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A PRELUDE - Experimental Surprises?: MAGIC (2005) et al. & OPERA (2011)

Playing with Light: Quantum Field Theories in non-trivial

Vacua & Light (superluminal) Refraction
Causality & Superluminality — not necessarily incompatible

ACT I QUANTUM GRAVITY (QG) as a non-trivial Vacuum (“*Medium”’)
CONCEPTS & MODELS

PHENOMENOLOGY OF QG FOAM VACUA ("' FOAM-OLOGY”):
Some aspects
Non-trivial Optical properties (refractive index, birefringence(?))

ACT Il A STRINGY MODEL OF SPACE-TIME D-(efect) FOAM
' ENTR’ACTE

Liva =

—= ACT Il QUANTUM GRAVITY, DECOHERENCE & ENTANGLED PARTICLE STATES: =
QG Decoherence & CPT Violation

ACT IV PHENOMENOLOGY OF CPT VIOLATION
(i) EPR Modifications — the w-effect-

Order of Magnitute Estimates/Model dependence
(ii) Kaon vs B-systems and the w-effect

EPILOGUE: Reconciling MAGIC et al. with OPERA & DA®NE-2: D-FOAM,
Further QG Tests?




A PRELUDE

Experimental Surprises

Playing with Light

Quantum Fiel




MAGIC results (2005)

First Interesting result...

in confllct with Conventional
Astrophysical acceleration
AGN Models (e.g. Crab Nebula)

TeV Photons from

Active Galactic Nucleus
(AGN) Mkn 501 at red-shift
z=0.03

More energetic

photons (1.2 - 10 TeV)

delayed by O(1 min) compared
toE<0.6 TeV




AVE

Other Observed Photon Delays (H.E.S.S, FERMI)
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OPERA RESULTS - Superluminal neutrinos ?
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OPERA v2

2011 : Another Surprise, more mysterious

NEUTRINOS IN OPERA have been argued to
propagate with superluminal velocities

v/c-1=(2.48+0.28 £0.30) 10°

(but independent of the energy, at least in the
range of the experiment)

(v-¢)/c = (2.37 £ 0.32 (stat.) *05; (sys.)) x10~,

overall significance more 6.2 o
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2011 : Another Surprise, more mysterious

NEUTRINOS IN OPERA have been argued to
propagate with superluminal velocities

PHANTOM, v/c—-1=(2.48+0.28+0.30) 10

of the

‘OPERA.

D

(but independent of the energy, at least in the
range of the experiment)

+0.34

OPERA v?2 (v-c)/c = (2.37 £ 0.32 (stat.) *05; (sys.)) x10~,

overall significance more 6.2 o

Can MAGIC et al. Photon events be reconciled with OPERA
N within a fundamental new physics framework?




GAMES WITH LIGHT

‘ Speed of Light in Vacuo = c (Universal constant)

But in MATERIAL SYSTEMS light propagates with different speed, v, ¢

NON TRIVIAL REFRACTIVE INDEX

Phase velocity Vlight = %

Group Velocity




GAMES WITH LIGHT

Lorentz Inva.”dnce

in MATERIAL SYSTEMS light
propagates with different
speed, v, F €

NONKIRIVIANREERAGTIVE{INDEX
Angle of
Incidence,

Index of Refraction n1

Angle of

Index of Refraction n2
Refraction,

N4 sine . =N, sine

12



QUANTUM MECHANICS & REFRACTIVE INDEX

electrons (mass m) of the medium as forced quantum oscillators, with Feynman
force exerted by electromagnetc field photons interact with this background

Electron area density n_ = p, Az (p. = volume density of electrons)

N

Distance Az traversed by photons

%

d? -
m (ﬁr + wg;r) = eEpe™”"

Excited-atoms produced electric field

€N, . eFy
:
eoc m(w? — w?)

ezw(t—z)’

E,=—

Speed of photons in medium ¢/n
suppressed by refractive index n
causing delay At = (n-1)Az /c

2
Nee
(n—1)Az = Seqm(w? — o2
2
Pee€
—1 €
" M 2eom(wi — w2)




QUANTUM MECHANICS & REFRACTIVE INDEX

electrons (mass m) of the medium as forced quantum oscillators, with Feynman
force exerted by electromagnetc field photons interact with this background

Electron area density n_ = p, Az (p. = volume density of electrons)

d? .
pTok + w%r) = eEpe*™"

ted-atoms produced electric field

€ne . eFEy iw(t—z)

_ , ¢ ‘
€oC Zm(c.u2 — w?) |

eed of photons in medium ¢/n
opressed by refractive index n
sing delay At = (n-1)Az /c

| 2
Nee
A = D8 = (i — o)
REFRACTIVE INEX INVERSELY PROPORTIONAL n—1+ peee2
TO PHOTON ENERGIES ( cf. MATTER EFFECTS) - 260771-((.«)8 — wz)




GAMES WITH LIGHT

Lorentz Inva.”ance @@p@m@ﬁm@ @I:m
Light Pelarization

in MATERIAL SYSTEMS light
propagates with different
speed, v, F €

BIREFRINGENCE




NEGATIVE REFRACTIVE INDICES IN METAMATERIALS

Normal Refraction

Courtesy Univ. of Surrelsz



NEGATIVE REFRACTIVE INDICES IN METAMATERIALS

Negative Refractive
Index metamaterials

Normal Refraction

Courtesy Univ. of Surrey




NEGATIVE REFRACTIVE INDICES IN METAMATERIALS

I Typical Metamaterial

Normal Refraction

Courtesy Univ. of Surrelril



NEGATIVE REFRACTIVE INDICES IN METAMATERIALS

- =

Typical Metamaterial
WEIRD
GEOMETRIES

Normal Refraction & Boundary

conditions

Courtesy Univ. of Surrelrgy



Technology engineers all sorts of materials inside which Light has
Strange properties ....



Technology engineers all sorts of materials inside which Light has
Strange properties .... But Nature itself may also show such features...
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Technology engineers all sorts of materials inside which Light has
Strange properties .... But Nature itself may also show such features...

The Vacuum (i.e. lowest energy state) of QUANTUM SYSTEMS may also

be characterized by strange properties of light, e.g. Lorentz invariant
Breaking ....
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BOUNDARY CONDITIONS

The Vacuum (i.e. lowest energy state) of QUANTUM SYSTEMS may also

be characterized by strange properties of light, e.g. Lorentz invariant
Breaking ....

CASIMIR VACUUM: Force due to
Quantum fluctuations of Photons
in space between neutral capacitor plates.

v, QUaNtum effects lead to “vacuum polarization”’
(emission of virtual electron-positron pairs as a
photon propagates in this non-trivial vacuum

Between the plates) and to a modified group
Velocity of photons, larger than c:

Parallel Plates Parallel Plates

Vacuum fluctuations

1172 5 1

Casimir
— 1 1
=~ |- "800 Tt

Scharnhost (1990), Barton (1990)
Lattore, Pascual, Tarrach (1995)
23
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BOUNDARY CONDITIONS

The Vacuum (i.e. lowest energy state) of QUANTUM SYSTEMS may also

be characterized by strange properties of light, e.g. Lorentz invariant
Breaking ....

CASIMIR VACUUM: Force due to
Quantum fluctuations of Photons
in space between neutral capaci

Parallel Plates Parallel Plates

Vacuum fluctuations

is non-trivial vacuum
| to a modified group
rer than c:

1172, 1

Casimir
— 1 1
-~ | "800 Ttmi

Distance L
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BOUNDARY CONDITIONS

The Vacuum (i.e. lowest energy state) of QUANTUM SYSTEMS may also

be characterized by strange properties of light, e.g. Lorentz invariant
Breaking ....

CASIMIR VACUUM: Force due to
Quantum fluctuations of Photons
in space between neutral capacitor plates.

v, QUaNtum effects lead to “vacuum polarization”’
(emission of virtual electron-positron pairs as a
photon propagates in this non-trivial vacuum

Between the plates) and to a modified group
Velocity of photons, larger than c:

Parallel Plates Parallel Plates

Vacuum fluctuations

1172, 1

Casimir
— 1 1
-~ |- T R100A Lt

Distance L

O =g / 4m = Fine structure constant
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BOUNDARY CONDITIONS

The Vacuum (i.e. lowest energy state) of QUANTUM SYSTEMS may also

be characterized by strange properties of light, e.g. Lorentz invariant
Breaking ....

CASIMIR VACUUM: Force due to
Quantum fluctuations of Photons
in space between neutral capacitor plates.

vy, QUaNtum effects lead to “vacuum polarization’’
(emission of virtual electron-positron pairs as a
photon propagates in this non-trivial vacuum

Between the plates) and to a modified group
Velocity of photons, larger than c:

Parallel Plates Parallel Plates

Vacuum fluctuations

1172 5 1

Casimir
— 1 1
-~ [ "800 Tt

Boundary Conditions Break Lorentz Symmetry
in vacuo 2

Distance L



FINITE TEMPERATURE

The Vacuum (i.e. lowest energy state) of QUANTUM SYSTEMS may also

be characterized by strange properties of light, e.g. Lorentz invariant
Breaking ....

PLASMA VACUUM:Plasma is a state of
Matter at very high temperature where

Matter is ionized. Temperature T

Quantum effects related to vacuum polarization
in this non-trivial vacuum lead to a modified
Group Velocity for photons, larger than ¢

(low T: analogy with Casimir Vacuum. L'l “ 2T)

Low T modes
Superluminal

High T modes
Subluminal




FINITE TEMPERATURE

The Vacuum (i.e. lowest energy state) of QUANTUM SYSTEMS may also

be characterized by strange properties of light, e.g. Lorentz invariant
Breaking ....

PLASMA VACUUM:Plasma is a state of
Matter at very high temperature where

Matter is ionized. Temperature T

TEMPERATURE breaks
Lorentz Symmetry in Vacuo »
wtr (Boundary Conditions...)

Superluiimian v L 1o — 1 L
P ° BT S e T 8900 i

High T modes
Subluminal




FINITE TEMPERATURE-NEUTRINOS

The Vacuum (i.e. lowest energy state) of QUANTUM SYSTEMS may also

be characterized by strange properties of light, e.g. Lorentz invariant
Breaking ....

PLASMA VACUUM:Plasma is a state of
Matter at very high temperature where

Matter is ionized. Temperature T

Quantum effects related to vacuum polarization
in this non-trivial vacuum lead to a modified
Group Velocity for neutrinos, smaller than c

(low T: analogy with Casimir Vacuum. L'l “ 2T)

Low T modes

Tm2 T 4 q2T6
; T < M?)=1- g} O
Subluminal v(qT < M3) Iw 15 (]\/Iz) + (.Mzs )

| 1 /T\’ M4
High T modes T>M)Y=1—q¢%2 — = O z T <
Subluminal v(q ? ) w 24 \ q N q4 ’ =1

29



CURVED SPACE-TIME BACKGROUNDS

Drummond & Hathrell (1980)

VACUUM POLARIZATION EFFECTS IN QED IN CURVED BACKGROUNDS

EFFECTIVE HIGHER DERIVATIVE ACTION AFTER
ELECTRON FIELDS ARE INTEGRATED OUT IN A PATH INTEGRAL

S g = / d*z\/—g (——FW FHv 4 W1_100p>

Wi loop = / d*z/—=g (aRF,, F*" + bR, F" F% 4+ cRup\F" FP +dD,F" D\F* v)

Consequence :modified (by higher derivative terms) photon propagator & dispersion
relations, Coefficients proportional to the product of Newton’s constant with the fine

structure constant GN Ol & inversely proportional to electron mass squared me2

Example: Photon group velocity in Expanding Friedman-Robertson-Walker (FRW)
Backgrounds

Superluminal for ordinary matter, radiation
11 pTDp fluidsp+p >0
v=1+ —QCN > 1 o F _
45 m~ Light like for Cosmological constant
(Lorentz invariant) vacua p + p =0 0




CURVED SPACE-TIME BACKGROUNDS

Drummond & Hathrell (1980)

VACUUM POLARIZATION EFFECTS IN QED IN CURVED BACKGROUNDS  Shore, Hollowood

EFFECTIVE HIGHER DERIVATIVE ACTION AFTER
ELECTRON FIELDS ARE INTEGRATED OUT IN A PATH INTEGRAL

S g = / d*z\/—g (——FW FHv 4 W1_100p>

Wi loop = / d*z/—=g (aRF,, F*" + bR, F" F% 4+ cRup\F" FP +dD,F" D\F* v)

Consequence :modified (by higher derivative terms) photon propagator & dispersion
relations, Coefficients proportional to the product of Newton’s constant with the fine

structure constant GN Ol & inversely proportional to electron mass squared me2

Example: Photon group velocity in Expanding Friedman-Robertson-Walker (FRW)
Backgrounds

Superluminal for ordinary matter, radiation
11 pTDp fluidsp+p >0
v=1+ —QCN > 1 o F _
45 m~ Light like for Cosmological constant
(Lorentz invariant) vacua p + p =0 -




Understanding these results

Latorre, Pascual, Tarrach

. e
2egme(wd — w?) 2em?2(wi — w?)




Understanding these results

Latorre, Pascual, Tarrach

2 ~
Pec @
" i 2e0me (Wi — w?) i 2eomZ{ws — w?)

energy density
of ground state




Understanding these results

Latorre, Pascual, Tarrach

energy density

effective of ground state
energy scale




Understanding these results

Latorre, Pascual, Tarrach

2egme(wd — w?) 2em?2(wi — w?)

4 )

10 g Energy density of
n = 1 + a —— non-trivial vacua may
m4 be lower w.r.t. normal

_P=<9

e.g. FRW gravitational energy ,OG — _ﬁ < O



CAUSALITY & SUPERLUMINALITY

No problems with Causality if Superluminality is Observer dependent

i.e. Causality paradox arise Liberati, Sonego, Viser (2002)

if signals travel with the
same speed V > ¢

in two different frames

36



CAUSALITY & SUPERLUMINALITY

No problems with Causality if Superluminality is Observer dependent

i.e. Causality paradox arise Liberati, Sonego, Viser {2002)
if signals travel with the
same speed V > ¢

in two different frames

Previous examples are fine in this respect, the effects on photon
dispersion relation can be represented by " effective “ metrics,

pupyg,uu =0
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CAUSALITY & SUPERLUMINALITY

No problems with Causality if Superluminality is Observer dependent

i.e. Causality paradox arise Liberati, Sonego, Viser {2002)
if signals travel with the
same speed V > ¢

in two different frames

Previous examples are fine in this respect, the effects on photon
dispersion relation can be represented by " effective “ metrics,

MoV —
PP Guv — 0 ~~e
e.g. in Casimir photons in a cavity ( n* unit space-like vector orthogonal to piates )
17?0
4050 L4 m?2

gyu = Nuv — 1 n € ny, ny 5 —
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CAUSALITY & SUPERLUMINALITY

No problems with Causality if Superluminality is Observer dependent

i.e. Causality paradox arise Liberati, Sonego, Viser {2002)
if signals travel with the
same speed V > ¢

in two different frames

Previous examples are fine in this respect, the effects on photon
dispersion relation can be represented by " effective “ metrics,

MoV —
PP Guv — 0 ~~e
e.g. in Casimir photons in a cavity ( n* unit space-like vector orthogonal to piates )
17?0
4050 L4 m?2

g/,u/ = Nuv — 1 n € ny, ny 5 —

As such, speed of signal depends on observer velocities u* relative to system
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CAUSALITY & SUPERLUMINALITY

No problems with Causality if Superluminality is Observer dependent

i.e. Causality paradox arise Liberati, Sonego, Viser {2002)
Previous examples are fine in this respect, the effects on photon
dispersion relation can be represented by " effective “ metrics,

if signals travel with the
N\ -
gV _
PP gy =0

same speed V > ¢
e.g. in Casimir photons in a cavity ( n* unit space-like vector orthogonal to plates

in two different frames
zt — ot + P (x,u)

Juv —7 Guu + a(ufv) A

As such, speed of signal depends on observer velocities u* relative to system

4U







QUANTUM GRAVITY

 Quantum Gravity (QG) is a (quantum?) theory that

describes the emergence as well as the dynamical structure

of space-time at Microscopic scales.

Quantization of Gravitational
Interaction is still a mystery
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QUANTUM GRAVITY

 Quantum Gravity (QG) is a (quantum?) theory that
describes the emergence as well as the dynamical structure
of space-time at Microscopic scales.

Quantization of Gravitational
Interaction is still a mystery

String theory is one approach to quantum gravity.

The theory predicts extra dimensions

But also two ““gravitational’ ' scales:

(i) one on our world, The Planck Mass scale, M, = 1.2 x 10'° GeV

&

(ii) the bulk (extra dimensional) one, which is the string mass scale
characterizing string theory itself, and may be as low as a few TeV

Towards Background independence via AdS/CFT

43



QUANTUM GRAVITY

 Quantum Gravity (QG) is a (quantum?) theory that
describes the emergence as well as the dynamical structure
of space-time at Microscopic scales.

Quantization of Gravitational
Interaction is still a mystery

'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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QUANTUM GRAVITY

 Quantum Gravity (QG) is a (quantum?) theory that
describes the emergence as well as the dynamical structure
of space-time at Microscopic scales.

Quantization of Gravitational
Interaction is still a mystery

'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

cf. Amelino — Camelia talk s



FEATURES OF QUANTUM GRAVITY

* QUANTUM FLUCTUATIONS OF SPACE TIME
METRIC AT PLANCK SCALES MAY RESULT IN
MICROSCOPIC FOAMY SPACE-TIME STRUCTURE

/Dg,uu(il?)D(. .. )e_% [d*zR(g)+...

kX Gy = M]SQ
lp=Mp" =107 m



FEATURES OF QUANTUM GRAVITY

* QUANTUM FLUCTUATIONS OF SPACE TIME
METRIC AT PLANCK SCALES MAY RESULT IN
MICROSCOPIC FOAMY SPACE-TIME STRUCTURE

includes singular configurations
—L (d*zR(g)+...
D, (z)P(...)e" = ] TR9)

kX Gy = M]SQ
lp=Mp" =107 m
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FEATURES OF QUANTUM GRAVITY

* QUANTUM FLUCTUATIONS OF SPACE TIME
METRIC AT PLANCK SCALES MAY RESULT IN
MICROSCOPIC FOAMY SPACE-TIME STRUCTURE
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FEATURES OF QUANTUM GRAVITY

* QUANTUM FLUCTUATIONS OF SPACE TIME
METRIC AT PLANCK SCALES MAY RESULT IN
MICROSCOPIC FOAMY SPACE-TIME STRUCTURE

J.A. Wheeler
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FEATURES OF QUANTUM GRAVITY

* QUANTUM FLUCTUATIONS OF SPACE TIME
METRIC AT PLANCK SCALES MAY RESULT IN
MICROSCOPIC FOAMY SPACE-TIME STRUCTURE

&V JA Wheeler
*®

/8\

NONSTANDARD
SPACETIME
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QUANTUM GRAVITY AS A MEDIUM

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.
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QUANTUM GRAVITY AS A MEDIUM

Space-Time at Planck
scales may have

a foamy ° structure (J.
A. Wheeler),

with possitic
coordinate non-
commutativity

or Loreinz Viciation dt
microsco~"~ ~~-~'=--

-

[xH a:’/] 6’ =+ O

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.
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QUANTUM GRAVITY AS A MEDIUM

Space-Time at Planck
scales may have
a foamy ° structure (J.

A. Wheeler), : -

coordinate non-

commutativity
or Lorentz Violation at

with possible [.fL"u, ZEV]: H,LL # .-

microsco~’~ ~~-~'~-
Quantum Gravity then may behave as a medium,

with non-trivial “optical” " properties:

Vacuum Refractive Index in2uced by QG !

Energy dependent speed/of light, effects increase
with energy of photon, duc to increase in
distortion of space time. Contrastiwiu:
Matter-induced ordinary refractive indices.
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“FOAM” OLOGY
PHENOMENOLOGY OF
QG FOAM VACUA

Some Aspects-




Quantum-Gravity Induced Modified Dispersion for Photons

Modified dispersion due to QG induced space-time (metric)
distortions (c=1 units):

p'upVG,lﬂ/(ﬁ? E) — O 9 p'u — (Eaﬁ)
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Quantum-Gravity Induced Modified Dispersion for Photons

Modified dispersion due to QG induced space-time (metric)
distortions (c=1 units):

p'upVG,UJ/(ﬁv E) — O y p'u — (Eaﬁ)

Space-time Metric describing space-time
Distortions induced by Interactions of

Photons with space-time defects

NB: momentum dependent metric (Finsler)
GEOMETRY OF PHASE-SPACE IMPORTASNT IN QG?
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Quantum-Gravity Induced Modified Dispersion for Photons

Modified dispersion due to QG induced space-time (metric)
distortions (c=1 units):

p'upVG,UJ/ (ﬁa E) — )
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Quantum-Gravity Induced Modified Dispersion for Photons

Modified dispersion due to QG induced space-time (metric)
distortions (c=1 units):

Y =) __ OF
Vphase — W — 7 VQI’OUD — W

n(|p]) = refractive index in vacuo

subluminal : > 1, superluminal n <1

59



QUANTUM GRAVITY AS A MEDIUM

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. (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.




Subluminal QG-induced Refractive Index: Higher energy photons arr.ive later
Courtesy: N. Doltsinis@kcl.ac.uk



Early Theoretical Predictions

Time as a Renormalization Group Ellis, NEM, Nanopoulos (1992)
Irreversibly flowing scale in
(Liouville, non-critical) String Theory

Time — Space different behaviour, different symmetries
Lorentz Violation natural consequence of this microscopic approach

“Environment” of Quantum Gravity (QG) (stringy) d.o.f.
inaccessible to low-energy observer scattering experiment;
Induced Decoherence and hence Microscopic Time Arrow

Off-shell stringy matter excitations due to interaction with
the QG "environment”

Induced Modified Dispersion Relations (c(E) refractive index)
for photon probes due to propagation in QG "'medium”

Amelino Camelia, Ellis,
NEM, Mavromatos (1996/05)



Early Theoretical Predictions

Time as a Renormalization Group Ellis, NEM, Nanopoulos (1992)
Irreversibly flowing scale in
(Liouville, non-critical) String Theory

Time — Space different behaviour, different symmetries
Lorentz Violation natural consequence of this microscopic approach

“Environment” of Quantum Gravity (QG) (stringy) d.o.f.
inaccessible to low-energy observer scattering experiment;
Induced Decoherence and hence Microscopic Time Arrow

Off-shell stringy matter excitations due to interaction with
the QG "envi £

Induced Modified Dispersion Relations (c(E) refractive index)
for photon probes due to propagation in QG "'medium”

Amelino Cameli
, Mavromatos (1996/05)




Early Suggested Tests
Gamma Ray Bursts (GRB)

GRB light curves: Fine structure
in sharp photon arrival peaks
at different energy channels

- BATSE web pafge

Photon no

|

Red 25-50 keV

'
?‘

|y .
50-100 keV | | |
Green 100-300 keV ﬁr *J‘ i I
2 (Rt
A: 2 E ~

Blue > 300 keV ' Y

S

Arrival Time



Early Suggested Tests

Gamma Ray Bursts (GRB)

GRB light curves: Fine structure
in sharp photon arrival peaks
at different energy channels

Use them to Test energy dependent : [ f '

speed of photons .... an | ]' m I \‘l_‘
z L |
:, ! “

........................

Amelino Camelia, Ellis, NEM, Nanopoulos, Sarkar (1997/12)
Ellis, Farakos, Mitsou, NEM, Nanopoulos (1999/07)
Ellis, NEM, Nanopoulos, Sakharov, Sarkisyan (2002- 2011)



Early Suggested Tests

Gamma Ray Bursts (GRB)

n «yr”
Arrival time AE L
At = , n>1
delays or advances n c
QG
i; ot
Use them to Test energy dependent 0
speed of photons ....
Uncertainties in emission mechanisms
Can be disentangled if data from '
Statistically significant GRB
populations available... 2 -
L I | |

! ) I ) 1 ] 1
0.3 04 0.5 0.6

Ellis, Farakos, Mitsou,
NEM, Nanopoulos (1999/07) O BATSE data (Ch. 3)

® OSSE data



Early Suggested Tests

Gamma Ray Bursts (GRB)

Arrival time delays or advances

1 ? E™ 1 "
At = T dz— 1+2) ,n>1
2Hy 0 QG \/QM(1+Z)3—|—QA

0.3

0.251-

Use them to Test energy dependent _oap \
speed of photons .... £ oosl %
Uncertainties in emission mechanisms ° L

Can be disentangled if data from
Statistically significant GRB

HO—
Ot
'_
-
——
»—o=1g>—ii
‘o
O
f@%ﬁ

populations available... = %
-0.15
Ellis, NEM, Nanopoulos, 02 01 02 03 04 05 06 07 08 09
Sakharov, Sarkisyan (2002-2007) K

Jacob Piran (2007) Mgy > 1.4 x 10*° GeV



MAGIC results (2005)

First Interesting result...

in confllct with Conventional
Astrophysical acceleration
AGN Models (e.g. Crab Nebula)

TeV Photons from

Active Galactic Nucleus
(AGN) Mkn 501 at red-shift
z=0.03

More energetic

photons (1.2 - 10 TeV)

delayed by O(1 min) compared
toE<0.6 TeV

Interestingly can fit QG
subluminal refractive index
with linear M suppression
with Mqg(q) = 0.2 x 108 GeV

or, if astrophysics at source
taken into account

Mgy > 0.2 x 10*® GeV



AVE

Other Observed Photon Delays (H.E.S.S, FERMI)

GRB 09092B  Fermi 09/2009 Ellis, NEM, Nanopoulos
T " (2009, 2010)
13 A Fermi
"~ GRB 080916¢
AGN Mkn 501 0as
.~ 0.1 Ao
' ] MAGIC Cale GRB 090510
T i T 019 Fermi 08/2009
0.01 s |
AGN PKS 2155304
- HESS
Y
I L | T ™
0.01 0.1 1
K(z.)
E 1+ 2
At ( )

= H_1/ dz
Mac " Jo  /Ou(l+2)%+ Qy



AVE

Other Observed Photon Delays (H.E.S.S, FERMI)

GRB 02092B Fermi 09/2009

13 . Fermi
~~ 7 " GRB 080916¢
AGN Mkn 501 o
. 0.1 Ry
| E MAGIC T GRB 090510 S
T A Fermi 08/2009
0.01 :
AGN PKS 2155-304
- HESS
Y
T LI | T T
0.01 0.1 1
K(z,)
E [ (1+2)
Mqa 0 VOum(1+2)3+Qp

Ellis, NEM, Nanopoulos
(2009, 2010)



OPERA RESULTS - Superluminal neutrinos

2011 : Another Surprise, more mysterious

NEUTRINOS IN OPERA have been argued to
propagate with superluminal velocities

v/c-1=(2.48+0.28 £0.30) 10°

(but independent of the energy, at least in the
range of the experiment)

OPERA v?2 (v-¢)/c = (2.37 £ 0.32 (stat.) *05; (sys.)) x10~,

overall significance more 6.2 o



OPERA RESULTS - Superluminal neutrinos

2011 : Another Surprise, more mysterious

NEUTRINOS IN OPERA have been argued to
propagate with superluminal velocities

v/c-1=(2.48+0.28 £0.30) 10°

(but independent of the energy, at least in the
range of the experiment)

Can Subluminal Photons and Superluminal
Neutrinos be consistent with Causality and
models of Quantum Gravity?



OPERA RESULTS - Superluminal neutrinos

2011 : Another Surprise, more mysterious

NEUTRINOS IN OPERA have been argued to
propagate with superluminal velocities

v/c-1=(2.48+0.28 £0.30) 10°

(but independent of the energy, at least in the
range of the experiment)

-
Can Subluminal Photons and Superluminal N Q
Neutrinos be consistent with Causality and

models of Quantum Gravity? )

YES €.d. IN A SPACE-TIME FOAM
MODEL INSPIRED FROM STRING THEORY
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“Foamy Structures” in String Theory

* Foamy space-time structures may also be
provided by higher-dimensional space-time
“real Defects”’ in the modern version of
string theory involving branes (D-Foam)

Ellis, NEM, Nanopoulos,
Sarben Sarkar, Szabo,
Westmuckett...



BRANE/STRING -THEORY

Six tiny dimensions
curled up into
P Calabi-Yau shapes

Our Universe
Lorentz Invariant

‘:;. S ‘ |
> | 4

] |
e | |

(a)rze: “s;g?;sm I I I | 11th dimension

the brane ' : O : BULK
|

(Standard Mode : |
particles) :
|
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[BRANE-WORLDS with D-PARTICLE (POINT-LIKE BRANE) DEFECTS

Six tiny dimensions
curled up into
Calabi-Yau shapes

I
| 4
| |
— | N
e O ' |BULK
(Standard Model () (Gravitons) |
particles) O : O |
v

|
|
| D-particle defect
|
|

J ELLIS, NEM, M. WESTMUCKETT
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[BRANE-WORLDS with D-PARTICLE (POINT-LIKE BRANE) DEFECTS

Six tiny dimensions
curled up into
Calabi-Yau shapes

- Our Universe
NO LONGER

Lorentz Invariant

Recoil of defect

!

' |
|
?rze:m to/:/' * | 11th dimension
the brane | O | Grav | O : BULK
(Standard Mod%al . (O (Gravitons) |
particles) O . | |
I
|

D-particle d

J ELLIS, NEM, M. WESTMUCKETT
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BRANE-WORLDS with D-PARTICLE (POINT-LIKE BRANE) DEFECTS

_ Six tiny dimensions
" curled up into
Calabi-Yau shapes

- Our Universe
NO LONGER

NONSTANDARD

SPACETIME Recoll of defect Lorentz Invariant
| ,
g |
(a)ri:-‘: mm | | * | | 11th dimension
the brane . | O : BULK
(Standard Mod'pl O (GravrTons)\ |
particles) O O |
U
|

D-particle d

J ELLIS, NEM, M. WESTMUCKETT
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Defect Distribution
Recoil-induced £ may be inhomogeneous

Lorentz Violation . "
(locally) - -
L A ®

o
T

Brane Worlds

»

»

Point-like Brane defect

OUR METAUNIVERSE

Colliding Brane world model of Space-Time with point-like space-time defects
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D—b;‘ane stack
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® L4 =
F—strmzs
D—panticle:| g WL,
L ]

) L]
. F—strings
L]
L ]
L] L
i-:
. o o
1! . ee®
i r"-'.'.. - _.‘.-"_'f_'__'::‘:'
! _ ' D—brane stack
| R0
1

Involve spontaneous”
change of world-sheet
boundary conditions for
the open string

\_ /

" 1
ot —_————————
ot T

o

Two kinds of Interactions
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D—b;‘me stack

D—panticles g L
]

RO

Bl

F—strmzs

_ ! D—brane stack

Two kinds of Interactions

(1) Just RECOIL of massive defect
distortion of surrounding space time

! 1
ot —_————————
.
bt

Problem Equivalent to

Strings propagating

in Local “electric field”
backgrounds

Time-Space non-commutativity

(X', t] < FU(k,z) = u'(k, )

But electric field is on
phase space

- Ak,
uz(kax) — (s M
f S

D-particle’s recoil velocity
depends on momentum transfer AK;
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Two kinds of Interactions

3 Rl

(1) Just RECOIL of massive defect

) 1
ot —_————————
.
et

D—blme stack
o distortion of surrounding space time
D3—branes ;.33:13125.&3 PrObIem EqUivaIent tO
. e N Strings propagating
N :_?“.“{—EE in Local “electric field”
° backgrounds
A\ Time-Space non-commutativity
. F—ptrings ®
' .. . . . .
) Oz — 1
. “ (X" t] x F7'(k,x) = u'(k, x)
* * % But electric field is on

phase space

_ ! D—brane stack

———

1
RO i
|

(o (k, $) — (s

M./ g, arbitrary D-particle f M S
mass (bulk string scale M,
not determined, can be as
low as afew TeV, g, <1).

D-particle’s recoil velocity
depends on momentum transfer AK;
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P R2
1

D—'I:u;‘a.ue stack

D3—branas

8

F—strmz
D-particle: g/ %)
. ]

_ ' D—brane stack

1
RO i
1

Juv — Nuv =+ h,u,l/

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

o ¥
s

Problem Equivalent to

Strings propagating

in Local “electric field”
backgrounds

Time-Space non-commutativity

(X', t] < FUk,z) = u'(k, x)

Induced metric depends
on momenta as well as coordinates
(Finsler type) : e.g. u || X;

\

hoo = —h11 = |u?
Ak,
hOl — (s MS = U1

Local Lorentz Violation due to
direction of Defect recoil velocities



Locally induced metric distortions seen by "open strings”’

ds® = Gupdzt dx” =

(1 — |@))dt? + (1 — @2 dz? + dz2 + dz2 + 2@ - dZ dt
1 2 3

Modified photon dispersion relations due to locally induced metric
N4 —
PP gu =0
P =(E,p 0<E=—g-d+p(1+eaP+o(a
p' = (E,p) = 0<E=—p-a+p(1+a’+0(a)

(Sub)Superluminal Group photon velocities, depending on relative directions u, p

OF 1
=3, = 1 — |t]cos? 2\?7\2 O(W‘S)

Ug



, N | Two kinds of Interactions
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D—b{me stack

F—strmzs

D—particles| g /" L7
[ ]
L ]
F—strings
. ™
[ ] " 8
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* oo ®
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|
I
| RO
1

Time Delays due to
Intermediate String Creation

& Oscillations

J ELLIS, NEM, NANOPOULOS

" 1
ot —_————————
ot T

o

CHARGE CONSERVATION

MUST BE RESPECTED

DURING CAPTURE (STRING
SPLITTING, INTERMEDIATE STRING
CREATION & STRETCHING):

ONLY ELECTRICALLY
NEUTRAL EXCITATIONS
INTERACT VIA CAPTURE
DOMINANTLY WITH FOAM
DEFECT RECOIL OCCURS




B Rl . ® i Veneziano Amplitude is proportional to
D—b%a.ue stack i i 7-‘- \ 6'i7TSOé/_€
i [ 1 . I4
e - y sin(m sa’)
D3—branes 4 D3 hranes ,;':::::? ) )
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J ELLIS, NEM, DV NANOPOULOS

DELAYS COMPATIBLE WITH
STRINGY UNCERTAINTIES
v ﬁ D3 brane
[l - ,“'I..;,DR -
Time Delays due to D3 brane —“‘E—m -
Intermediate String Creation,
growth up to length L & o bane )
N OSCI”al'IOI’]S 9 ."E‘;R D3 brane
L N D3 brane
E = | ble with th
/ Compatible with the Stringy Uncertainties
Q L
Minimise right-hand-size w.r.t. L. At Ax > o
End of intermediate string on D3-brane
Moves with speed of light in vacuo c=1 AtAp > 1+ o (Ap)?

Hence TIME DELAY (causality) during

Capture. At ~ CV/E
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RECOILING DEFECT
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ACCELERATION
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D—b{a.ue stack

F—str

D-particles| g/ |
L

: Time Delays due to
Intermediate String Creation &
| Oscillations increase due to recoil

o' F
1 — |l

At ~
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! _ ! D—brane stack
I

DEFECT "SUDDEN"’ |
RECOIL OCCURS

uz@(t) — Ys—

ANALOGY WITH FEYNMAN MODEL
D-PARTICLE DEFECTS PLAY ROLE OF

ELECTRON OSCILLATIONS, BUT ENERGY DEPENDENCE

| OF DELAYS DIFFERENT FROM THAT IN MATTER
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QUANTUM MECHANICS & REFRACTIVE INDEX

electrons (mass m) of the medium as forced quantum oscillators, with Feynman
force exerted by electromagnetc field photons interact with this background

Electron area density n_ = p, Az (p. = volume density of electrons)

N

Distance Az traversed by photons

%

d? -
m (ﬁr + wg;r) = eEpe™”"

Excited-atoms produced electric field

€N, . eFy
:
eoc m(w? — w?)

ezw(t—z)’

E,=—

Speed of photons in medium ¢/n
suppressed by refractive index n
causing delay At = (n-1)Az /c

2
Nee
(n—1)Az = Seqm(w? — o2
2
Pee€
—1 €
" M 2eom(wi — w22




Time Delays due to
Intermediate String Creation &
. Oscillations increase due to recoil
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Stringy Uncertainties & D-Foam

D-foam: populations of defects encountered by probe
D-foam captures neutral probes & re-emits them
Time Delay (Causal) in each Capture: At~ o'y 00 =E

Independent of photon polarization (no Birefringence)
from emission of photons

till observation over a distance D

(assume n™ defects per string length):

fﬁftutn.l — {_lif'i’[}{}ﬂ-* = —T?kD
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COSMOLOGICAL D-FOAM

Universe Expansion may affect density of defects —
n*(z) Red-shift Dependent
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COSMOLOGICAL D-FOAM

Universe Expansion may affect density of defects —
n*(z) Red-shift Dependent

Account for MAGIC

(& HESS) events for low z
and ALSO for GRB 090510
(short burst) at high z =1
Higher z GRBs delays partly
due to D-foam, partly due to
Sourcce Delayed Emission

101



AVE

Observed Photon Delays (H.E.S.S, FERMI)

GRB 09092B  Fermi 09/2009 Ellis, NEM, Nanopoulos
' (2009, 2010)

_ p Fermi
7 GRB 080916¢

AGN Mkn 501
~ 0.1 =
: wmele Mag( > 1.5 10%° GeV
f 7
A Explained by
Q0T | // Red-shift dependent
; P Mg scale
/ o AGN PKS 2135904 (e.g. D-foam voids at z=0.9)
: E e ~ HESS |
001 0.1 1 -
K(z,)
z
1
At i 0_1 dz ( * Z)

0 A/ Qu(l+2)3+Q




Space time Foam situations —
Average over both populations of defects & quantum fluctuations

Isotropic & (in)homogeneous foam

for a brane observer. <u7,> — Ys <Ak2> — Ol Lorentz Invariance

M S on Average
Dbf* 82 <AkiAkj> — 0'25@'3' Violated in ficts
L oy g ey
. FE‘: Vg — + §<|’LL’ > - (|u| ) =1+ 50- >
i .' .::.. o Sup erluminal propa gation

. IF NOT CAPTURE

OF |
cf. locally v, = —— =1 — |d]cosd + 7 |]* + O(|f")
p
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Space time Foam situations —
Average over both populations of defects & quantum fluctuations

Isotropic & (in)homogeneous foam

for a brane observer. <u7,> — Ys <Ak2> — Ol Lorentz Invariance

M S on Average
92
D—b:a.ue stack | '- i S 2 . .
’,J,,:;:;':?"?J : ' M2 <Ak@Ak3> — 0 5’1,] Violated in ﬂCtS
7 < Dih : . 33:”2 ,«:«f;'::’f:r S
Dopicls ‘r—mu '
c.f. Stochastic Foam, through coherent
e graviton states

: . h) = 0 cone fluctuations
| o) = energy-dependent

(h,wh,s) # 0 Pphoton pulse broadening
Ford (95) ....
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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)




Space time Foam situations —
Average over both populations of defects & quantum fluctuations

Isotropic & (in)homogeneous foam

Lorentz Invariance

for a brane observer: |, \ — Ys (Ak;) =0

M S on Average
i‘ S I 92
D—b:me stack i .- i S 2 . .
g 4 <Aki Ak j> = 079 5| Violated in flcts
7 /" Di-pranss . 33;1:12 S
Dopicls ‘r—mu '

e % STOCHASTIC FLUCTUATIONS
ALSO INDUCE
| QUANTUM DECOHERENCE A
FOR LOW-ENERGY MATTER
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FOAM & QUANTUM DECOHERENCE

SPACE-TIME FOAM d.o.f. (metric fluctuations, defect recoil etc.)
cannot be detected by a low-energy observer performing only
scattering experiments.

This implies an ““environment”’ for low-energy matter (open
system) propagating in a Quantum Gravity (QG) foamy
background.

INDUCED (LOW-ENERGY) DECOHERENCE

Coupling of matter system to environment is expected to be

generically "weak’ due to the weakness of quantum graviational
interactions. d

Perturbative treatment of related QG effects



MATTER EVOLUTION MASTER EQUATIONS

Time evolution of matter density matrix p = |y><y|

Highly dependent on details of the microscopic model

0ip = ilp, H| +JH (p)
Basic phenomenological assumption: LINDBLAD form
(V) Linear evolution op =ilp,H +JHp
(ii) total probability conservation Trlp) = 1
(iii) complete positivity of p eigenvalues > O
(iv) entropy increase S=-Tr(p In(p)), dS/dt 2 O

(v) energy conservation (on the average)



LINDBLAD EVOLUTION

p="Trpmy|V >< U

ENVIRONMENT OPERATORS B, BT

In terms of state vectors |y> :

i 1
dU >= ——H|U B! B, —-B' B, —
(A . | >+Zn:(< m = 5

m

1

5 < Bl >4< B, >g) |V >dt+ > (Bn,— < B, >y¢) |V > d§,



LINDBLAD EVOLUTION

p="Trpmy|V >< U

ENVIRONMENT OPERATORS B, BT

In terms of state vectors |y> :

i 1
dU >= ——H|U > <B' >y B, ——-B' B, —
| > | +§m:( m >0 :

m

1
5 < B! >4< B,, >¢) |V > dt + ) (Bm— < B, >u) |V @

stochastic  dg; d§; = 0 \

Wiener /

white noise d§* d§; = §;dt



LINDBLAD EVOLUTION

(i) Linear evolution

(ii) total probability conservation : Tr(p) = 1
but evolution of pure to mixed states: Tr(p2) z 1

(iii) complete positivity of p(t) : Eigenvalues of p(t) 2 O

(iv) monotonic (Von Neumann) entropy increase: S=-Tr(p Ln p ), dS/dt 20

(v) energy conservation (on the average) (?)



LINDBLAD EVOLUTION

(i) Linear evolution

(ii) total probability conservation : Tr(p) = 1
but evolution of pure to mixed states: Tr(p2) z 1

(iii) complete positivity of p(t) : Eigenvalues of p(t) 2 O

(iv) monotonic (Von Neumann) entropy increase: S=-Tr(p Ln p ), dS/dt 20

(v) energy conservation (on the average) (?)
If (v & vy BB B! =DB;, [B;, H]=0

self-adjointness




LINDBLAD EVOLUTION
10. p— 7/[,07 H] —|— D[IO Adler & Horwitz

Bl =B;, [B;,H]=0

So Double commutator form for Lindblad term in master equation if:
(iv) monotonic (Von Neumann) entropy increase: S=-Tr(p Ln p ), dS/dt 20
and

(v) energy conservation (on the average)



State Vector Diffusion & Localization

Gisin & Percival

Assumption: Hamiltonian : block diagonal form in channels
independent of * " measurement” o,

Channel k projection operator: P,  EEEEE D P.. H]1=0

Localisation (" " collapse™) is quantified by rate of decrease of
Quantum Dispersion Entropy
| — (P,

%(MK) - <Pk>¢>w %: (P B Pj)ul” <0

J




State Vector Diffusion & Localization

Gisin & Percival

Assumption: Hamiltonian : block diagonal form in channels
independent of * " measurement” o,

Channel k projection operator: P,  EEEEE D P.. H]1=0

Localisation (" " collapse™) is quantified by rate of decrease of
Quantum Dispersion Entropy

d L — (Pr)y )

. _ | | -
dt(K) zj: (P} ;’<P3Bmpg>¢‘ <0
Mean over

classical noises



State Vector Diffusion & Localization

Gisin & Percival

Assumption: Hamiltonian : block diagonal form in channels
independent of * " measurement” o,

Channel k projection operator: P,  EEEEE D P.. H]1=0

Localisation (" " collapse™) is quantified by rate of decrease of
Quantum Dispersion Entropy

d
—(ME) =Y
dt S .
J
Mean over effective interaction rate
classical noises depend on microscopic

environmental details



State Vector Diffusion & Localization

Gisin & Percival

Assumption: Hamiltonian : block diagonal form in channels
independent of * " measurement” o,

Channel k projection operator: P,  EEEEE D P.. H]1=0

Localisation (" " collapse™) is quantified by rate of decrease of
Quantum Dispersion Entropy
| — (P,

%(MK) > <Pk>¢>w ; [(PjBm Pj)y|* <0

J

Some times: Localization may stop
before it is copmplete:
Pointer state from decoherence

Zurek



Master Equations-Order of Magnitude Estimates

Energy driven Lindblad decoherence ‘ D — H‘ Adler & Horwitz

1 1

thZ _ 0 | Jt th 0 (white noise conditions)

—Dt

Decoherence damping : &

2

(Am®)
EZMQG

Order of magnitude estimates: D —




Master Equations-Order of Magnitude Estimates

Energy driven Lindblad decpoherence ‘ D o H‘ Adler & Horwitz

1 1
dp = —i[H, p|dt — gUQ[D? (D, pl|dt + §a[p, [p, D]]dW,

thZ _ 0 | Jt th 0 (white noise conditions)

—Dt

Decoherence damping : &

A2 2 Suppressed
Order of magnitude estimates: D — ( m ) ::‘o.r.n pa;.er: :‘o. nal
— 19 aive dimensiona

E=Mqa estimates of

D= EZ/MQG ffi




Master Equations-Order of Magnitude Estimates

D-particle (stringy) Foam:

NEM, Sarkar

Rl
P N .
m _____ 3.l__-,'.'J;3:.1Jranes Ot/)f\’[atte'r — [ [/)f\*[('l-tte‘ra H] o S 2 I:U 2, [ /) Vatter :| :|
N . [ . /
s T _ ro_

Forting: © @ S

w Generalization Including damping vy :

RO

ip = [%.p] — A E (76l + 2 (747 o) — 90 [

p. )]




Master Equations-Order of Magnitude Estimates

D-particle (stringy) Foam:

NEM, Sarkar

Rl
P N .
m _____ 3.l__-,'.'J;3:.1Jranes Ot/)f\’[atte'r — [ [/)f\*[('l-tte‘ra H] o S 2 I:U 2, [ /) Vatter :| :|
N . [ . /
s T _ ro_

Forting: © @ S

w Generalization Including damping vy :

RO

ip = [%.p] — A E (76l + 2 (747 o) — 90 [

p. )]




Rl

Problem Equivalent to
Strings propagating

™ L
F—strmz bGC kgr‘ounds
e Time-Space non-commutativity

o e 2 3_.-;;::j:i-'i-'?’"’}":' in Local " " electric field"
. F—E:riugs: . |[)(Z7 t] XX FOi(k, ZC) — Uz(k, :E)l
. Induced metric depends
. 77" on momenta as well as coordinates
(Finsler type) \
_ h Ak,
v Muv T Ny hoi = gs—— = U;
M,

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



Master Equations-Order of Magnitude Estimates

NEM, Sarkar

D-particle (stringy) ‘Gaussian Foam:

Rl

”ﬂe.mm ‘ (‘71‘./);\»[ atter — 2 [/)A»[ atter s H ] — () [UF [ s PMatter ]]

_ o
F—E:rugs:.. S
) - Generalization Including damping y :
0 L v
i S P= 5 [p p} — N, |, pl] + E[ 0. pY — i [p. [p. pl]
: _ Am?
Decoherence damping e Dt D — 52 75 ( )

in two-level systems:

9 E2 M,



Master Equations-Order of Magnitude Estimates

NEM, Alexandre, Farakos...

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

fla) = =

9 2
im0 T’ 4

— OO

Rl

o ey Decoherence damping _ Dt
"y in fwo-level systems: €

RSN % A2
. D i )










CPT INVARIANCE & DECOHERENCE

Jost, Pauli, Bell, Schwinger

* CPT Theorem: Invariance of the Lagrangian of a
(relativistic) field theory under the action (generated by0) of:
C(harge conjugation),P(arity=reflexion) ,T(ime reversal)

OL(z)0" = L(—z)

O is anti-unitary in view of T-reversal

in any order

* Itis proven for Relativistic field theories, in FLAT
space-times, upon the assumptions of:

(i) Lorentz invariance
(ii) Locality of interactions
(iii) Unitarity
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Jost, Pauli, Bell, Schwinger

* CPT Theorem: Invariance of the Lagrangian of a
(relativistic) field theory under the action (generated by0) of:
C(harge conjugation),P(arity=reflexion) ,T(ime reversal)

OL(z)0" = L(—z)

O is anti-unitary in view of T-reversal

in any order

* |tis proven for Relativistic field theories, in FLAT
space-times, upon the assumptions of:

is it fundamental?

GREENBERG
Assumed: Covariant T-ordered
product, well-defined S-matrix




CPT INVARIANCE & DECOHERENCE

Jost, Pauli, Bell, Schwinger

* CPT Theorem: Invariance of the Lagrangian of a

(relativistic) field theory under the action (generated by0) of:
C(harge conjugation),P(arity=reflexion) ,T(ime reversal)

OL(z)0" = L(—z)

O is anti-unitary in view of T-reversal

in any order

* |tis proven for Relativistic field theories, in FLAT

space-times, upon the assumptions of: A
. . - Local CPTViolating (CPTV)
(i) Lorentz invariance but LORENTZ INVARTIANT

. : . . models explicitly constructed
(”) Locallty of interactions but with non covariant T-ordered

T product and not well defined S-matrix
(iii) Unitarity Chaichian et al. PLB669, 177 (2011)



CPT INVARIANCE & DECOHERENCE

Jost, Pauli, Bell, Schwinger

* CPT Theorem: Invariance of the Lagrangian of a
(relativistic) field theory under the action (generated by0) of:
C(harge conjugation),P(arity=reflexion) ,T(ime reversal)

H,C(Qj‘)QT — £(—£Ij) May not be valid in

highly -curved
space-times

in any order

O is anti-unitary in view of T-reversal

e Itis proven for Relativistic field theories, in FLAT
e assumptions of:

May not be valid in
highly -curved

space-times of QG,
e.g. space-time foam

(i) Lorentz invariance

(ii) Locality of interactions
nitarity




CPT INVARIANCE & DECOHERENCE

Jost, Pauli, Bell, Schwinger

 CPT Theorem: invariance of the Lagrangian of a
(relativistic) field theory under the action (generated by0) of:
C(harge conjugation),P(arity=reflexion) ,T(ime reversal)

in any order HL(ZIZ‘)HT _ £(—CIZ')

Ois anti-unitary in view of T-reversal

* Itis proven for Relativistic field theories, in FLAT space-times, upon the
assumptions of:

(i) Lorentz invariance

(ii) Locality of interactions

@Unitarity

: lll-defined CPT operator
Decoherence Wald 1979
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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 /ll-defined
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CPT INTRINSIC VIOLATION & DECOHERENCE
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 /ll-defined

Proof: If © acting on density matrices is well-defined then O is a
unitary operator (6 acting on sate vectors is anti-unitary )

O ~ 661 Op ~ 0l

Pout T = —6~!

super-scattering
operator (linear)

If decoherence, $ 2SS
(S = eHt)
has NO INVERSE

Hawking



CPT INTRINSIC VIOLATION & DECOHERENCE
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 O is a
unitary operator (6 acting on sate vectors is anti-unitary )

('_') A QHT If O well-defined then

you can prove the following
Pout (elementary steps):
| pin = O 80 $pyy,
awiing | 2% o (lnear) ~ ¢l - lgo!
If decoherence, $ 2SS
(s - eiHT)
has NO INVERSE



DETAILED PROOF

@Pin = Pout WELL -DEFINED

: -1 _ At

L —1— unitary CPT generator O = 0

Pin = Pout
Pout = $,Oin = _ ¢5
p L $ﬁ @pm = Pout — $pzn o
out — in
—1 —1
$6 Pout — 30 $pin =
Bar denotes

anti-particle states Pin = @_1$@—1$pin

Inverse of $ |

Also would imply: O~ 1$ =0
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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 O is a
unitary operator (6 acting on sate vectors is anti-unitary )

('_') A QHT If O well-defined then

you can prove the following
Pout (elementary steps):
| pin = O 80 $pyy,
awiing | 2% o (lnear) ~ ¢l - lgo!
If decoherence, $ 2SS
(s - eiHT)
has NO INVERSE



CPT INTRINSIC VIOLATION & DECOHERENCE
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 O is a
unitary operator (6 acting on sate vectors is anti-unitary )

T
@ ™~ 99 If © well-defined then
you can prove the following
Pout (elementary s'ieps): )
Pin = O 50 $IOin
super-scattering

Hawking operator (linear) = [$_1 — O 1o ]
If decoherence, $ 2SS

(S = e % well-defined |
INCOMPATIBLE

has NO INVERSE




CPT symmetry without CPT invariance “\yqq (79)

But....nature may be tricky: WEAK FORM OF CPT
INVARIANCE might exist, such that the fundamental “arrov
of time" does not show up in any experimental
measurements (scattering experiments).

Probabilities for transition from ) =initial pure state to
¢ =final state

P(yp — ¢) = P(67" ¢ — 01)

where 0: Hin = Hout, H= Hilbert state space,
Op =0pf', 0" =—0~' (anti — unitary).

In terms of superscattering matrix $:

$" — o7 'go!

Here, © is well defined on pure states, but $ has no inverse,
hence $ T £ $~1 (full CPT invariance: $= SST, $' =$71).



Weak CPT invariance in Black-Holes?
Wald (79)

Supporting evidence for Weak CPT from Black-hole
thermodynamics: Although white holes do not exist (strong
CPT violation), nevertheless the CPT reverse of the most
probable way of forming a black hole is the most probable
way a black hole will evaporate: the states resulting from
black hole evaporation are precisely the CPT reverse of

the initial states which collapse to form a black hole.



EXPERIMENT CAN TELL...

IF CPT IS ILL-DEFINED (INTRINSIC VIOLATION)

QUITE DIFFERENT PHENOMENOLOGY

FROM ORDINARY LORENTZ- AND CPT-VIOLATION CASES
WHERE O IS WELL DEFINED BUT [O,H | #0
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EXPERIMENT CAN TELL...

IF CPT IS ILL-DEFINED (INTRINSIC VIOLATION)

QUITE DIFFERENT PHENOMENOLOGY

FROM ORDINARY LORENTZ- AND CPT-VIOLATION CASES
WHERE @ IS WELL DEFINED BUT [®, H] # 0

SMOKING-GUN EVIDENCE OF INTRINSIC CPT VIOLATION
MODIFICATIONS IN EINSTEIN-PODOLSKY-ROSEN (EPR)
CORRELATIONS IN ENTANGLED MESON STATES (o — effect)

In principle... Bernabeu, NEM, Papavassiliou

depends on the order of magnitude of the effect
Highly microscopic model dependent...
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Complex Phenomenology of CPTV

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

— Lorentz & CPT Violation in
the Hamiltonian

* Neutral Mesons &
Factories, Atomic Physics,
Anti-matter factories,
Neutrinos, ...

* Modified Dispersion
Relations (GRB, neutrino

oscillations, synchrotron
radiation...)



Complex Phenomenology of CPTV

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

e CPT Operator well defined

but NON-Commuting with antiparticle J
Hamiltonian [H,© ] 0 %
— Lorentz & CPT Violation in R uherence CPTV Tests

 Neutral Mesons: K, B & factories
(novel effects in entangled states :

* Neutral Mesons & (perturbatively) modified
Factories, Atomic Physics, EPR correlations)

Anti-matter factories, e Ultracold Neutrons

Neutrinos, ... ] : "
* Neutrinos (highest sensitivity)

* Modified Dispersion e Light-Cone fluctuations (GRB,

Relz.aho.ns (GRB, neutrino Gravity-Wave Interferometers,
oscillations, synchrotron neutrino oscillations)

radiation...)

the Hamiltonian



Complex Phenomenology of CPTV

. : e CPT Operator ill defined (Wald),
CPT Operator well defined intrinsic violation, modified concept of

but NON-Commuting with antiparticle A
Hamiltonian [H,© ] 0

— Lorentz & CPT Violation in
the Hamiltonian . eutral MesgnsK, B & fa .
aual offo W= BTed states :

* Neutral Mesons & (perturbatively) modified
Factories, Atomic Physics, EPR correlations)

Anti-matter factories, e Ultracold Neutrons

Neutrinos, ... ] : "
* Neutrinos (highest sensitivity)

* Modified Dispersion * Light-Cone fluctuations (GRB,

Relz.aho.ns (GRB, neutrino Gravity-Wave Interferometers,
oscillations, synchrotron neutrino oscillations)

radiation...)

— Decoherence CPTV Tests




NEUTRAL KAON BASICS
K°) = |d3)
K') = [ds)

Physical (observable) states are the "~ weak” (or CP) eigenstates
(having definite life times under weak interaction decays):

Kp) o (1+€—08)|K%) —(1—€+08)|K®) cpeut
Ks) o (1+e+08)|K°)+(1—e—0)|K®) cp=-1
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NEUTRAL KAON BASICS
K°) = |d3)
K') = [ds)

Physical (observable) states are the "~ weak” (or CP) eigenstates
(having definite life times under weak interaction decays):

Kp) o (1+€—0)|K") —(1—€+0)|K®) cpsut
Ks) o« (1+€+08)|K°)+(1—e—08)|K°) cp=-1

CP-violation (]| # 10-3) CPT violation in the Hamiltonian
e.g. due to Lorentz Violation



NEUTRAL KAON BASICS

mpo = 497.614 £ 0.024 MeV

‘KO> — ‘d§> masses: Bounds on CPTV :
K) =|ds) SR <8 10710
KO

Physical (observable) states are the "~ weak” (or CP) eigenstates
(having definite life times under weak interaction decays):

Kp) o« (14+€—0)|K") —(1—e+06)|K®) cpeat
Ks) o (1+€e+6)[K°)+(1—€e—6)|K®) cp=-1

mean life: K;: (0.8958 + 0.0005) x 10-10 s
K. : (5.116 £ 0.020) = 108 s
mass difference: My, — Mr, = (3.483 +0.006) x 10~ GeV



QG DECOHERENCE IN NEUTRAL KAONS: SINGLE STATES

Quantum Gravity (QG) may induce decoherence and oscillations K" — K = could use
Lindblad-type approach (one example) (Ellis, Hagelin, Nanopoulos, Srednicki, Lopez, NM):

Orp = ilp, H] + §Hp

where
—r —14T —ImI"12 —Rel2
Hop — — 14T - —2ReMy2 —2ImM;2
—ImI'y 2 2ReM 2 —I —oM
—Rel'ys —2ImM;5 dM —-T
and
0 0 0 0
SH . — 0O 0 0 0
o 0 0 —2a —28
0 0 —23 -2y
positivity of p requires: o, ~ > 0, ay > 32,

a, (3, violate CPT (Wald : decoherence) & CP: CP = o3 cosf + o2 sinf, [6Hnz, CP] #£ 0



Neutral Kaon Entangled States

 Complete Positivity " Different parametrization of
Decoherence matrix |
(in a, 3.7 framework: a =+, 3 =0)

Current Experimental Bounds:
a® 10-17 GeV
v # 10-21 GeV

p = 10-19 GeV

Can test complete positivity experimentally (in principle!)
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Can test complete positivity experimentally (in principle!)



Neutral Kaon Entangled States

 Complete Positivity
Decoherence matrix

(in ., 3,7 framework: a =7,

Current Experimental Bounds:

[ = {])

Different parametrization of

A\

a= 1017 GeV of oscillations

v ® 10-21 GeV

p = 10-19 GeV

Am ~ 3.5 x 1071° GeV

4 )
NB: decoherence Damping
—Dt
e ", |
D~ «
N T
e.g. Gaussian D — foam
2 (Am?)?
D~ gso 20



Neutral Kaon Entangled States

 Complete Positivity Different parametrization of
Decoherence matrix

(in a, 3.7 framework: a =+, 3 =0) 2

Current Experimental Bounds:

QB decoh Dampi A
~ _ : decoherence Damping
a® 10-17 GeV of oscillations .
e Dt |
;

v # 10-21 GeV

e.g. Cauchy — Lorentz
p = 10717 GeV (Am?)
D ~ 7

Am ~ 3.5 x 1071° GeV



Complex Phenomenology of CPTV

CPT Operator well defined
but NON-Commuting with
Hamiltonian [H,© ] 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 2

— Decoherence CPTV Tests

* Neutral Mesons: K, B & factories
(novel effects in entangled states :

Brturbatively) mod
EPR correlations)

e _Ultracold Neutrons
* Neutrinos (highest sensitivity)

e Light-Cone fluctuations (GRB,
Gravity-Wave Interferometers,
neutrino oscillations)










EPR correlated states and particle physics

What are EFPR correlations?

Einstein-Podolsky-Rosen (EPR) effect proposed originally as a PARADOX testing foundations of
Quantum Theory.

Correlations between spatially separated events, instant transport of information? contradicts relativity?
NO, NO PARADOX

EPR has been confirmed EXPERIMENTALLY:

(i) pair of particles can be created in a definite quantum state,
(ii) move apart,

(iii) decay when they are widely separated (spatially).

EPR CORRELATIONS between different decay modes should be taken into account, when interpreting

any experiment. (Lipkin (1968))



 CPT Violation Consequences for Neutral mesons
* Einstein Podolsky Rosen (EPR) — correlators

KK, KsKy

|F CPT° ©-operator WELL-DEFINED

Evenif [©,H]#0

Neutral Kaon, anti-Kaon mesons treated as indistinguishable particles,
Bose-statistics applies



* If foam, concept of anti-particle may be perturbatively
modified, Neutral mesons no longer indistinguishable

Bernabeu, NEM, Papavassiliou (04)

ok KK, o L ® o *KSKL
— @ o

0

IF CPT ILL-DEFINED (e.g.

Stringy Foam)
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* If foam, concept of anti-particle may be perturbatively
c modified, Neutral mesons no longer indistinguishable

Bernabeu, NEM, Papavassiliou (04)
Anti-particle exists

but with modified properties
(QG is perturbatively weak) @

o
© o

IF CPT ILL-DEFINED (e.g.

ek KK(
O

Stringy Foam)




* If foam, concept of anti-particle may be perturbatively
modified, Neutral mesons no longer indistinguishable

Bernabeu, NEM, Papavassiliou (04)
change K, «<—> K,

O o
* KK, ) KK,
© o A (e
KK, KK

SIS 4
IF CPT ILL-DEFINED (e.g. KK,

A G ) **Flavour” (species)
KO e

Stringy Foam)

Kp) o (14+€—0)|K°) —(1—e+06)|K°)
Ks) o« (1+€+06)|K°) + (1 —e—5)|K°)




* If foam, concept of anti-particle may be perturbatively
modified, Neutral mesons no longer indistinguishable

Bernabeu, NEM, Papavassiliou (04)

IF CPT ILL-DEFINED (e.g.
Stringy Foam)

= \‘ (IKs(k). K[, (—k) > —|K[,(k), Kg(—k) >)

t W ni I\“_‘ (k). Ko ) > | K I ). K I Y ~ :



¢ Decays and the w Effect'

Consider the ¢ decay amplitude: final state X at t; and Y at time {2 (f = 0 at the moment of ¢
decay)

X R OCEEE LR LR Y
1 2
Amplitudes:
A(X,Y) = (X|Ks)(Y|Ks)N (A1 + Az)
with
A, = E—TL'[JkL+A5)tf2[nxe—iﬂ.lﬂ.tf2 . nyeiﬂ.hﬂ.zfz]
Az = w[eT™S" —nxqpye LY

the CPT-allowed and CPT-violating parameters respectively, and nx = (X |K ) /(X |Kg) and
ny = (Y[KL)/(Y|Ks).

The “intensity” I(At): (At = t1 — t2) is an observable

[(At) = %/ll dt |A(X,Y)|?

Mt



‘;,;!—Effect & Intensities.

1
Ian=g [  @AE T atw )R = e K
L

-'MF

2|T’i’-|-—|2llr1 + I ‘|‘I12:|

e TS24 e LAY — 2= (TSHILIA/2 o5 AMAL)

I (At) =
1(At) I'p +Ts
2 _TgAt
LAy = 12 _€
Iny_|? 2Ig
4 W
Ilg(ﬂt}=— | | b4

4(AM)2 + (305 +T1)2 |ny_

lmm(e—fsm sin(dy_ — Q) —e FSHLIA Zgn(g,  — 0+ ﬂM.&tj)
—(30s + r-L)(e—fS“ cos(dpy_ — ) —e FSHLIA 2 0o, O+ mwm))]

AM = Mg — My, and n,_ = |no_|e*®+—.

NB: sensitivities up to |w| ~ 10~ ° in ¢ factories, due to enhancement by |n, _| ~ 10~ factor.



‘V-.:—Effect & Intensities.

1 _ _ N
an=g [ @A wtn )R = e Kl
L

N

2|n_|__|zl!1 + 12 + I12:|

e~ TSAL L o= TLAL _ 9p—(IsH+ILIAL2 oo5( A M AL)

I (At) =
1(A1) I', +T's
2 _TgAt
LAt = €
my_|* 2Ts
4
Ilg(ﬂlt} = —

4(AM)2 + (3T5 + 'y,

[z.ﬁm(e—r&'ﬂ‘ sin(é,_ — Q) — e 2 sin(d,_ — Q4+ .ﬂ.Mm))
—(3T's + r-L}(e—FSM cos(dpy_ — ) —e FSHLIA 2 0o, O+ .ﬂM.ﬁtj)]

AM = Mg — My, and n,_ = |no_|e*®+—.

&

NB: sensitivities up to |w| ~ 107" in ¢ factories, due to enlmncmnent[l:q.r 1n4_| ~ 1077 factor. ]




‘;,-.:—Effect & Intensities.

At

Characteristic cases of the intensity I(At), with |w| = 0 (solid line) vs I(At)

(dashed line) with (from top left to right): (i) |w| = n._|, Q =¢,._ — 0.16m, (ii)
= ny_|, Q@ =¢._ +0.95m, (iii) |w| =0.5[n,_|, @ =o¢,_ +0.16m, (iv)

= 1.5, |, Q@ =¢. . At is measured in units of 75 (the mean life-time of

Ks) and I(At) in units of |C]*|n._|*|(nT 7~ |Ks)|*Ts.

|uJ

lw



* If foam, concept of anti-particle may be perturbatively
modified, Neutral mesons no longer indistinguishable

Bernabeu, NEM, Papavassiliou (04)

ok KK, o L ® o *KSKL
— @ o

KSKS ’
IF CPT ILL-DEFINED (e.g. KK,

* KK,
KKy

Stringy Foam)

w - effect : can be distinguished from conventional
C-even background effects

_ —0
€+ e — 2”}/ —> K 0 K Different interference effects



CPTV & EPR-correlations modification

(Bernabeu, NM and Papavassiliou, hep-ph /0310180 (PRL 92) )

If CPT is broken via Quantum Gravity (QG) decoherence effects on $ # .S'ST, then: CPT operator © is
ILL defined = Antiparticle Hilbert Space INDEPENDENT OF particle Hilbert space.

Neutral mesons K and K~ SHOULD NO LONGER be treated as IDENTICAL PARTICLES. = initial
Entangled State in ¢ (B) factories |1 > (in terms of mass eigenstates):

i = (IKs(R). K, (—F) > —|K[(F). Kg(—F) > .
[ - W — |a)|e’Q

+ w(|Kg(k),Kg(—k)> —|K(k), Kj(—k) j::-\]}

NB! KsKs or K, — K1, combinations, due to CPTV w, important in decay channels. There is
contamination of C(odd) state with C(even). Complex w controls the amount of contamination by the
“wrong" (C(even)) symmetry state.

Experimental Tests {}f L= — demise of flavour tagging

NEBE1: Disentangle w C-even background effects ( ete™ = 2v = KDEU}: terms of the type
K sK s (which dominate over K1 K1) coming from the ¢-resonance as a result of w-CPTV can be
distinguished from those coming from the ' = + background because they interfere differently with
the regular €' = — resonant contribution with w = 0.

} effects (different

jsentangle w from non-unitary evolution (o = v .



Disentangling w-effects from Background

CPTV K K, wK.K. terms originate from
®-particle , hence same dependence on
centre-of-mass energy s. Interference
proportional to real part of amplitude,
exhibits peak at the resonance....

..............................




Disentangling w-effects from Background

KsKs terms from C=+ background

no dependence on centre-of-mass energy s.
Real part of Breit-Wigner amplitude

Vanishes at top of resonance, Interference of
C=+ with C=- background, vanishes

at top of the resonance, opposite sighature
on either side.....




CPTV & EPR-correlations modification

(Bernabeu, NM and Papavassiliou, hep-ph /0310180 (PRL 92) )

If CPT is broken via Quantum Gravity (QG) decoherence effects on $ # .S'ST, then: CPT operator © is
ILL defined = Antiparticle Hilbert Space INDEPENDENT OF particle Hilbert space.

Neutral mesons K and K~ SHOULD NO LONGER be treated as IDENTICAL PARTICLES. = initial
Entangled State in ¢ (B) factories |1 > (in terms of mass eigenstates):

i> = N|(IKs(E), KL(—F) > —|K[(F). Kg(—F) >) .
[ - W — |a)|e’Q

+ w(|Kg(k),Kg(—k) > —|K[ (k). Kg(—k) ::a”

NB! KsKs or K, — K1, combinations, due to CPTV w, important in decay channels. There is
contamination of C(odd) state with C(even). Complex w controls the amount of contamination by the

“wrong" (C(even)) symmetry state.

Experimental Tests of w-Effect in ¢, B factories... in B-factories: w-effect — demise of flavour tagging

(Alvarez et al. (PLB607))

NEBE1: Disentangle w C-even background effects ( ete™ = 2v = KDEU}: terms of the type

K sK s (which dominate over K1 K1) coming from the ¢-resonance as a result of w-CPTV can be
distinguished from those coming from the ' = + background because they interfere differently with
the regular '

NB2: Also disentangle w from non-unitary evolution (o = =y ...) effects (different structures)
Bernabéu, NM, Papavassiliou, Waldron NP B744:180-206,2006)




CPTV & EPR-correlations modification

(Bernabeu, NM and Papavassiliou, hep-ph /0310180 (PRL 92) )

If CPT is broken via Quantum Gravity (QG) decoherence effects on $ # .S'ST, then: CPT operator © is
ILL defined = Antiparticle Hilbert Space INDEPENDENT OF particle Hilbert space.

Neutral mesons K and K~ SHOULD NO LONGER be treated as IDENTICAL PARTICLES. = initial
Entangled State in ¢ (B) factories |1 > (in terms of mass eigenstates):

li =

(1Kg(R), Kp,(—F) > —|KL(F), Kg(—Fk) >) ,
| o = |w|e™

+ w(|Kg(k),Kg(—k) > —|K[ (k). Kg(—k) ::a”

NB! KsKs or K, — K1, combinations, due to CPTV w, important in decay channels. There is
contamination of C(odd) state with C(even). Complex w controls the amount of contamination by the

Experimental Tests of w-Effect in ¢, B factories... in B-factories: w-effect — demise of flavour tagging

(Alvarez et al. (PLB607

NE1: Disentangle w ; . terms of the type
K sK s (which dominate over K1 K1) coming from the d-resonance as a result of w-CPTV can be
distinguished from those coming from the ' = + background because they interfere differently with
the regular €' = — resonant contribution with w = 0.

NB2: Also disentangle w from non-unitary evolution (o = =y ...) effects (different structures)
(Bernabéu, NM, Papavassiliou, Waldron NP B744:180-206,2006)




B-systems, w-effect & demise of flavour-tagging

Alvarez, Bernabeu NEM, Nebot, Papavassiliou

Kaon systems have increased sensitivity to w-effects due to the decay
channel t*rv .

B-systems do not have such a “good’ " channel but have the advantage
of statistics > Interesting limits of w-effects there

Flavour tagging: Knowledge that one of the two-mesons in a meson

factory decays at a given time through flavour-specific “channel’’
Unambiguously determine the flavour of the other meson at the same
time .
Not True if intrinsic CPTV — w-effect present : Theoretical limitation
(“demise’’) of flavour tagging
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B-systems, w-effect & demise of flavour-tagging

Alvarez, Bernabeu NEM, Nebot, Papavassiliou

Kaon systems have increased sensitivity to w-effects due to the decay
channel t're .

B-systems do not have such a “good’ " channel but have the advantage
of statistics > Interesting limits of w-effects there

Flavour tagging: Knowledge that one of the two-mesons in a meson

factory decays at a given time through flavour-specific “channel’’
Unambiguously determine the flavour of the other meson at the same

time .
Not True if intrinsic CPTV — w-effect present : Theoretical limitation ’
(“demise’’) of flavour tagging




Equal-Sign di-lepton charge asymmetry At dependence
ALVAREZ, BERNABEU, NEBOT

But Interesting tests of the w-effect can be performed by
looking at the equal-sign di-lepton decay channels

a first decay B — X/(* and a second decay, At later, B — X'(*

I(0T 07 A — I, 07, Ar)
10+ 0 A+ 10—, 40—, A1)

— |0|e? )

Re(é€)

— 4
1+ |e|?

w=0

(005, At =0) ~ |o|?

Asl — +ﬁ((Re 8)2)




Equal-Sign di-lepton charge asymmetry At dependence
[(X 0=, X065, At) :/ [(X0E, XU () @ Ut + AB [ (0) | dt
0

(1+ s.€)* —5%/4 ’
1 —e€2+46%/4

[(X0E, X% At) = %e_FAt Ax?|Ax/|?

7\

AT'A
+ ) 4F2fAm2 Re(w) + %wQ} cosh ( 1; t) +

— £+ 3 Re(w) —

WAT2+Am COS(AmAt)+

I 2
'2+Am? ‘w‘

A A
dw 4F§l—|—7Anm2 R€( ) + Fz—i—glfmz ‘w‘Q

sin(AmAt)} :
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EqualL-Sign di-lepton charge asymmetry

Peak structure

0 O?ﬁ‘l | repeats itself at
| 5 Larger times
0.005} : AtAm =21
.. . .
2 4 6 8! at(F)
-0.005} ¥
-0.01l K

AtAM ~ 21~ 82T 1Am

Approximate Periodicity of A, in At Am:
terms cosh(A ' At) almost constant for small Al



Equal-Sign di-lepton charge asymmetry At dependence
[(X 0=, X065, At) :/ [(X0E, XU () @ Ut + AB [ (0) | dt
0

(1+ s.€)* —5%/4 ’
1 —e€2+46%/4

AT'A
+ a., 4F2fAm2 Re(w) + %wQ} [COSh ( 1; t)}L

— % + by, 4F2fAm2 Re(w) — (w|?| cos(AmAt)+

[(X0E, X% At) = %e_FAt Ax?|Ax/|?

__
24+Am?

A A
dy Rz Re(w) + mfRsz lw]?

sin(AmAt)} :



Equal-Sign di-lepton charge asymmetry At dependence

Current Experimental measurements of A,
have been performed for

08N < At € 10

(BaBar, Belle Collaborations)
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Equal-Sign di-lepton charge asymmetry At dependence

Current Experimental measurements of A,
have been performed for

08N < At € 10

(BaBar, Belle Collaborations)

At large times region, where peak repeats itself,
the amount of events is suppressed by:

e-8.2 ~ 10—4

Future super B experiments
could exhibit sensitivity in
such regions (?)



w-Effect order of magnitude estimates I

(Bernabéu, Sarben Sarkar, NM, hep-th/0606137 )

Theoretical models using interactions of particle-probes with specific space-time defects (e.g.
D-particles, inspired by string/brane theory); Use stationary perturbation theory to describe
gravitationally dressed 2-meson state - medium effects like MSW = initial state:

[9) = 1k, DD =k, P — 1k, DD |, DD + ke, DD [k, P+ R, Y [k, )P
NB: £ = —¢&' : strangeness conserving w-effect (|[K1) = |1) . |Ks)=11).).
In recoil D-particle stochastic model: (momentum transfer: Ap; ~ (p:, (Ap:) =0, (ApilAp;) # 0)

c274
|,1|2 L k

L

M2 (mq1 — ma2)?

NB: For neutral kaons, with momenta of the order of the rest energies |w| ~ 10~#|¢|. For
1 = ¢ > 10~ 2 not far below the sensitivity of current facilities, such as DA®NE
Constrain ¢ significantly in upgraded facilities.

Perspectives for KLOE-2 at DA$®NE-2 (A. Di Domenico home page) :
Re(w), Im(w) — 2 x 107°.

NB: w-Effect also generated by propagation through the medium, but with time-dependent
(sinusoidal) w(t)-terms, can be (in principle) disentangled from initial-state ones...



w-Effect order of magnitude estimates I

(Bernabéu, Sarben Sarkar, NI

Theoretical models using inte

D-particles, inspired by string
gravitationally dressed 2-mesi

) = Ik, N =k, 1)@ —!

NB: £ = —&' : strangeness c

r r r 1
1 2 .
o [ ] ® 1
Y 1
1
[ ] ® 1
1
L 1
® 1
1
1
] ® .
1
* L] 1
® 1
1
. [}

A B

R

In recoil D-particle stochastic @
® /jString

NB: For neutral kaons, with '®
1 > ¢ > 10~ 2 not far below
Constrain

Perspectives for KLOE-2 at |
Re(w), Im(w) — 2 x 10~

@ @ D—Particle
D3 brane Q@
BULK

> space-time defects (e.g.
ration theory to describe
== initial state:

:.-[«::I[Z;_‘f‘--" |k‘}[1||_kkl—}|2|
{s)=11}).).
(pi, (Aps) =0, (ApiAp;) # 0)

ies |w| ~ 10~*|¢|. For
h as DA®NE

ge) :

NB: w-Effect also generated by propagation through the medium, but with time-dependent

(sinusoidal) w(t)-terms, can be (in principle) disentangled from initial-state ones...



w-Effect order of magnitude estimates I

(Bernabéu, Sarben Sarkar, NM, hep-th/0606137 )

Theoretical models using interactions of particle-probes with specific space-time defects (e.g.
D-particles, inspired by string/brane theory); Use stationary perturbation theory to describe
gravitationally dressed 2-meson state - medium effects like MSW = initial state:

[9) = 1k, DD =k, P — 1k, DD |, DD + ke, DD [k, P+ R, Y [k, )P
NB: £ = —¢&' : strangeness conserving w-effect (|[K1) = |1) . |Ks)=11).).
In recoil D-particle stochastic model: (momentum transfer: Ap; ~ (p:, (Ap:) =0, (ApilAp;) # 0)

c274
|,1|2 L k

L

M2 (mq1 — ma2)?

NB: For neutral kaons, with momenta of the order of the rest energies |w| ~ 10~#|¢|. For
1 = ¢ > 10~ 2 not far below the sensitivity of current facilities, such as DA®NE
Constrain ¢ significantly in upgraded facilities.

Perspectives for KLOE-2 at DA$®NE-2 (A. Di Domenico home page) :
Re(w), Im(w) — 2 x 107°.

NB: w-Effect also generated by propagation through the medium, but with time-dependent
(sinusoidal) w(t)-terms, can be (in principle) disentangled from initial-state ones...



* If foam, “flavour” changes Bernabeu, NEM, Sarkar

KL) o (1+€—0)|K%) —(1—e+0)|K°

)
Ks) o (1+€+08)|K%) +(1—e—4)|K°) @ **Flavour” (species)

change K, «<—> K,

* KSKL * ** KSKL *
* KsKs , KsKs ,
KKy IF CPT ILL-DEFINED (e.g. KKy

Stringy Foam)




w-Effect estimates in D-particle Foam

,V-‘ (ll\—S:EI. 1\'[‘[—E| k- —31\'L(EI. [\'S(—El i::-)

w(|Kg(k), Kg(—k) > —|K(k), Kj(—k) ’

* * KSKL

KSKS ,

IF CPT ILL-DEFINED (e.g. FV D- KKy
particle Foam)

2

, Ak =k (Kaon momemtum transfer)

Y,

Mqc = 2. 10'° GeV
Am ~ 3.5 x 107 GeV



w-Effect estimates in D-particle Foam

\‘ (Il\'S:EI. 1\'Lf_—E| > —!I\'L:l?l. KS(—E) f::-)

w||Kg(k), Kg{

k) > —|1\1_'E;. I\‘!J:--‘:» ’

o ©

KsKy

KSKS ,

IF CPT ILL-DEFINED (e.g. FV D- KKy
particle Foam)

r

w]* ~

\

CQ k4

M(%Gml —mg)? "

Ak = Ck

~

(Kaon momemtum transfer)

Mqc = 2. 10'° GeV
Am ~ 3.5 x 107 GeV

<2N0_2

Ay

Stochastic Foam
recoil fluctuations



w-Effect Order of Magnitude Estimates

Infabeyve estimates:

QED effects & sub=structure

N neutrallmesens ignored, and D-feam acts
as [T they were structureless particles,

then for M.~ 10/ GeV.

the estimate for w:
fw [ 2107 |, for 1> |c| >10% (hatural)

NGt far from sensitivity of:
Upgraded meson factores ((e.g. DAENEZ)

Re( w ), Im (w) = O(10-°)



w-Effect Order of Magnitude Estimates

Infabeyve estimates:

QED effects & sub=structure

N neutrallmesens ignored, and D-feam acts
as [T they were structureless particles,

then for M.~ 10/ GeV.

the estimate for w:
fw [ 2107 |, for 1> |c| >10% (hatural)

NGt far from sensitivity of:
Upgraded meson factores ((e.g. DAENEZ)

In D-foam: quarks (charged) do not directly interact with D-particles

only gluons inside the Kaons do, suppressed effects?
& QCD details matter? need to estimate




w-Effect order of magnitude estimates I

(Bernabéu, Sarben Sarkar, NM, hep-th/0606137 )

Theoretical models using interactions of particle-probes with specific space-time defects (e.g.
D-particles, inspired by string/brane theory); Use stationary perturbation theory to describe
gravitationally dressed 2-meson state - medium effects like MSW = initial state:

19) = 1k, DY =k, D@ — 1k, DD =k, DD 4+ £ 1k, DY =k, 1P + & |k, DD |k, NP

NB: £ = —£&' : strangeness conserving w-effect (|Kr) = |1) . |Ks)=1]).).

In recoil D-particle stochastic model: (momentum transfer: Ap; ~ Cpi, (Api) =0, (Ap;Ap;) # 0)

c274
|,1|2 L k

M2 (my — ma)?

NB: For neutral kaons, with momenta of the order of the rest energies |w| ~ 10~#|¢|. For
1 = ¢ > 10~ 2 not far below the sensitivity of current facilities, such as DA®NE
Constrain ¢ significantly in upgraded facilities.

Perspectives for KLOE-2 at DADNE2 (A_DLDamenicg home page) :

Re(y ] — 2 x 107°.

NB: w-Effect also generated by propagation through the medium, but with time-dependen
jnusoidal) w(t)-terms, can be (in principle) disentangled from initial-state ones...




w-effect as discriminant of foam models

Bernabeu, NEM, Sarben Sarkar

*  w-effect not generic, depends on details of foam

« (l) D-foam: I/{\I = — (o1 + TQUQ)E

Features: direction of k violates local Lorentz symmetry, flavour
non conservation non-trivial w-effect

(I1) Quantum Gravity Foam as “thermal isotropic Bath’’

1 1 - ) ?_ Garay
H=va'a+ —Qaél) + —Qaéz) + Z ((Lai’) + aTa(_’))
2 29 — -
I Bath frequency

o no w-effect
atom ~ (matter) frequency
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OPERA & MAGIC RESULTS CAN BE RECONCILED : e.g. IN D-FOAM

TO RECAP: (1) RECOIL OF MASSIVE DEFECTS DISTORS SPACE TIME , MODIFIES
DISPERSION RELATIONS FOR MATTER PROBES

(11) CAPTURE OF MATTER BY DEFECT LEAD TO EXTRA TIME DELAYS
DUE TO STRINGY NATURE/MINIMUM LENGTH OF STRINGS,
WHICH ARE ENHNACED BY RECOIL

At ~ o' FE

FOR CHARGE CONSERVATION REASONS CAPTURE (HENCE DELAYS) UNDERGO
ONLY ELECTRICALLY NEUTRAL PARTICLES (PHOTONS...)

NEUTRINOS IN STRING THEORIES MAY HAVE ADDITIONAL “"CHARGES” /FLUXES

DUE TO EXTRA U(1)’ GROUP. IN SUCH A CASE NEUTRINOS WILL ALSO AVOID CAPTURE
AND WILL THUS BE SUBJECTED ONLY TO (superluminal) GRAVITATIONAL D-foam RECOIL
EFFECTS

| . 1
vg =1+ §<\u|2> + O(|u\3) =1+ 502 > 1
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MAGIC results (2005)

First Interesting result...

in confllct with Conventional
Astrophysical acceleration
AGN Models (e.g. Crab Nebula)

TeV Photons from

Active Galactic Nucleus
(AGN) Mkn 501 at red-shift
z=0.03

More energetic

photons (1.2 - 10 TeV)

delayed by O(1 min) compared
toE<0.6 TeV

Interestingly can fit QG
subluminal refractive index
with linear M suppression
with Mqg(q) = 0.2 x 1018 GeV

or, if astrophysics at source

taken into account
Mgs) > 0.2 x 10*® GeV



AVE

Observed Photon Delays (H.E.S.S, FERMI)

GRB 09092B  Fermi 09/2009 Ellis, NEM, Nanopoulos
' (2009, 2010)

_ p Fermi
7 GRB 080916¢

AGN Mkn 501
~ 0.1 =
: wmele Mag( > 1.5 10%° GeV
f 7
A Explained by
Q0T | // Red-shift dependent
; P Mg scale
/ o AGN PKS 2135904 (e.g. D-foam voids at z=0.9)
: E e ~ HESS |
001 0.1 1 -
K(z,)
z
1
At i 0_1 dz ( * Z)

0 A/ Qu(l+2)3+Q




TWO PROCESSES IN D-FOAM/MATTER STRING INTERACTIONS

TO RECAP: (1) RECOIL OF MASSIVE DEFECTS DISTORS SPACE TIME , MODIFIES
DISPERSION RELATIONS FOR MATTER PROBES

(I1) CAPTURE OF MATTER BY DEFECT LEAD TO EXTRA TIME DELAYS
DUE TO STRINGY NATURE/MINIMUM LENGTH OF STRINGS,
WHICH ARE ENHNACED BY RECOIL

At ~ o' E

FOR CHARGE CONSERVATION REASONS CAPTURE (HENCE DELAYS) UNDERGO
ONLY ELECTRICALLY NEUTRAL PARTICLES (PHOTONS...)
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Space time Foam situations —
Average over both populations of defects & quantum fluctuations

Isotropic & (in)homogeneous foam

Lorentz Invariance
M S on Average

for a brane observer: |, \ — Ys (Ak;) =0

Rl 1 1
B 2
! =1

D—bia;estack | i g
‘ .. | ]\48 5 <A kz Ak j > =0 2 ) ij| Violated in ficts
V4 5

RO
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Space time Foam situations —
Average over both populations of defects & quantum fluctuations

Isotropic & (in)homogeneous foam

for a brane observer. <u7,> — Ys (A/@) — Ol Lorentz Invariance

M on Average
T 72
T T (AkiAkj) = 0% violated n fics
h'% 1 1, o O(1713) = 1 L 2 1
R, Vg = LT §<|u’ )+ Oal") = 1+ 27 ~
i Y ‘o :;_:.1- . Superluminal propagation

. ™ IF NOT CAPTURE
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Space time Foam situations —
Average over both populations of defects & quantum fluctuations

Isotropic & (in)homogeneous foam

for a brane observer. <u7,> — Ys <Ak2> — Ol Lorentz Invariance

M S on Average
Dbf* 82 <AkiAkj> — 0'25@'3' Violated in ficts
L oy g ey
. FE‘: Vg — + §<|’LL’ > - (|u| ) =1+ 50- >
i .' .::.. o Sup erluminal propa gation

. IF NOT CAPTURE

OF |
cf. locally v, = —— =1 — |d]cosd + 7 |]* + O(|f")
p
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TO RECAP: (1) RECOIL OF MASSIVE DEFECTS DISTORS SPACE TIME , MODIFIES
DISPERSION RELATIONS FOR MATTER PROBES

2
M2

NEUTRINOS IN STRING THEORIES MAY HAVE ADDITIONAL “"CHARGES” /FLUXES

DUE TO EXTRA U(1)’ GROUP. IN SUCH A CASE NEUTRINOS WILL ALSO AVOID CAPTURE
AND WILL THUS BE SUBJECTED ONLY TO (superluminal) GRAVITATIONAL D-foam RECOIL
EFFECTS

g =1+7 <|U|2>+O(|\)=1 > 1

(Ak;Ak;) = 0265,
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POSSIBLE TO RECONCILE

OPERA "ADVANCES”

2
DUE TO RECOIL-INDUCED Ys (Ak;Ak;) = 025;,
SPACE-TIME DISTORTION M2 J J
FOR NEUTRINOS, T . 1
NO CAPTURE BY FOAM vg =1+ 5(\{[\ )+ O(|a]?) =1+ 502 > 1
POSSIBLY DUE
TO U’(1) GAUGE SYMMETRIES
WITH ““MAGIC” PHOTON “DELAYS” At ~ Oé/ 1

DUE TO CAPTURE
BY D-FOAM
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POSSIBLE TO RECONCILE &

OPERA "ADVANCES”

DUE TO RECOIL-INDUCED Ys (Ak;Ak;) = 525
SPACE-TIME DISTORTION M2 v *J
FOR NEUTRINOS, T . s ,
NO CAPTURE BY FOAM Vg = 1+§<\u\ Y+ O(Jul’) =14 =0 >1
POSSIBLY DUE

TO U’(1) GAUGE SYMMETRIES

WITH “"MAGIC” PHOTON “‘DELAYS” At ~ Oé/ E

DUE TO CAPTURE
BY D-FOAM

| NO PROBLEMS WITH CAUSALITY | A
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CAUSALITY & SUPERLUMINALITY

No problems with Causality if Superluminality is Observer dependent

i.e. Causality paradox arise Liberati, Sonego, Viser {2002)
if signals travel with the
same speed V > ¢

in two different frames

Previous examples are fine in this
dispersion relation ca

ct, the effects on photon
represented by e ive “ metrics,

MoV —
P Gu =10
e.g. in Casimir photons in a cavity ( n* unit space-like vector orthogonal to plates )

ot — ot + 4 (x, u)
Guv — Guv T a(ugv) A
@, speed of signal depends on observer velocities u* relative t@




POSSIBLE TO RECONCILE &

OPERA "ADVANCES”

DUE TO RECOIL-INDUCED Ys <AkiAkj> — 025,,;3.

SPACE-TIME DISTORTION M?

FOR NEUTRINOS, | 1

NO CAPTURE BY FOAM vy =1+ 5(\17\2> +0(Ji]?) =1+ 502 > 1
POSSIBLY DUE

TO U’(1) GAUGE SYMMETRIES

WITH “"MAGIC” PHOTON “‘DELAYS” At ~ Oé/ E

DUE TO CAPTURE
BY D-FOAM
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Alexandre, Ellis, NEM (2011)

NO NEUTRINO CHERENKOV Radiation in D-foam
(No Cohen-Glashow pair-production effect)

U+ — V- —|— e—l_ —|— e Kinematically allowed

if neutrino speed is
faster than c=1 in vacuo
and there is a preferred frame

BUT IN D-FOAM THERE IS GENERAL COORDINATE INVARIANCE
BUILT IN (UNDERLYING STRING THEORY). [T — 0
MOREOVER SUPERLUMINALITY IS AN ' EFFECTIVE”’ PP Guv =
PHENOMENON INDUCED IN GIVEN FRAME BY

THE DISTORTED GEOMETRY DUE TO RECOIL ot — 2t + & (2, u)
THE LATTER IS OBSERVER DEPENDENT, Guv = Guv + 00

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 KINEMATICALLY.
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POSSIBLE TO RECONCILE A

OPERA "ADVANCES”

)
DUE TO RECOIL-INDUCED S (Ak; Ak = 0257:3'
SPACE-TIME DISTORTION M?
FOR NEUTRINOS, T 5 3 1,
NO CAPTURE BY FOAM vg =1+ 5(\1@\ Y+ O(Jul’) =1+ 50" > 1

POSSIBLY DUE
TO U’(1) GAUGE SYMMETRIES

WITH “"MAGIC” PHOTON ““DELAYS”
/
DUE TO CAPTURE At ~ (X B

BY D-FOAM

OTHER EXPLANATIONS (including weird
effective geometries & boundary conditions

in the conditions of OPERA experiment )
POSSIBLE OF COURSE......
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POSSIBLE TO RECONCILE

OPERA "ADVANCES”

2
DUE TO RECOIL-INDUCED Ys (Ak; Ak = 026;;
SPACE-TIME DISTORTION M?2
FOR NEUTRINOS, T 1
NO CAPTURE BY FOAM vg =1+ 5(\{[\2> +O(|a]?) =1+ 502 > 1
POSSIBLY DUE

TO U’(1) GAUGE SYMMETRIES

WITH “MAGIC” PHOTON “'DELAYS”
/
DUE TO CAPTURE At ~ o' F

BY D-FOAM

... & WITH EPR MODIFICATIONS IN ENTANGLED
PARTICLE STATE (w-effect)

02“2‘4

Még(ml — m2)2 221

DUE TO CAPTURE
BY D-FOAM

w[* ~




POSSIBLE TO RECONCILE

OPERA "ADVANCES”

DUE TO RECOIL-INDUCED
SPACE-TIME DISTORTION

FOR NEUTRINOS,

NO CAPTURE BY FOAM
POSSIBLY DUE

TO U’(1) GAUGE SYMMETRIES

WITH "MAGIC” PHOTON DELAYS”

DUE TO CAPTURE
BY D-FOAM

At ~ o' FE

... & WITH EPR MODIFICATIONS IN ENTANGLED

PARTICLE STATE (w-effect)

DUE TO CAPTURE
BY D-FOAM

w[* ~

(o |k*

2

m2)2
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Conclusions

Quantum Gravity may affect the matter quantum mechanical
behaviour by opening up’”’ the matter subsystem in certain
models of space-time foam

Low-energy experimentalists do not have access to QG d.o.f.,
hence effective decoherence , affects Quantum Mechanical time
evolution of matter

This may induce an ill-defined CPT operator (perturbatively, anti-
particle exists) for the low-energy matter subsystem with
“'smoking-gun’ evidence in entangled particle states experiment
— Modified EPR correlations ...model dependent
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hence effective decoherence , affects Quantum Mechanical time
evolution of matter

This may induce an ill-defined CPT operator (perturbatively, anti-

particle exists) for the low-energy matter subsystem with
“'smoking-gun’ evidence in entangled particle states experlment

— Modified EPR correlations ...model dependent :




Outlook

Plethora of tests if Lorentz invariance is violated — but not so
many if conserved on average but violated in quantum
fluctuations

Decoherence may be compatible with Lorentz Invariance on
average — in such a case w-effect may be a smoking gun, but
for next generation facilities to have sensitivity one needs
densities of defects at present as one per string volume

Such a situation affects early Universe cosmology

Could also lead to observable vacuum refraction
Astrophysical & Terrestrial tests of the latter from cosmic
photons and/or neutrinos...(Energy dependent) Arrival-time
delays/advances...
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Outlook

Plethora of tests if Lorentz invariance is violated — but not so
many if conserved on average but violated in quantum

fluctuations

Decoherence may be compatible with Lorentz Invariance on
average — in such a case w-effect may be a smoking gun, but
for next generation facilities to have sensitivity one needs
densities of defects at present as one per string volume

Such a situation affects early Universe cosmology

Could also lead to observable vacuum refraction
Astrophysical tests of the latter from cosmic phataons and/or
neutrinos...(Energy dependent) Arrival-time delz

CALCULATE EFFECTS IN DETAILED MODELS...
KEEP SEARCHING....
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D-particle Recoil & the “Flavour” Problem

= gm =rgl + rioy + raca

(ru) = 0, (rury) = 4,0,




D-particle Recoil & the " Flavo NB: direction

= gm =rpl + rio1 + rooa

' k! i 1 ~
et =0, (ryry) = A0,

of recoil
dependence

LIV ...+
Stochastically
flct. Environment
Decoherence,
CPTV ill defined...
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D-particle recoil and entangled Meson States

(1, kO Hy |k, 1y
B Es — E;

— {]"113'1 + I‘gﬂ'gjl -ii; (T”:ﬁ =0, (T#T,_,.) — ﬂpﬁpu




D-particle recoil and entangled Meson States

O (1, kD Hy [k, |y
B E; - E,

i

HI=—{T1ET1+TEG'23I-E (re) =0, (rpr,) = A0,

1) Hn ) and & — 3




D-particle recoil and entangled Meson States

@ (1, k| H; {km’l}“?
- Es—F;

k1o =k, L) o — k. w“.:| —~k,T)ok =
IHC%I wg k, ) mﬁ
+1k, 1) =k, )P (80 = B2) + [k, 1) -k,

|
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)
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D-particle recoil and entangled Meson States




