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OutlineOutline

�� Theories with Broken CPT? Theories with Broken CPT? Various Various 

philosophiesphilosophies

�� Systems to search for CPT violationSystems to search for CPT violation

�� Orders of magnitudeOrders of magnitude

�� Suitable formalism? Suitable formalism? String based/ thermal bath String based/ thermal bath 

based/ based/ LindbladLindblad basedbased

�� No one measure of breaking: subtle No one measure of breaking: subtle 
phenomenology phenomenology of of decoherencedecoherence effectseffects

•• EntanglementEntanglement

•• Modified entanglement       effectModified entanglement       effect

•• Entanglement generated by evolutionEntanglement generated by evolution

ω
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Issues in CPT symmetryIssues in CPT symmetry

�� Meaning of CPT symmetryMeaning of CPT symmetry

•• Theoretical foundationsTheoretical foundations

�� How can CPT be violated?How can CPT be violated?

•• Theoretical models, ideas and order of Theoretical models, ideas and order of 

magnitude of effectsmagnitude of effects

�� Models of quantum gravity violating quantum Models of quantum gravity violating quantum 

coherencecoherence

�� CPT violation tests involving coherence:CPT violation tests involving coherence:

•• Entangled states of neutral K and B mesonsEntangled states of neutral K and B mesons

•• Neutrino oscillationsNeutrino oscillations
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CPT theoremCPT theorem

�� ==C(harge)C(harge)--P(arity)P(arity)--T(imeT(ime) ) 
symmetrysymmetry

•• is  a symmetry of a local, is  a symmetry of a local, 
unitary. Lorentz invariant unitary. Lorentz invariant 
quantum field theory in flat quantum field theory in flat 
spacespace--time with time with lagrangianlagrangian

•• Proof based on covariance Proof based on covariance 
properties of Wightman properties of Wightman 
functions under Lorentz functions under Lorentz 
transformations and the transformations and the 
unitarityunitarity of the latterof the latter

�� For quantum gravity QGFor quantum gravity QG

•• no Lorentz invarianceno Lorentz invariance

•• no no unitarityunitarity due to due to 
inacessibilityinacessibility of states of states 
within horizonswithin horizons

�� lacking QG, arguments lacking QG, arguments 
based on semibased on semi--classical classical 
intuitionintuition

•• Breakdown of       Breakdown of       
invarianceinvariance
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off shell correlators in quantum field theory 

(cf O Greenberg, hep-ph)

nx x xΦ Φ Φ…

Highly curved space-time backgrounds, such as the black hole

horizon type, leading to space-time foams arising in models of

quantum gravity



12/12/200812/12/2008 Discrete 08 ValenciaDiscrete 08 Valencia 55

DecoherenceDecoherence vsvs CPT Violation in CPT Violation in 

Quantum MechanicsQuantum Mechanics

�� Distinguish 2 types of CPT violation CPTVDistinguish 2 types of CPT violation CPTV
•• (I) CPTV within QM                                              (I) CPTV within QM                                              

•• This could be due to spontaneous violation of Lorentz This could be due to spontaneous violation of Lorentz 
symmetry, extensions of the standard modelsymmetry, extensions of the standard model

•• (ii) CPTV through (ii) CPTV through decoherencedecoherence (entanglement with QG (entanglement with QG 
environment) e.g. through recoil parameters in a D environment) e.g. through recoil parameters in a D 
particle model of the environment or other parameters particle model of the environment or other parameters 
in the in the LindbladLindblad formalismformalism

�� Experimentally they can be disentangled e.g. through the study oExperimentally they can be disentangled e.g. through the study of f 
the ratios the ratios 

where where R R represents decay rate into final state  represents decay rate into final state  ff

�� Here we shall discuss another quantity involving Here we shall discuss another quantity involving 
entanglemententanglement
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Discrete spaceDiscrete space--timetime

�� At (Planck scale) At (Planck scale) 

1010--3535m discrete Lorentz m discrete Lorentz 
violation?violation?

�� Microscopic black Microscopic black 

holes:holes: inaccessible inaccessible 
degrees of freedom degrees of freedom 
(certainly at low energy)(certainly at low energy)

•• Other types of spaceOther types of space--
time defects in string time defects in string 
theories in terms of Dtheories in terms of D--
branesbranes

•• Collectively spaceCollectively space--time time 
foamfoam

N E Mavromatos, CERN Courier
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Violation of Violation of unitarityunitarity ((e.g .R Wald, 1979e.g .R Wald, 1979, , D N D N 

Page 1980Page 1980))

�� Hilbert spacesHilbert spaces

•• space of initial statesspace of initial states

•• space of states of space of states of 
hidden hidden hypersurfaceshypersurfaces of of 
micro black holesmicro black holes

•• space of final statesspace of final states

•• Pure state Pure state 

Mixed stateMixed state

$ is not invertible$ is not invertible

i.e. lack of i.e. lack of unitarityunitarity

�� Differing views with Differing views with unitarityunitarity::
•• Holography for strings in antiHolography for strings in anti--de Sitter de Sitter 

spacespace--time (time (MaldacenaMaldacena, Witten); , Witten); 
Euclidean approach and superposition Euclidean approach and superposition 
of spaceof space--times (Hawking)times (Hawking)

1 2 3X H , Y H , Z HLet ∈ ∈ ∈
iH

1H

2H

3H

X X , Y = Y , Z = ZLet = Θ Θ Θ

AEvolution of initial st te: Ya X Z
cAbc AA b

x S x→
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c c

X X Z Z mixed state→ =∑
' * ' '
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$ Ac Ab c
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wher Se S=∑
†$ iHtUU with U e⇒ ≠ =

However these arguments depend heavily on supersymmetry

Continuation back from Euclidean may be problematic
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CPT and nonCPT and non--unitarityunitarity

�� For                 not conserved For                 not conserved 
•• since if       is conserved      existssince if       is conserved      exists

•• Proof:Proof:

•• HenceHence

and so and so $$ is invertibleis invertible

�� DecoherenceDecoherence from spacefrom space--time foam can lead to a lack of an inverse time foam can lead to a lack of an inverse 
for for $$ and and soso nonnon--conservation ofconservation of

†$ UU≠ Θ
Θ 1$−
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Order of magnitude of CPTVOrder of magnitude of CPTV

�� Although QG not solved, estimates Although QG not solved, estimates 
can be given for orders of magnitude can be given for orders of magnitude 
at comparatively low energiesat comparatively low energies
•• Since                     and                      effective Since                     and                      effective lagrangianlagrangian

approach in terms of expansion in powers of       withapproach in terms of expansion in powers of       with

E being typical low energy scale of E being typical low energy scale of 
probeprobe

�� Gives leading order quantum correction               Gives leading order quantum correction               

•• Energy changeEnergy change

�� Neutrinos at Ice Cube may be sensitiveNeutrinos at Ice Cube may be sensitive

�� Neutral mesons  insensitiveNeutral mesons  insensitive
Other nonOther non--perturbativeperturbative approaches: loop gravity, stringy approaches: loop gravity, stringy 

QG can lead to larger detectable            effects QG can lead to larger detectable            effects 
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New EPR entanglement from broken CPTNew EPR entanglement from broken CPT ((BernabeuBernabeu, , 

MavromatosMavromatos and Sarkar, PRDand Sarkar, PRD ))

•• operator does not existoperator does not exist

�� can be distinguishedcan be distinguished

�� EPR pair correlations  produced in decayEPR pair correlations  produced in decay

•• has                  ,  particlehas                  ,  particle--antiparticle symmetry,                antiparticle symmetry,                

•• conservation of parity and strangeness in strong interactionconservation of parity and strangeness in strong interaction

�� RelaxingRelaxing gives      effect: decay product has gives      effect: decay product has 

additional pieceadditional piece

•• QG origin for such an initial state? String picture?QG origin for such an initial state? String picture?

•• Is such entanglement generated during evolution in spaceIs such entanglement generated during evolution in space--

time foam?time foam?
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DD--particle foam and thermal particle foam and thermal 

bathbath
�� Closed string scatters Closed string scatters 

off a Doff a D--particleparticle

�� DD--particle recoils on particle recoils on 
scatteringscattering

•• Weak nonWeak non--
conformalityconformality
described by described by 
logarithmic logarithmic 
conformal field conformal field 
theory theory 

�� In In branebrane worlds  Dworlds  D--particles in the particles in the 
bulk cross the bulk cross the branebrane and interact and interact 
with matterwith matter

�� Foam has also been modelled Foam has also been modelled 
by a thermal bath (by a thermal bath (GarayGaray))

�� LindbladLindblad phenomenologyphenomenology

V0

t

V’

V0 - V’
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Stringy Master EquationStringy Master Equation

�� Master equation for stringy lowMaster equation for stringy low--energy matter energy matter 

in de Sitter space with      in de Sitter space with      ReggeRegge slope,       slope,       
cosmological constant, cosmological constant, HH the matter the matter 
HamiltonianHamiltonian

�� For a single scattering event the distortion caused is For a single scattering event the distortion caused is 

where        is the string coupling,       is the string mawhere        is the string coupling,       is the string mass ss 
scale and       is the momentum transfer in a collisionscale and       is the momentum transfer in a collision

�� The recoil aspectsThe recoil aspects can becan be incorporated in a incorporated in a 
phenomenological manner by making       flavour phenomenological manner by making       flavour 
changing changing 

[ ], ' [ , , ]MN

MNi H g g
t
ρ ρ α ρ

∂
 = + Ω  ∂

'α Ω

0
i

i s

s

p
g g

M

∆
∝

sg sM

ip∆

0ig



12/12/200812/12/2008 Discrete 08 ValenciaDiscrete 08 Valencia 1313

Phenomenological 2 Flavour Stringy Phenomenological 2 Flavour Stringy 

DecoherenceDecoherence

�� Model momentum transfer operator due to recoil byModel momentum transfer operator due to recoil by

where      is a where      is a gaussiangaussian random variable                    andrandom variable                    and

�� Target space metric state Target space metric state 

with with 

�� SemiSemi--classical picture with          a  coherent stateclassical picture with          a  coherent state

�� Neutral meson two flavour structure incorporated in metric Neutral meson two flavour structure incorporated in metric 

tensor with componentstensor with components

�� No hair theorem permits the nonNo hair theorem permits the non--conservation of flavourconservation of flavour

�� For neutral mesons  flavour denotes particle/antiparticle or For neutral mesons  flavour denotes particle/antiparticle or 

the different mass the different mass eigenstateseigenstates
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KleinKlein--Gordon equation with Gordon equation with 

recoil fluctuationsrecoil fluctuations
�� In mass In mass eigenstateeigenstate basis the Kleinbasis the Klein--Gordon equation isGordon equation is

with      with      

�� Associated  Hamiltonian        is     Associated  Hamiltonian        is     

acting on the space of states                   with            acting on the space of states                   with            
and and 

�� In terms of mass In terms of mass eigenstateseigenstates the        the        
effect state iseffect state is

�� Strictly  spaceStrictly  space--time foam is entangled with the 2time foam is entangled with the 2--meson meson 
state and so would lead to a density matrix  descriptionstate and so would lead to a density matrix  description
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Gravitational dressing of statesGravitational dressing of states

�� To  lowest order in To  lowest order in 

�� The gravitational dressing              of                 isThe gravitational dressing              of                 is

where                                       and where                                       and 

�� Similarly                becomes                                Similarly                becomes                                
withwith

�� Dressed Dressed antisymmetricantisymmetric state state 
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Generation of        effectGeneration of        effect

�� For                                           For                                           no        effectno        effect

�� So                                                    So                                                    effecteffect

�� (a) corresponds to non(a) corresponds to non--strangeness conservation strangeness conservation 

in       decayin       decay

�� (b) corresponds to a strangeness  conserving        (b) corresponds to a strangeness  conserving        

decaydecay

ω
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�� D particle recoil D particle recoil 
picture picture 
•• For neutral For neutral kaonskaons
with with momentamomenta of of 
order the rest order the rest 
energiesenergies

•• For B mesonsFor B mesons

•• For                     not For                     not 
far from current far from current 
sensitivitiessensitivities

ir��Averaging density matrix Averaging density matrix over     over     �������� terms ofterms of
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effect from evolutioneffect from evolution

�� Evolution with stochastic recoil Evolution with stochastic recoil hamiltonianhamiltonian from CPT from CPT 

invariant state can lead to invariant state can lead to 

WithWith

�� On taking                           similar magnitude to initialOn taking                           similar magnitude to initial state    state    

possiblepossible

�� How robust?How robust?

•• LindbladLindblad (popular phenomenology in particle physics, (popular phenomenology in particle physics, MarkovianMarkovian, , 

positive probabilities)positive probabilities)

�� Based on the idea of dynamical Based on the idea of dynamical semigroupsemigroup

�� Although                and Although                and 

are generated the relative weights for     effect are generated the relative weights for     effect 

cannotcannot ( N ( N MavromatosMavromatos et al.)et al.)
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(Thermal) bath model and      effect(Thermal) bath model and      effect

�� Thermal bath has minimum information since only mean energy     Thermal bath has minimum information since only mean energy     
is known andis known and

Arguments have been given (Arguments have been given (GarayGaray) why such models may be ) why such models may be 
relevant for modelling spacerelevant for modelling space--time foamtime foam

�� The The hamiltonianhamiltonian for the total system ( neutral mesons + bath) is for the total system ( neutral mesons + bath) is 
given by the given by the JaynesJaynes--Cummings modelCummings model

�� Both dressed states and evolving the total system and tracing ovBoth dressed states and evolving the total system and tracing over er 
the bath do not lead to an       effectthe bath do not lead to an       effect
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ConclusionsConclusions

�� The       effect is a sensitive test for The       effect is a sensitive test for 

discriminating against different discriminating against different 

models of quantum models of quantum decoherencedecoherence

�� A nonA non--conventional approach conventional approach 

motivated by Dmotivated by D--particles is neededparticles is needed

�� Clearly other defects are allowed Clearly other defects are allowed 

within string theory and robustness of within string theory and robustness of 

the effect needs investigationthe effect needs investigation

ω


