described in Ref. [15].
The entire system was installed inside a vacuum

chamber maintained at a pressure of approximately
10&5 Pa by an ion pump. The torsional motion of the
pendulum was monitored by the autocollimator I.
The pendulum-to-membrane separation was first set at
approximately 3 mm, and the free oscillation of the pen-
dulum was recorded. The fiber’s torsional spring constant
is kf ! "8:99# 0:06$ % 10&9 Nm=rad, determined from

the intrinsic period (T0 ! 680:0# 2:0 s) and the inertia
momentum [Ip ! "10:54# 0:01$ % 10&5 kgm2] of the

pendulum. A copper cylinder for gravitational calibration,
mounted on a turntable fixed outside of the vacuum cham-
ber, was rotated continuously at a period Tco ! 400 s. The
response of the pendulum was accordingly determined as
"co ! "5:6# 0:4$ % 10&16 Nm (shown in the top panel in

FIG. 1 (color online). Schematic drawing of the experimental
setup (not to scale). The membrane frames, the source mass, and
its driving stage were mounted on a 6-degree-of-freedom stage
(not shown here), which was used to adjust the relative positions
and orientation. The protrudent left surface of the alignment
glass was used to touch the fiber by moving the source mass in X
direction to acquire the relative positions between the pendulum
and the source mass. The pendulum twist was measured by the
autocollimator I, and controlled by applying differential voltages
to the two capacitive actuators. The separation between the
tungsten test and source masses was modulated by driving a
motor translation stage with frequency fs, and the sensitivity of
the pendulum was calibrated by rotating the copper cylinder at
frequency fc. The autocollimator II was used to monitor the
changes of the source mass’s attitude synchronously due to the
yaw and pitch motions of the driving stage around its shaft.

TABLE I. The main error budget (with 1#).

Main error sources
Measurement
uncertainty

$"!"$
(10&16 Nm)

Tungsten plate W1

Thickness 0:12 !m 0.24
Mass 0.6 mg 0.28
Mass of adhesive on W1 1.0 mg 0.41

Tungsten plate W2

Thickness 0:12 !m 0.27
Mass 0.6 mg 0.27
Mass of adhesive on W2 1.0 mg 0.40

Tungsten plate W3

Thickness 0:13 !m 0.30
Position in Z direction 0:42 !m 0.26
Mass of adhesive on W3 1.0 mg 0.40

Tungsten plate W4

Position in Z direction 0:38 !m 0.32
Density inhomogeneity 0.42

Position of fiber in X direction 1:47 !m 0.44
Alignmentsa 0.76
Stability of PI driving stage 0.28
Othersb 0.69
Total 1.59

aRelative positions and parallels between the pendulum and
source mass platform.
bTotal uncertainties of dimensions and positions of the glass
blocks and other tiny error sources.

PRL 108, 081101 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

24 FEBRUARY 2012

081101-2

(Yang et al PRL 12) 



What is the experimental signal? 
•  Point mass above an infinite plate 

-constant field in Newtonian gravity 
-gives zero LV effect from k(6) coefficients 

•  Realistic finite plate -> significant edge effects 
•  Example: limit attention to a subset of coefficients 
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FIG. 1. A plot of the gravitational field from specific coe�cients across a square plate of dimensions 16mm ⇥ 16mm. The

coe�cients kjk are all given the exaggerated value 1mm

2
. The dashed curve is the usual Newtonian field.

First, as a simple example, consider an infinite plate with mass density �. The gravitational field above the plate
at a height z is a constant 2⇡G

N

� toward the plate in Newtonian gravity. If we compute the potential and force
using (35) for this scenario, we obtain 0. The essential point is that because the Lorentz violation involves higher
derivatives of curvature as seen in equation (18), there needs to be a changing Newtonian field to generate nonzero
derivatives and hence a nonzero potential U

LV

.

If we include a realistic finite plate, where the Newtonian field changes near the edges, significant edge e↵ects
enter and can produce a nonzero Lorentz-violating potential and field. To get a flavor for these e↵ects, we employ a
simplified case of the general tensor (k
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)
klmn

involving the two-tensor single trace of these coe�cients (k
e↵

)
jkmm

,
which contains 6 coe�cients. The gravitational field from an arbitrary source becomes in this case
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For a square plate of typical experimental size, we can obtain results for the gravitational field at a point near the
surface. We first plot the gravitational field (44) along a line near the surface of the plate from one edge to the other,
crossing the center of the plate in the middle. In the second plot we pick a point near the edge of the plate where the
Lorentz violating e↵ects are maximal, and plot the vertical, or z dependence of the gravitational field. The results
are compared with the Newtonian field.

The e↵ects depicted in this example can be probed by using another square plate or another test body such as
a sphere. The overall force between a given probing body and a square plate is the integral of the field ~g over the
volume of the probing body. Though it is di�cult to get analytical results for points above a finite plate, this task
can likely be accomplished numerically with existing codes used by various experimental groups.
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•  Sidereal time dependence from Earth’s rotation to SCF 
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TABLE I. Estimates of measurement sensitivity to combinations of coe�cients

˜

k. In natural units, 1m

2
= 2.6⇥ 10

31
GeV

�2
.

An asterisk indicates the experiment may not be sensitive enough to satisfy the pertubative criteria described in the text.

Sensitivity to

˜

k (m

2
) Experiment

10

�9
Yang et al.[4]

10

�9
EotWash [5]

10

�6⇤ Stanford [7]

10

�10⇤ Indiana [8]

10

�7⇤ IUPUI [9]

? Speake et al.[10]

The standard reference frame for reporting measurement of SME coe�cients is the Sun-centered Celestial Equatorial
Frame (SCF), described in detail elsewhere [1]. In an Earth laboratory setting, instantaneous measurements are
sensitive to the local laboratory frame coe�cients (k

e↵

)
jklm

. However, when experiments are run over the course of
hours, these coe�cients will develop sidereal time-dependence as the Earth rotates on its axis. (Furthermore, there
will be annual variation due to the Earth’s revolution, which we ignore here since it is suppressed by one power of the
Earth’s velocity). In fact, it is this time signature that is often utilized to fit data in Lorentz violation searches using
a least squares analysis. The coe�cients (k

e↵

)
jklm

can be re-expressed in terms of the (constant) SCF coe�cients
denoted with capital letters as (k

e↵

)
JKLM

by using four rotation matrices as follows:

(k
e↵

)
jklm

= R

jJ

R

kK

R

lL

R

mM (k
e↵

)
JKLM

. (48)

The rotation matrix assumes that the laboratory z-axis points in the local vertical direction, the x axis points south
and y points east. The SCF axes are such that Z is parallel to the Earth’s rotation axis, X points along the direction
from the center of the Earth the Sun at the vernal equinox. The origin of the time T is understood to be the time when
the earth crosses the X axis at the vernal equinox. With these conventions, the rotation matrix is given explicitly by

R

jJ =

0

B@
cos� cos!�T cos� sin!�T � sin�

� sin!�T cos!�T 0

sin� cos!�T sin� sin!�T cos�

1

CA , (49)

where !� is the Earth’s sidereal rotation frequency and � is the co-latitude of the laboratory.
Explicitly providing the formulas for each of the 21 independent coe�cients in (k

e↵

)
jklm

in terms of the SCF
coe�cients via equation (48) is lengthy. However, we expect that the transformation can easily be accommodated
in coding. As an example of the novel time dependence that can occur in this transformation, consider the lab
frame coe�cient (k

e↵

)
1111

and suppose that there are only two nonzero coe�cients in the SCF, say (k
e↵

)
XXXY

and
(k

e↵

)
XXY Y

. The transformation then yields

(k
e↵

)
1111

= 4(k
e↵

)
XXXY

cos4 � sin!T cos3 !T + 6(k
e↵

)
XXY Y

cos4 � sin2 !T cos2 !T (50)

This expression reveals that all sidereal ! harmonics between 1 and 4 occur, o↵ering a robust signature for Lorentz
violation. (Note that most minimal SME time dependencies o↵er at most sidereal and twice sidereal frequencies.)
Also, due to the di↵ering orientation of each experiment and the formula (48), distinct experiments will access di↵erent
combinations of coe�cients.

D. Existing Constraints

Analysis already exists that constrains power-law modifications to the Newtonian potential [6]. However, this
analysis does not search for sidereal variations in the signal and uses the isotropic power law model where the
potential energy between two masses takes the form

V =
Gm

1

m

2

r

�

k

✓
1mm

r

◆
k�1

, (51)

where k ranges from 2 to 5. Nonetheless, since the Lorentz-violating modification takes the form of an anisotropic
modification to a cubic potential energy k = 3, we can ask if some subset of the coe�cients (k

e↵

)
JKLM

in the SCF
are already constrained by this analysis.
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•  Example: only two nonzero SCF coefficients 
 
-> signals at 4,3,2,1 times Earth’s rotation frequency 
 
Example: kXXYY=-kXXXY 

2

that only one coe!cient is nonzero. The summary tables
therefore provide information about the overall search
depth and breadth, at the cost of masking the search
refinement.
In addition to the data tables and the summary ta-

bles, we also provide properties tables listing some fea-
tures and definitions of the SME and the coe!cients for
Lorentz violation. The Lagrange densities for the mini-
mal QED extension in Riemann spacetime, the minimal
SME in Riemann-Cartan spacetime, and the nonminimal
photon sector in Minkowski spacetime are provided in
tabulated form. The mass dimensions of the operators for
Lorentz violation and their properties under the various
discrete spacetime transformations are displayed. Stan-
dard combinations of SME coe!cients that appear in the
literature are listed. Along with the data tables and the
summary tables, the properties tables can be used to
identify open directions for future searches. Among these
are first measurements of unconstrained coe!cients, im-
proved sensitivities to constrained coe!cients, and stud-
ies disentangling combinations of coe!cients.
The organization of the tables is as follows. Table I

contains a list of all tables. The four summary tables
are presented next, Tables II, III, IV, and V. These are
followed by the data tables, Tables VI to XXIV. The
properties tables appear last, Tables XXV to XXXV.
A description of the summary tables is given in Sec.

II. Information about the format and content of the data
tables is presented in Sec. III, while Sec. IV provides an
overview of the properties tables. The bibliography for
the text and all the tables follows Sec. IV.

II. SUMMARY TABLES

Four summary tables are provided (Tables II, III, IV,
V), listing maximal experimental sensitivities attained
for coe!cients in the matter, photon, neutrino, and grav-
ity sectors of the minimal SME. To date, there is no con-
firmed experimental evidence supporting Lorentz viola-
tion. A few measurements suggest nonzero coe!cients
at weak confidence levels, and the OPERA collaboration
has recently reported a 6! di"erence between the speeds
of muon neutrinos and light [7]. These latter results have
been excluded in constructing the summary tables but
are listed in the data tables.
In the four summary tables, each displayed sensitivity

value represents our conservative estimate of a 2! limit,
given to the nearest order of magnitude, on the modulus
of the corresponding coe!cient. Our rounding conven-
tion is logarithmic: a factor greater than or equal to 100.5

rounds to 10, while a factor less than 100.5 rounds to 1.
In a few cases, tighter results may exist when suitable
theoretical assumptions are adopted; these results can
be found in the data tables that follow.
Where observations involve a linear combination of the

FIG. 1: Standard Sun-centered inertial reference frame [8].

coe!cients appearing in the summary tables, the dis-
played sensitivity for each coe!cient assumes for definite-
ness that no other coe!cient contributes. Some caution
is therefore advisable in applying the results in these sum-
mary tables to situations involving two or more nonzero
coe!cient values. Care in applications is also required
because under some circumstances certain coe!cients
can be intrinsically unobservable or can be absorbed into
others by field or coordinate redefinitions as described in
Sec. IV A.
In presenting the physical sensitivities, we adopt nat-

ural units with ! = c = "0 = 1 and express mass units
in GeV. Our values are reported in the standard Sun-
centered inertial reference frame [8] widely used in the
literature. This frame is illustrated in Fig. 1. The origin
of the time coordinate T is at the 2000 vernal equinox.
The Z axis is directed north and parallel to the rota-
tional axis of the Earth at T = 0. The X axis points
from the Sun towards the vernal equinox, while the Y
axis completes a right-handed system. Some further de-
tails about this frame, including transformations to other
frames, can be found in Section III A and Appendix C
of Ref. [9].
Table II lists the maximal attained sensitivities in-

volving electrons, protons, neutrons, and their antiparti-
cles. For each distinct massive spin-half Dirac fermion in
the minimal SME in Minkowski spacetime, there are 44
independent observable combinations of coe!cients for
Lorentz violation in the nonrelativistic limit. Of these,
20 also control CPT violation. The 44 combinations are
conventionally chosen as the tilde coe!cients shown. The
definitions of these 44 tilde coe!cients in terms of coef-
ficients in the minimal SME are listed in Table XXVII.
All the definitions appear elsewhere in the literature [8]

Sun-centered Celestial 
Equatorial Frame (SCF) 
(standard for reporting measurements) 



Current limits and prospects 
•  Pure-gravity coefficients (d=4):  

•  Pure-gravity coefficients (d=6): 

èCould still have HUGE Lorentz violation 
in nature! 

 (LPl~ 10-35 m) 

Note: collected results for all coefficients -> Data Tables: Rev. Mod. Phys.  
2011, arxiv: 0801.0287v8 (2015 Edition) 

èEinstein Equivalence Principle holds (to date)! 

(Long group, IUCSS, arXiv:1412.8362) 



Summary 
•  Lorentz violation in gravity can be described by a general 

effective field theory expansion (SME) 

 

•  New types of signals beyond the PPN formalism can be explored 

•  Signals in weak-field gravity are known and limits on 9 coefficients 
in        are known through experiments and observations (laser 
ranging, gravimetry, pulsars, etc.) 

•  SME pure-gravity sector up to dim. 6 reveals new signals best 
probed by short-range tests (15 coefficients in the modified 
Newtonian potential) –> already constrained in one test! 
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