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OUTLINE OUTLINE 

Theoretical motivation for Theoretical motivation for 
CPT Violation (CPTV) : CPT Violation (CPTV) : 
(i) Lorentz violation: (i) Lorentz violation: 
microscopic & microscopic & 
cosmologicalcosmological

(ii) Quantum Gravity (ii) Quantum Gravity 
Foam (Foam (DecoherenceDecoherence) ) 

Order of magnitude Order of magnitude 
estimates of expected estimates of expected 
effectseffects

Precision tests of CPTV: Precision tests of CPTV: 
atomic physics, atomic physics, 
antihydrogenantihydrogen, , neutral neutral 
mesons & mesons & factories factories ––
Disentangling (i) from (ii) Disentangling (i) from (ii) 

Complementary tests of 
CP, T & CPT symmetry 
using charged Kaon
decays: explore high  
statistics recently available 
in K ℓ4 decays±
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Some Theory Some Theory 
CPT SYMMETRY: 

(1) Lorentz Invariance, (2) Locality , (3) Unitarity
Theorem proven for FLAT space times 
(Jost, Luders,  Pauli, Bell, Greenberg )

Why CPT Violation? 
Quantum Gravity (QG) Models violating Lorentz and/or Quantum Coherence: 

(I) Space-time foam: QG as “Environment” 

Decoherence, CPT Ill defined (Wald 1979)

(II) Standard Model Extension: Lorentz Violation in Hamiltonian H: 

CPT well defined but non-commuting with H

(III) Loop QG/space-time background independent; Non-linearly 
Deformed Special Relativities :  Quantum version not fully understood…
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CPT THEOREMCPT THEOREM
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CPT THEOREMCPT THEOREM

10-35 m
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LORENTZ VIOLATION AND LORENTZ VIOLATION AND 
ALTERNATIVE TO DARK ALTERNATIVE TO DARK 

MATTER MODELSMATTER MODELS

Cosmological Lorentz Violation? 
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DARK MATTERDARK MATTER
Non luminous massive matter: matter of unknown 
composition that does not emit or reflect enough 
electromagnetic radiation to be observed directly, but 
whose presence  can be inferred from gravitational
effects on visible matter. 

Observed phenomena consistent with existence of dark 
matter: (I) rotational speeds of galaxies and orbital 
velocities of galactic clusters,
(II) gravitational lensing of background objects by 
galaxy clusters such as the Bullet cluster, and 
(III) the temperature distribution of hot gas in galaxies 
and clusters of galaxies. 
(IV) Dark matter also plays a central role in structure 
formation and galaxy evolution, and has measurable 
effects on the anisotropy of the cosmic microwave 
background.
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COSMOLOGICAL MOTIVATION FOR LORENTZ VIOLATION ?COSMOLOGICAL MOTIVATION FOR LORENTZ VIOLATION ?

Rotational Curves of Galaxies Rotational Curves of Galaxies 

Evidence for Dark MatterEvidence for Dark Matter

Bullet cluster: blue areas 
Dark Matter inferred by 
Gravitational Lensing
Techniques 
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DARK MATTERDARK MATTER
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COSMOLOGICAL MOTIVATION FOR LORENTZ VIOLATION?COSMOLOGICAL MOTIVATION FOR LORENTZ VIOLATION?

Supernova and CMB Data  (2006) Supernova and CMB Data  (2006) 
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According to SnIa
and CMB 
observations
Dark Matter 
accounts for the 
Vast majority of 
Mass in the 
Observable 
Universe 
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COSMOLOGICAL MOTIVATION FOR LORENTZ VIOLATION?COSMOLOGICAL MOTIVATION FOR LORENTZ VIOLATION?

Supernova and CMB Data  (2006) Supernova and CMB Data  (2006) 

Evidence for :Evidence for :
Dark Matter(23%)Dark Matter(23%)
Dark Energy (73%)Dark Energy (73%)
Ordinary matter (4%) Ordinary matter (4%) 
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COSMOLOGICAL MOTIVATION FOR LORENTZ VIOLATION?COSMOLOGICAL MOTIVATION FOR LORENTZ VIOLATION?

Supernova and CMB Data  (2006) Supernova and CMB Data  (2006) 

Evidence for :Evidence for :
Dark Matter(23%)Dark Matter(23%)
Dark Energy (73%)Dark Energy (73%)
Ordinary matter (4%) Ordinary matter (4%) 

Or is it  NOT?  
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COSMOLOGICAL LV MOTIVATION ?COSMOLOGICAL LV MOTIVATION ?

Rotational Curves of GalaxiesRotational Curves of Galaxies
reproduced  WITHOUT Dark Matterreproduced  WITHOUT Dark Matter

Or is  it not? Or is  it not? 
Modified Newtonian Modified Newtonian 
Law in Galactic Law in Galactic 
Dynamics? (MOND)Dynamics? (MOND)
((MilgromMilgrom 1983)1983)
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COSMOLOGICAL LV MOTIVATION ?COSMOLOGICAL LV MOTIVATION ?

Make MOND derivable from a (classical…) field theory:
Introduce two metrics in space time, one for space-time dynamics, 
the other “felt” by matter fields with Preferred frame for the latter

Gµν
matter = Gµν

spacetime + (e-2φ - e2φ ) uµ uν

(Bekenstein 2004: TeVeS theory )
Important feature of TeVeS: existence of a Lorentz violating 
vector field uµuµ = -1, uµ = (u0, 0, 0, 0) (isotropy of  Universe).  
In an expanding FRW Universe: 

u0 (Z) = a0 a (Z) e-φ

(z=redshift , a (Z) =scale  factor, φ=scalar field of TeVeS) 
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COSMOLOGICAL LV MOTIVATION ?COSMOLOGICAL LV MOTIVATION ?

Rotational Curves of Galaxies reproduced in MOND/Rotational Curves of Galaxies reproduced in MOND/TeVeSTeVeS, , 
but also but also enhanced growthenhanced growth of cosmic perturbations of cosmic perturbations observed observed 
in galaxies explained by means of in galaxies explained by means of vector fieldvector field uuµµ instabilitiesinstabilities
((DodelsonDodelson--LiguoriLiguori 2006)2006)

Red curveRed curve : : baryons onlybaryons only
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Caution: 
FRW- Comology &
local Lorentz
invariance assumed.
If Lorentz violated (TeVeS)
ν of 2 eV mass could have 
Ων ~ 0.15 to reproduce 

CMB spectrum
(Dodelson-Liguori 2006)
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DARK ENERGYDARK ENERGY

KNOW VERY LITTLE ABOUT 
IT…
EMBARASSING SITUATION    
74% OF THE UNIVERSE 
BUDGET CONSISTS OF 
UNKNOWN SUBSTANCE

Could be:
a Cosmological Constant
Quintessence (scalar field 
relaxing to minimum of its 
potential)
Something else…Extra 
dimensions, colliding brane
worlds etc.

Certainly of Quantum 
Gravitational origin
If cosmological constant (de Sitter), 
then quantization of  field theories
not fully understood due to cosmic 
horizon                  CPT invariance?
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In general, in 
space-times
with Horizons 
(e.g. De Sitter 
cosmology…)
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SpaceSpace--Time Foam & Intrinsic CPT ViolationTime Foam & Intrinsic CPT Violation
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Stochastic LightStochastic Light--Cone FluctuationsCone Fluctuations

CPT may also be violated
in such stochastic models
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Neutral Mesons: K, B, 
(unique tests) meson-
factories entangled states
K ± charged-meson 
decays
Antihydrogen (precision 
spectroscopic tests on free 
& trapped molecules -
search for forbidden 
transitions)

Low-energy atomic Physics 
Experiments 
Ultra – Cold Neutrons
Neutrino Physics 
Terrestrial & 
Extraterrestrial tests of 
Lorentz Invariance - search 
for modified dispersion 
relations of matter probes: 
GRB, AGN photons, Crab 
nebula synchrotron 
radiation, Flares….

DETECTING CPT VIOLATION (CPTV)DETECTING CPT VIOLATION (CPTV)
Complex Phenomenology
No single figure of merit

4l
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Order of Magnitude Estimates Order of Magnitude Estimates 
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Complex Phenomenology of CPTVComplex Phenomenology of CPTV

CPT Operator well defined
but NON-Commuting with 
Hamiltonian  [H , Θ ]       0

Lorentz & CPT Violation 
in the Hamiltonian

Neutral Mesons & 
Factories, Atomic Physics, 
Anti-matter factories, 
Neutrinos, …
Modified Dispersion 
Relations (GRB, neutrino 
oscillations, synchrotron 
radiation…)

CPT Operator ill defined (Wald), 
intrinsic violation, modified
concept of antiparticle

Decoherence CPTV Tests
Neutral Mesons: K, B & 
factories (entangled states 
novel effects: modified 
(perturbatively) EPR 
correlations)
Ultracold Neutrons
Neutrinos (highest sensitivity)
Light-Cone fluctuations
(GRB, Gravity-Wave 
Interferometers, neutrino 
oscillations)

≠
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STANDARD MODEL EXTENSIONSTANDARD MODEL EXTENSION
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Lorentz Violation & AntiLorentz Violation & Anti--HydrogenHydrogen
Free Molecules: States (J(I) 
electronic (nuclear) angular 
momentum):

Energy-shifts between states  
(perturbation theory): 

(e=electron,     p=proton)

For Anti-Hydrogen:
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Lorentz Violation & AntiLorentz Violation & Anti--HydrogenHydrogen
Trapped Molecules:
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Lorentz Violation & AntiLorentz Violation & Anti--HydrogenHydrogen
Trapped Molecules:

NB: Sensitivity in b3
that rivals astrophysical
or atomic-physics
bounds   can only be
attained  if spectral 
resolution  of 1 mHz
is achieved.
Not feasible at present in     
anti-H  factories
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Tests of Lorentz Violation  in Neutral Tests of Lorentz Violation  in Neutral KaonsKaons
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EXPERIMENTAL BOUNDSEXPERIMENTAL BOUNDS
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EXPERIMENTAL BOUNDSEXPERIMENTAL BOUNDS

BUT RECALL: 
COSMOLOGICAL COSMOLOGICAL 

LORENTZ VIOLATION MIGHTLORENTZ VIOLATION MIGHT

IMPLY ONLY A NONIMPLY ONLY A NON--TRIVIAL TRIVIAL aa00
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EXPERIMENTAL BOUNDSEXPERIMENTAL BOUNDS

BUT RECALL: 
COSMOLOGICAL COSMOLOGICAL 

LORENTZ VIOLATION MIGHTLORENTZ VIOLATION MIGHT

IMPLY ONLY A NONIMPLY ONLY A NON--TRIVIAL TRIVIAL aa00

IN ATOMIC PHYSICS: Place atoms in external magnetic fields, of varying 
Strength, B,  measure energy shifts, plot them vs. B and extrapolate to B = 0. 
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EXPERIMENTAL BOUNDSEXPERIMENTAL BOUNDS

BUT RECALL: 
COSMOLOGICAL COSMOLOGICAL 

LORENTZ VIOLATION MIGHTLORENTZ VIOLATION MIGHT

IMPLY ONLY A NONIMPLY ONLY A NON--TRIVIAL TRIVIAL aa00

CAN PARTICLE PHYSICS (e.g.  KAON EXPTS.) CAN PARTICLE PHYSICS (e.g.  KAON EXPTS.) 

PROVIDE STRINGENT BOUNDS ON IT?PROVIDE STRINGENT BOUNDS ON IT?



QUANTUM GRAVITY QUANTUM GRAVITY 
DECOHERENCE & CPTVDECOHERENCE & CPTV

NEUTRAL MESON 
PHENOMENOLOGY
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QG DECOHERENCE IN NEUTRAL KAONS: SINGLE STATESQG DECOHERENCE IN NEUTRAL KAONS: SINGLE STATES
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DecoherenceDecoherence vsvs CPTV in QMCPTV in QM
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Neutral Neutral KaonKaon AsymmetriesAsymmetries
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Neutral Neutral KaonKaon AsymmetriesAsymmetries

Effects of α, β, γ decoherence parameters
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DecoherenceDecoherence vsvs QM effectsQM effects
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Indicative Bounds Indicative Bounds 
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Neutral Neutral KaonKaon Entangled StatesEntangled States

Complete Positivity                     Different parametrization of 
Decoherence matrix     (Benatti-Floreanini)
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Entangled States:Entangled States:CPT & EPR correlationsCPT & EPR correlations

Novel (genuine) two body effects: 
If CPT not-well defined 

modification of EPR correlations (modification of EPR correlations (ωω--effect)effect)

Unique effect in Entangled states of mesons !! Unique effect in Entangled states of mesons !! 
Characteristic of illCharacteristic of ill--defined nature of intrinsic CPTdefined nature of intrinsic CPT

Violation (e.g. due to Violation (e.g. due to decoherencedecoherence))
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CPTV & EPRCPTV & EPR--correlations modificationcorrelations modification
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CPTV & EPRCPTV & EPR--correlations modificationcorrelations modification
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PRECISION T, CP & CPT TESTS PRECISION T, CP & CPT TESTS 
WITH CHARGED KAONSWITH CHARGED KAONS
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Concluding Questions…Concluding Questions…
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Concluding Questions…Concluding Questions…

BEYOND 
STANDARD
MODEL 
SEARCHES


