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There are other approaches to QG (Loop Quantum Gravity )  
with background independence built in  
but not so advanced though to incorporate the Standard 
Model of particle physics in their framework 
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There are other approaches to QG (Loop Quantum Gravity )  
with background independence built in  
but not so advanced though to incorporate the Standard 
Model of particle physics in their framework 
 
Also :  Doubly or Deformed Special Relativities might be  
effective theories of QG --- their quantization still in progress 
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Space-Time at Planck 
scales may have  
a ``foamy’’ structure  (J. 
A. Wheeler ), 
with possible coordinate 
non-commutativity 
or Lorentz Violation at 
microscopic scales 

Quantum Gravity then may behave as a medium,  
with non-trivial ``optical’’ properties: 
 
Vacuum Refractive Index induced by QG ! 
Energy dependent speed of light, effects increase 
with energy of photon, due to increase in  
distortion of space time. Contrast with  
Matter-induced ordinary refractive indices. 
 

10-35 m 
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Modified dispersion due to QG induced space-time (metric) 
distortions  (c=1 units): 
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Quantum Gravity then may behave as a medium,  
with non-trivial ``optical’’ properties: 
 
If Vacuum Refractive Index induced by QG non 
trivial…  
 
….then, it would be Manifested through delays 
(subluminal) or advances (superluminal) in arrival 
times of the the more energetic photons in a wave 
packet or in general a multi frequency group of 
``simultaneously’’ emitted photons. 

10-35 m 
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Subluminal QG-induced Refractive Index: Higher energy photons arrive later 

Courtesy: N. Doltsinis@kcl.ac.uk ["!
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Colliding Brane world model of Space-Time with point-like space-time defects 

Defect Distribution 
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c.f. Stochastic Foam, through coherent 
graviton states   

gµν = ηµν + hµν

�hµν� = 0

�hµνhρσ� �= 0

leading to light  
cone fluctuations 
energy-dependent  
photon pulse broadening  



Subluminal QG-induced Refractive Index: Higher energy photons arrive later 
Stochastic Light-Cone fluctuations: Energy dependent width of photon pulses 
(e.g. D-particle (stringy) foam, width proportional to photon energy)  

E1 

E2 < E1 

t1 

t2 < t1 
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Time evolution of matter density matrix ! = |"><"| 
 
Highly dependent on details of the microscopic model 
 
 
 
 
Basic phenomenological assumption: LINDBLAD form 
 
(i)   Linear evolution   
 
(ii)   total probability conservation      Tr(!) = 1 

(iii)   complete positivity of !       eigenvalues # 0 

(iv)   entropy increase   S=-Tr(! ln(!)), dS/dt # 0 

(v)   energy conservation (on the average)  
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ENVIRONMENT OPERATORS  Bm , B+
m

 

In terms of state vectors |"> :  
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)+,/0)"/&$'()*#+(,&&

ENVIRONMENT OPERATORS  Bm , B+
m

 

In terms of state vectors |"> :  

d$i d$j = 0 
  
d$i* d$j  = %ij dt     

stochastic  
Wiener  
white noise  
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(i) Linear evolution   
 
 
(ii) total probability conservation :          Tr(!) = 1  
     
    but evolution of pure to mixed states:  Tr(!2) & 1  
 
(iii) complete positivity of !(t) :  Eigenvalues of !(t) # 0   
 
 
(iv) monotonic (Von Neumann) entropy increase: S=-Tr(! Ln ! ), dS/dt #0  
   
(v) energy conservation (on the average) (?)  
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)+,/0)"/&$'()*#+(,&

(i) Linear evolution   
 
 
(ii) total probability conservation :          Tr(!) = 1  
     
    but evolution of pure to mixed states:  Tr(!2) & 1  
 
(iii) complete positivity of !(t) :  Eigenvalues of !(t) # 0   
 
 
(iv) monotonic (Von Neumann) entropy increase: S=-Tr(! Ln ! ), dS/dt #0  
   
(v) energy conservation (on the average) (?)  

If (iv) & (v)  B
†
j = Bj , [Bj , H] = 0

self-adjointness 
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So Double commutator form for Lindblad term in master equation if: 
 
(iv) monotonic (Von Neumann) entropy increase: S=-Tr(! Ln ! ), dS/dt #0  
 
and  
       
(v) energy conservation (on the average)  

B
†
j = Bj , [Bj , H] = 0

ρ̇ = i[ρ, H] +D[ρ]

D[ρ] =
�

j

[Bj , [Bj , ρ]]

(A@?E!1!rDEZ>;_!
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-1213&'34156&/7889:75;&<&)542=7>2175;&
Gisin & Percival 

Assumption: Hamiltonian : block diagonal form in channels  
independent of ``measurement’’  
 
 
 
 
 
Channel k projection operator:  Pk  

H =





H1 . . . . . .

. . . H2 . . .

. . . . . . . . .

. . . . . . Hk





[Pk, H ] = 0 

Localisation (``collapse’’) is quantified by rate of decrease of 
Quantum Dispersion Entropy  

d

dt
(MK) = −

�

j

1− �Pk�ψ
�Pk�ψ

�

m

|�PjBmPj�ψ|2 ≤ 0
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Gisin & Percival 

Assumption: Hamiltonian : block diagonal form in channels  
independent of ``measurement’’  
 
 
 
 
 
Channel k projection operator:  Pk  

H =





H1 . . . . . .

. . . H2 . . .

. . . . . . . . .

. . . . . . Hk





Localisation (``collapse’’) is quantified by rate of decrease of 
Quantum Dispersion Entropy  

d

dt
(MK) = −

�

j

1− �Pk�ψ
�Pk�ψ

�

m

|�PjBmPj�ψ|2 ≤ 0

Mean over  
classical noises  

[Pk, H ] = 0 



Standard Model 

-1213&'34156&/7889:75;&<&)542=7>2175;&
Gisin & Percival 

Assumption: Hamiltonian : block diagonal form in channels  
independent of ``measurement’’  
 
 
 
 
 
Channel k projection operator:  Pk  

H =





H1 . . . . . .

. . . H2 . . .

. . . . . . . . .

. . . . . . Hk





Localisation (``collapse’’) is quantified by rate of decrease of 
Quantum Dispersion Entropy  

d

dt
(MK) = −

�

j

1− �Pk�ψ
�Pk�ψ

�

m

|�PjBmPj�ψ|2 ≤ 0

Mean over  
classical noises  

effective interaction rate 
depend on microscopic  
environmental details 

[Pk, H ] = 0 
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-1213&'34156&/7889:75;&<&)542=7>2175;&
Gisin & Percival 

Assumption: Hamiltonian : block diagonal form in channels  
independent of ``measurement’’  
 
 
 
 
 
Channel k projection operator:  Pk  

H =





H1 . . . . . .

. . . H2 . . .

. . . . . . . . .

. . . . . . Hk





Localisation (``collapse’’) is quantified by rate of decrease of 
Quantum Dispersion Entropy  

d

dt
(MK) = −

�

j

1− �Pk�ψ
�Pk�ψ

�

m

|�PjBmPj�ψ|2 ≤ 0

Some times: Localization may stop 
before it is copmplete:  
Pointer state from decoherence   
sC-5#(

[Pk, H ] = 0 
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Energy driven Lindblad decoherence  (A@?E!1!rDEZ>;_!

(white noise conditions) 

Decoherence damping :   e−Dt

Order of magnitude estimates:  D =

�
∆m2

�2

E2MQG



!2:136&$?92175;:@(6A36&58&!2B;719A3&$:17C213:&

Energy driven Lindblad decpoherence  (A@?E!1!rDEZ>;_!

(white noise conditions) 

Decoherence damping :   e−Dt

Order of magnitude estimates:  
Suppressed  
compared to  
naïve dimensional 
estimates of 
D= E2/MQG 

D =

�
∆m2

�2

E2MQG



D-particle (stringy) Foam:  

!2:136&$?92175;:@(6A36&58&!2B;719A3&$:17C213:&

ux → gs
r

Ms
�p

NEM, Sarkar 

Generalization Including damping ! :  



D-particle (stringy) Foam:  

!2:136&$?92175;:@(6A36&58&!2B;719A3&$:17C213:&

ux → gs
r

Ms
�p

NEM, Sarkar 

Generalization Including damping ! :  



gµν = ηµν + hµν

Explicit local breaking of SO(3,1)  
down  to SO(2,1)  
rotation and boosts in transverse  
directions 

Local Lorentz Violation due to   
direction of Defect recoil velocities 

Problem Equivalent to  
Strings propagating  
in Local ``electric field’’ 
backgrounds  
Time-Space non-commutativity 

 
 
 
Induced metric depends 
on momenta as well as coordinates 
(Finsler type) 

h0i = gs
∆ki
Ms

≡ ui

[Xi, t] ∝ F 0i(k, x) ≡ ui(k, x)



D-particle (stringy) Gaussian Foam:  

Decoherence damping 
in two-level systems:  e

−Dt ,


�r� = 0, �r2� = σ2

!2:136&$?92175;:@(6A36&58&!2B;719A3&$:17C213:&

ux → gs
r

Ms
�p

NEM, Sarkar 

D = σ2gs

�
∆m2

�2

E2Ms

Generalization Including damping ! :  



D-particle Foam: Cauchy-Lorentz D-particle recoil 
                    velocities distribution  

Decoherence damping 
in two-level systems:  e−Dt

!2:136&$?92175;:@(6A36&58&!2B;719A3&$:17C213:&
NEM, Alexandre,Farakos... 

D = γ

�
∆m2

�

E
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Jost, Pauli, Bell, Schwinger 

θL(x)θ† = L(−x)
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Jost, Pauli, Bell, Schwinger 

θL(x)θ† = L(−x)
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Jost, Pauli, Bell, Schwinger 

θL(x)θ† = L(−x)

Local CPTViolating (CPTV) 
but LORENTZ INVARTIANT   
models explicitly constructed 
but with non covariant T-ordered 
product and not well defined S-matrix 
Chaichian et al. PLB669, 177 (2011) 
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Jost, Pauli, Bell, Schwinger 

θL(x)θ† = L(−x) May not be valid in 
highly-curved  
space-times 

May not be valid in 
highly-curved  
space-times of QG, 
e.g. space-time foam 
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Wald (1979)  

Theorem: If there is quantum decoherence, then there is a strong form  
of CPT Violation, in the sense that the quantum generator of CPT symmetry 
is ill-defined  
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DE#&+,#%+,-+D&'+()"#+(,&<&/$D(F$%$,D$&
Wald (1979)  

Theorem: If there is quantum decoherence, then there is a strong form  
of CPT Violation, in the sense that the quantum generator of CPT symmetry 
is ill-defined  

Proof:  If ' acting on density matrices is well-defined then ' is a 
unitary operator (" acting on sate vectors is anti-unitary ) 

Θ ∼ θθ† Θρ ∼ θρθ†

θ† = −θ−1
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Wald (1979)  

Theorem: If there is quantum decoherence, then there is a strong form  
of CPT Violation, in the sense that the quantum generator of CPT symmetry 
is ill-defined  

Proof:  If ' acting on density matrices is well-defined then ' is a 
unitary operator (" acting on sate vectors is anti-unitary ) 

Θ ∼ θθ†

ρout = $ρin

Θρ ∼ θρθ†

θ† = −θ−1
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Wald (1979)  

Theorem: If there is quantum decoherence, then there is a strong form  
of CPT Violation, in the sense that the quantum generator of CPT symmetry 
is ill-defined  

Proof:  If ' acting on density matrices is well-defined then ' is a 
unitary operator (" acting on sate vectors is anti-unitary ) 

Θ ∼ θθ†

ρout = $ρin

super-scattering  
operator (linear) r9Z]>:K!!

Θρ ∼ θρθ†

θ† = −θ−1

If decoherence, $ & S S+ 
(S = eiHt)  
has  NO INVERSE 
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Wald (1979)  

Theorem: If there is quantum decoherence, then there is a strong form  
of CPT Violation, in the sense that the quantum generator of CPT symmetry 
is ill-defined  

Proof:  If ' acting on density matrices is well-defined then ' is a 
unitary operator (" acting on sate vectors is anti-unitary ) 

Θ ∼ θθ†

ρout = $ρin

super-scattering  
operator (linear) r9Z]>:K!!

If ' well-defined then  
you can prove the following 
(elementary steps): 
ρin = Θ−1$Θ−1$ρin

⇒ $−1 = Θ−1$Θ−1

If decoherence, $ & S S+ 
(S = eiHt)  
has  NO INVERSE 
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/$#"+)$/&E%((G&

Θρin = ρout

ρin = Θ−1ρout

WELL-DEFINED  

unitary CPT generator '-1 = '+ 

ρout = $ρin
Θρin = ρout = $ρin =

$Θ−1ρout = $Θ−1$ρin ⇒
ρin = Θ−1$Θ−1$ρin

Inverse of $ ! 

Bar denotes 
anti-particle states 

(@FD!ZD8@A!><L@Y6!! $Θ−1$ = Θ

ρout = $ρin
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Wald (1979)  

Theorem: If there is quantum decoherence, then there is a strong form  
of CPT Violation, in the sense that the quantum generator of CPT symmetry 
is ill-defined  

Proof:  If ' acting on density matrices is well-defined then ' is a 
unitary operator (" acting on sate vectors is anti-unitary ) 

Θ ∼ θθ†

ρout = $ρin

super-scattering  
operator (linear) 

If decoherence, $ & S S+ 
(S = eiHt)  
has  NO INVERSE 

r9Z]>:K!!

If ' well-defined then  
you can prove the following 
(elementary steps): 

Z?@@&A?c:?A!Ç!

*\+2'3(B*lJ4!!{!

ρin = Θ−1$Θ−1$ρin

⇒ $−1 = Θ−1$Θ−1
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$LE$%+!$,#&D",&#$))M&

IF CPT IS ILL-DEFINED (INTRINSIC VIOLATION)  
QUITE DIFFERENT PHENOMENOLOGY 
FROM ORDINARY LORENTZ- AND CPT-VIOLATION CASES 
WHERE ! IS WELL DEFINED BUT [!, " ] # 0  
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Standard Model 
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IF CPT IS ILL-DEFINED (INTRINSIC VIOLATION)  
QUITE DIFFERENT PHENOMENOLOGY 
FROM ORDINARY LORENTZ- AND CPT-VIOLATION CASES 
WHERE ! IS WELL DEFINED BUT [!, " ] # 0  
 
 
 
SMOKING-GUN EVIDENCE OF INTRINSIC CPT VIOLATION 
MODIFICATIONS IN EINSTEIN-PODOLSKY-ROSEN (EPR) 
CORRELATIONS IN ENTANGLED MESON STATES (! – effect) 
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Bernabeu, NEM, Papavassiliou 



Standard Model 

$LE$%+!$,#&D",&#$))M&

IF CPT IS ILL-DEFINED (INTRINSIC VIOLATION)  
QUITE DIFFERENT PHENOMENOLOGY 
FROM ORDINARY LORENTZ- AND CPT-VIOLATION CASES 
WHERE ! IS WELL DEFINED BUT [!, " ] # 0  
 
 
 
SMOKING-GUN EVIDENCE OF INTRINSIC CPT VIOLATION 
MODIFICATIONS IN EINSTEIN-PODOLSKY-ROSEN (EPR) 
CORRELATIONS IN ENTANGLED MESON STATES (! – effect) 

In principle…  
depends on the order of magnitude  of the effect 
Highly microscopic model dependent… 

xDF;?@?I]Y!?;!9@0!X;9:A9EA!'DA?@!
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Bernabeu, NEM, Papavassiliou 
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NEUTRAL KAON BASICS  

Physical (observable) states are the ``weak’’ (or CP) eigenstates 
(having definite life times under weak interaction decays):  

CP=+1 

CP=-1 
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Physical (observable) states are the ``weak’’ (or CP) eigenstates 
(having definite life times under weak interaction decays):  

CP-violation (|(| ) 10-3 )  

CP=+1 

CP=-1 



NEUTRAL KAON BASICS  

Physical (observable) states are the ``weak’’ (or CP) eigenstates 
(having definite life times under weak interaction decays):  

CP-violation (|(| ) 10-3 )  

CP=+1 

CP=-1 

CPT violation in the Hamiltonian 
e.g. due to Lorentz Violation 



NEUTRAL KAON BASICS  

Physical (observable) states are the ``weak’’ (or CP) eigenstates 
(having definite life times under weak interaction decays):  

CP=+1 

CP=-1 

masses:  
mK0 = 497.614± 0.024 MeV

Bounds on CPTV :

mK0 −m
K

0

mK0
< 8× 10−19

mean life: KS:  (0.8958 ± 0.0005) * 10-10 s 
          
             KL :  (5.116 ± 0.020) * 10-8 s 
 
               mass difference:  mKL −mKS = (3.483± 0.006)× 10−15 GeV
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Current Experimental Bounds: 
 
+ ) 10-17 GeV 
 
, ) 10-21 GeV 
 
 

- ) 10-19 GeV 

Can test complete positivity experimentally (in principle!)  
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Current Experimental Bounds: 
 
+ ) 10-17 GeV 
 
, ) 10-21 GeV 
 
 

- ) 10-19 GeV 

Can test complete positivity experimentally (in principle!)  

e−Dt,

D ∼ α+ γ

NB: decoherence Damping 
of oscillations 
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Current Experimental Bounds: 
 
+ ) 10-17 GeV 
 
, ) 10-21 GeV 
 
 

- ) 10-19 GeV 

e−Dt,

D ∼ α+ γ

NB: decoherence Damping 
of oscillations 
 
 

∆m ∼ 3.5× 10−15 GeV

e.g.Gaussian D− foam

D ∼ gsσ
2 (∆m2)2

E2Ms
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Current Experimental Bounds: 
 
+ ) 10-17 GeV 
 
, ) 10-21 GeV 
 
 

- ) 10-19 GeV 

e−Dt,

D ∼ α+ γ

NB: decoherence Damping 
of oscillations 
 
 

∆m ∼ 3.5× 10−15 GeV

e.g.Cauchy − Lorentz

D ∼ γ
(∆m2)

E
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Anti-particle exists 
but with modified properties 
(QG is perturbatively weak) 

Bernabeu, NEM, Papavassiliou (04) 
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``Flavour’’ (species)  
  change KS  KL 
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e+ e− → 2γ → K0K
0

Different interference effects 

Bernabeu, NEM, Papavassiliou (04) 
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(
F@
(!tpeak) = 0.77 cos(") 



$?92)@-7B;&A7@=3Q15;&4R26B3&2:SCC316S&

Approximate   Periodicity of Asl  in Δt Δm:  

terms cosh(ΔΓΔt) almost constant for small  ΔΓ
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Future super B experiments 
could exhibit sensitivity in 
such regions (?)  
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, ∆k = ζk (Kaon momemtum transfer)
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xµ → xµ + ξµ(x, u)
gµν → gµν + ∂(µ ξ ν)
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But in D-foam there is general coordinate invariance  
built in (underlying string theory).  
moreover superluminality  is an ``effective’’  
phenomenon induced in given frame by  
the distorted geometry due to recoil 
The latter is observer dependent, 
 
However Cherenkov radiation (decay) is observer independent 
one can go (within string theory) to the rest frame  of neutrino,  
where such a Cherenkov process is not allowed kinematically0!
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pµpνgµν = 0

xµ → xµ + ξµ(x, u)
gµν → gµν + ∂(µ ξ ν)
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