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Theoretical motivation for CPT TeV photon astrophysics LV tests
Violation (CPTYV) :

Lorentz violation (LV): microscopic
& cosmological

W  Briefly

Precision tests of QGF-CPTYV of smoking-
gun-evidence type:

neutral mesons factories — entangled

states: EPR correlations modified (®-
effect)

(i) Quantum ¢ IMPORTANT : QUANTUM GRAVITY
DECOHERENCE CURRENT BOUNDS &  |iime

MICROSCOPIC BLACK HOLES AT LHC

Towards n
ce

(non-critig . . . .
Order of mas Details of microscopic model matter a lot Nation

effects | before concusions are reached in excluding h by
large extra dimensional models by such
. s talk
decoherence studies... |
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T Generic Theory Isstes”

(1) Lorentz Invariance, (2) Locality , (3) Unitarity

Quantum Gravity (QG) Models violating Lorentz and/or Quantum Coherence:

q)
CPT 1l defined

xtension: L.orentz Vioiation in Hamiitonian H:

- well defined

non-commuting H

Quantum version not fully understood...
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C(harge) -P(arity=reflection) - T(ime reversal) INVARIANCE is a property of any quantum field
theory in Flat space times which respects: (i) Locality, (ii) Unitarity and (iii) Lorentz Symmetry.

0L(z)0" = L(-z) .

©=CPT ., L=CL" (Lagrangian)

Jost proof uses covariance trnsf. properties of Wightman's functions (i.e. quantum-field-theoretic

(off-shell) correlators of fields < 0|@¢(z1)...¢(2n)|0 = ) under Lorentz group. (O. Greenberg,
hep-ph /0309309)

Theories with HIGHLY CURVED SPACE TIMES , with space time boundaries of black-hole horizon
type, may violate (ii) & (iii) and hence CPT.

E.g.: LORENTZ-VIOLATING NON-TRIVIAL VACUA OF STRINGS, SPACE-TIME FOAMY
SITUATIONS IN SOME QUANTUM GRAVITY MODELS.
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C(harge) -P(arity=reflection) - T(ime reversal) INVARIANCE is a property of any quan
theory in Flat space times which respects: (i) Locality, (ii) Unitarity and (iii) Lorentz S
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type, may violate (ii) & (iii) and i

Space-time Foam
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SPACE-TIME FOAM AND UNITARITY VIOLATIONI

SPACE-TIME FOAM: Quantum Gravity SINGULAR Fluctuations (microscopic (Planck size) black holes
etc) MAY imply: pure states — mixed
SPACE-TIME FOAMY SITUATIONS

NON UNITARY (CPT VIOLATING) EVOLUTION
OF PURE 5TATES TO MIXED ONES

(s _ I| EIH'E- gililf
1o ! of Black Hole vt
FUEE STATES _,/ AMIRFD STATES

e _—

. - - P
Bt density matrix

maodified temporal evelution of p: =Tr bJ ur m
ip =i[p,H] + AHip)p
di P

Ea
gquantum mecha— guantum mechanics
nical terms vielating term

Pout = 1Tuncohs|out >< out| =% pin, = 55", §= gt H1 =scattering matrix, $=non invertible,
unitarity lost in effective theory. BUT...HOLOGRAPHY can change the picture: Strings in
anti-de-Sitter space times (Maldacena, Witten), Hawking 2003- BUT NO PROOF AS YET... OPEN
ISSUE...
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‘SPACE-TIME FOAM AND UNITARITY VIOLATIONI

Arguments 1n favour of holographic picture :
Path Integral over non-trivial BH topologies decays with time,
leaving only trivial (unitary) topology contributions (Maldacena,
Hawking)
Arguments against resolution of 1ssue:
(1) not rigorous proof though over space-time measure.
(11) Entanglement entropy (Srednicki, Einhorn, Brustein,Yarom ).
(i11) Also, Space-time foam may be of different type, e.g. due to
stochastic space-time point-like defects crossing brane worlds (D-
particle foam) ....(Ellis, NM, Nanopoulos, Sarkar).

Hence possible non-trivial decoherence effects in effective
theories. Worth checking experimentally.... > CPTYV issues
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Supernova and CMB Data (2006)
Baryon oscillations, Large Galactic
Surveys & other data (2008)

2

Evidence for :
Dark Matter(23%)

Narl: Fnarav (7720/.)\
\/v70)

Al I\ ALJ/1IN ] s
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< KNOW VERY LITTLE ABOUT Certain]y of Quantum

IT... (L ..
Gravitational origin

If cosmological constant (de Sitter),
then quantization of field theories
not fully understood due to cosmic
horizon ==y CPT invariance?

a Cosmological Constant l

Oninteccence (<ealar field
\(uLLLDUUUVLLVU \UVMLML AAN/ANE

relaxing to minimum of its
potential)

Something else...Extra
dimensions, colliding brang
Worlds qc- —— 4 ‘. E::!i.\ldliur.
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< KNOW VERY LITTLE ABOUT
IT...

P'Cosmological constant (de Sitfe
then quantization of field theories
not fully understood due to cosmic
horizon mmmp CPT invariance?

a Cosmological Constant

ds? = —(1 — 2EN™ _ Ap2ygs2 4 (1 —
Ar2)=1gp2 +dr2(d«92+5m2«9d¢2)

d

Something else...Extra
dimensions, colliding branc
worlds etc.
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P'Cosmological constant (de Sitfe
then quantization of field theories
not fully understood due to cosmic
horizon mmmp CPT invariance?

a Cosmological Constant

ds? = —(1 — 2EN™ _ Ap2ygs2 4 (1 —
Ar2)=1gp2 +dr2(d92+5m2«9d¢2)

SONEEIES Oyter Horizon (live ““inside” black hole):
dimensions

worlds €tc.

Unstable, indicates expansion
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< KNOW VERY LITTLE ABOUT Certainly of Quantum
IT... Gravitational oriei

P'Cosmological constant (de Sitfe
then quantization of field theories
not fully understood due to cosmic
horizon mmmp CPT invariance?

Global (Cosmological FRW solution)

- ",
Something else...Extra .. A

. . : t
Cosmological (global) deSitter horizon: | — (/+ ) Age dt __ S
0 =alto) iy~ 3y = VA

Daerk Energy:
T
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A THEOREM BY R. WALD (1979): If $ # 5 ST, then CPT is violated, at least
in its strong form.

PROOF: Suppose CPT is conserved, then there exists unitary, invertible operator ©
: OPi, = Pou
pout = $ pin — Op;;, =9 (_}_Iﬁmaf — Pin = SR (_j'_lﬁ{m.t'

Butp,, , =%p,, , hence: p. =© 501§,

BUT THIS IMPLIES THAT $ HAS AN INVERSE- @ '$@ ', IMPOSSIBLE
(information loss), hence CPT MUST BE VIOLATED (at least in its strong form).

NBI: IT ALSO IMPLIES: ® =% © 3 (fundamental relation for a full CPT
invariance).

NB2: My preferred way of CPTV by Quantum Gravity Introduces
fundamental arrow of time/microscopic time irreversibility...

NB3: Effective theories decoherence, i.e. (low-energy ) experimenters do not
have access to all d.o.f. of quantum gravity (e.g. back-reaction effects...)
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But....nature may be tricky: WEAK FORM OF CPT
INVARIANCE might exist, such that the fundamental “arro
of time” does not show up in any experimental

measurements (scattering experiments).

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

P(y — ¢) = P(0" "¢ — 09)

where 60: Hin — Hout, H= Hilbert state space,
Op =0pf', 67 = —0' (anti — unitary).

In terms of superscattering matrix $:

$t =0 'go!
Here, © is well defined on pure states, but $ has no inverse,
hence $ T # $' (full CPT invariance: $= SST, $7 =§71).
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But....nature may be trlcky WEAK FORI\/I OF CPT

INVAR! Animm ot
Supportlng ewdence for Weak CPT from Black-hole

of tim¢
measu thermodynamics: Although white holes do not exist (strong

Zroial CPT violation), nevertheless the CPT reverse of the most
=TINn
probable way of forming a black hole is the most probable

way a black hole will evaporate: the states resulting from
where

o, — black hole evaporation are precisely the CPT reverse of

In tern the initial states which collapse to form a black hole.

$T — e g0 !

Here, © is well defined on pure states, but $ has no inverse,
hence $ T # $' (full CPT invariance: $= SST, $7 =§71).
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Light Come Flucts. CPT may aISO be VlOlated

{quanrum) ) )
. p in such stochastic models
w oy -] -

< g P = == 0 (now trivial)

= 1. BUT

“Fuzzy” Space times may induce (Ford, Yu 1994, 2000): guv = NMuv + huv, (Guv )
{r’z;.-,_.,{;v}h-,xg(-rj“} y #£ 0, , i.e. Quantum light cone fluctuations BUT NOT mean-field effects on
dispersion relations, that is, Lorentz symmetry is respected on average BUT not on individual
measurements. Path of light: null geodesics 0 = ds? = gurdxt dz" . Fluctuations: Geodesic

L]

. - IS ey ML . O L _-_'
deviations =—1— = _H.r:.-- u-n u” | quantum fluctuate.

Fluctuations in arrival time of photons at detector: (|¢)=state of gravitons, |0)= vacuum state)

At2, = |AtS — Al =

o2 / 2 rrq . T ! - T+ { ot { ) ot ) f 'R
VT /R = %k.ﬁf’:l JI L dr [ 1 dr’ n*n"nn? { J'.!J,,n‘;;:'luh sl )+ hyu(r ,-h“-._T (x)|d)
. - S0 ] L L

DISCRETE 08, IFIC (Valencia) , December 08 N. E. MAVROMATOS




well defined
NON-Commuting
[H, O] 0

Lorentz & CPT Violation
in the Hamiltonian

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

Modified Dispersion
Relations (GRB, neutrino
oscillations, synchrotron
radiation...)
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"Caution on CPTV & Lorentz Violation
+CAUTION:

| YA T )
Lorentz & CPT Violation .
1n the Hamiltonian necessarlly

imply CPTV
e.g.
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V.A. Kostelecky, H. Eluhm, D. Colladay, K. Lehnert, K. Potting, N. Russell

In this case Lorentz symmetry is violated and hence CFT, but no quantum decoherence or unitarity
loss. CPT well-defined operator, does not commute with Hamiltonian of the system.

String theory (non supersymmetric) — Tachyonic instabilities, coupling with tensorial hields (gauge
E‘:CJ_ — .'1;_.: :5'# E:} . = T-"":L"'J"'TL- ::‘# D N

Spontaneous breaking of Lorentz symmetry by (exotic) string vacua MODIFIED DIRAC EQUATION in

[ - ] (] [ 1.1 ]
i 0

» : 1 .
I:_ff."';r"”..D'”. — M — LT 1 - '.i.-"lg'-f' -'.'_:'ll - Hf.lir.g I fj'_'ll.” T 'i.':lf_."u_[_.-'“:r'lll Jr.}u -+ 'i!::'u,[_.'f:l'ﬁfl’"“ Jr.}u J|'1,'.'I" =0

WhEI’E _D_u — a;r_, - JiliiTﬂ - qdil_u.

NB1: : mass differences between particle/antiparticle not necessarily.

NB2: In general a,. by... might be energy dependent and NOT constants (c.t. Lorentz-Violation
due to quantum space time foam, back reaction effects); ALSO in stochastic models of QG (c.f.

below) (a, ,b,) =0, (a

B 5

pay) # 0, (bya,y # 0, (b,b,; # 0, etc ... much more suppressed

effects
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A=A, = Y009 A, (054, + Fp,),

~ B4 -
=1 — S0P A,031.

- — H X . . i _II <_> ,
— %?ﬁq@”‘ IR Y Dy Y + ilz qo° R, w Y Dg )
+ %fm, g0 N 3P
— % qﬁﬂﬁ F(x;;. FﬁuF”U + é Q‘gﬂ:d F(.}:ﬁ F;;..u Fre.

CPT invariant SME type field theory (Q.E.D. ) - only
even number of indices appear in effective non-
renormalisable terms.
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A=A, = Y009 A, (054, + Fp,),

~ B4 -
=1 — S0P A,031.

—%fzﬁq@”‘ﬂF Y Dy + 0P F,, w0y Dg b
— %fm, g0 °F, By
_%qﬁmﬂF(x;;.EﬁuF!M} + éq(gﬂ:d F(.}:.HF;;,UFHU-

CPT invariant SME type field theory (Q.E.D. ) - only
even number of indices appear in effective non-
renormalisable terms.
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<+ Trapped Molecules:

SECIOR BOUND (GeV)

Sensitivity in b,
that rivals astrophysical
or atomic-physics Hg-Cs clock
bounds can only be comparison
attained if spectral “:“:“’“

of

. . proton
i1s achieved.

spin polarized
matter

-2
Penning Trap electron 5

electron

proton

electron

He—Xe Maser neutron

-23
Muoninm muon 2x10

-2

Muon g2 muon : 5x 10

(estimated)

X.Y.Z celestial equatorial coordinates E] =D 3~ mdy, — Hyy

( Bluhm, hep—ph/0111323)
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(A. Kostelecky, h=p-ph /9809572 (PRL))
Wave-function of neutral Kaon: ¥ (two-component KO K" )
Evolution within quantum mechanics but Lorentz & CPT Violation: i8; & = HW

H = CP-violation: e ~ 102 & CPT-violation dx, dk ~ (Hi1 — Haz ) /2A0, AN eigenvalue
difference.

NB: Hi1 — Hazz is flavour diagonal. Parameter 4 must be C violating but P, T preserving (c.f.
strong interaction properties in neutral meson evolution):

Hence look for terms in SME that are flavour diagonal, violate €' but preserve T, P. &5 sensitive
ONLY to —ajﬂﬁﬂmq terms in SME (g quark fields, meson composition: M = g1q5

Sk ~ isinpexp(id)y (ﬂ..a.;] — B - ﬂﬁ') JAm,

S=short-lived, L=long-lived, I=interference tarm, Am =mr —ms, Al =T's —I'p,

¢ = arctan(2Am/AT"), Aa, = a2 —ajl,

4-velocity of boosted kaon.
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Experimental bounds on a,: Look for sidereal variations of d i (day-night effects):

L (rotation axis)

Aa =constant vector
(I mean field effect)

From KTeV: Aay.Aay < 9.2 x 1072? GeV.

From ¢ factories: (NB: additional polar (#) and azimuthal (¢) angle dependence of 4 ):

f

~d 1 f2= - -
I:'Ji,uﬁ']. a,t) = — j dddp (P, 1) = isindexp(ig)(v/Am) (Aay + B Aagcosycosi+
0

B Aaxsinycosteos((1t) 4+ B Aaysinycosfsin((2t))

€2: Earth's sidereal frequency, x: angle between Z-lab axis and Earth's axis.)

KLOE (at DA®NE) is sensitive to a z (actually limits on 6(Aaz ) from forward-backward asymmetry
Ap = 2Reerg — 2Red i ). For KLOE-2 at Da®NE-2 (if approved): expected sensitivity

Aay, = O(107°7) GeV, not competitive with KTeV for a x v limits (c.f. Experimental Talk (M.
Testa)). Similar tests for other mesons (B-mesons, etc.... ). Are QG LV effects Universal?
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“ omplex Phenomenology
No single figure of merit
< Neutral Mesons: K, B,
(

) meson-

factories entangled states

K- —- a7 m £5ve(vs)

Low-energy atomic Physics
Experiments

Ultra — Cold Neutrons
Neutrino Physics

Terrestrial &
Extraterrestrial tests of
Lorentz Invariance - search
for modified dispersion
relations of matter probes:
GRB, AGN photons, Crab
nebula synchrotron
radiation, Flares....
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Naively, Quantum Gravity (QG) has a dimensionful constant:
Gy ~1/M%, Mp = 10" GeV. Hence, CPT violating and decoherening

effects may be expected to be suppressed at least by {T , Where E' is

a typical energy scale of the low-energy probe.

HOWEVER: RESUMMATION & OTHER EFFECTS in theoretical

models may result in much larger effects of order: {T

SUCH LARGE 1/Mp EFFECTS ARE ACCESSIBLE BY CURRENT
OR NEAR FUTURE EXPERIMENTS.

1/M% EFFECTS MAY BE ACCESSIBLE IN FUTURE
ASTROPHYSICS EXPTS (ultra-high-energy cosmic neutrinos,

synchrotron radiation from astro sources etc.).
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SPACE-TIME FOAM AND UNITARITY VIOLATIONI

SPACE-TIME FOAM: Quantum Gravity SINGULAR Fluctuations (microscopic (Planck size) black holes
etc) MAY imply: pure states — mixed
SPACE-TIME FOAMY SITUATIONS

NON UNITARY (CPT VIOLATING) EVOLUTION
OF PURE 5TATES TO MIXED ONES

_"'\-,___
———

e

—_—

- - _“\"I
PURE STATES S

—_—

Rut density matrix
maodified temporal evelution of p: =Tr bJ ur m
P

ip =i[p.H] + AHip)p
dt

F "

gquantum mechi— guantum mechanics
nical terms vielating term

Pout = TTunobs|out >< out| =% pin, $ £ 557, § = gt H? =scattering matrix, $=non invertible,
unitarity lost in effective theory. BUT...HOLOGRAPHY can change the picture: Strings in
anti-de-Sitter space times (Maldacena, Witten), Hawking 2003- BUT NO PROOF AS YET... OPEN
ISSUE...
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Naively, Quantum Gravity (QG) has a dimensionful constant:

Gy ~1/M%, Mp = 10" GeV. Hence, CPT violating and=decoherening
effects may be expected to be suppressed at leas re Eis

a typical energy scale of the low-energy probe.

HOWEVER: RESUMMATION & OTHER EFFECTS in theoretical

models may result in much larger effects of order: {T

SUCH LARGE 1/Mp EFFECTS ARE ACCESSIBLE BY CURRENT
OR NEAR FUTURE EXPERIMENTS.

1/M% EFFECTS MAY BE ACCESSIBLE IN FUTURE
ASTROPHYSICS EXPTS (ultra-high-energy cosmic neutrinos,

synchrotron radiation from astro sources etc.).
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Naively, Quantum Gravity (QG) has a dimensionful constant:
Gy ~1/M%, Mp = 10" GeV. Hence, CPT violating and decoherening

effects may be expected to be suppressed at least by {T , Where E' is

a typical energy scale of the low-energy probe.

HOWEVER: RESUMMATION & OTHER EFFECES=m=theoretical
models may result in much larger effects of ur

SUCH LARGE 1/Mp EFFECTS ARE ACCESSIBLE BY CURRENT
OR NEAR FUTURE EXPERIMENTS.

1/M% EFFECTS MAY BE ACCESSIBLE IN FUTURE
ASTROPHYSICS EXPTS (ultra-high-energy cosmic neutrinos,

synchrotron radiation from astro sources etc.).
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However there are models with inverse energy dependence, e.g.
(i) Adler’s Lindblad model for Energy-driven QG Decoherence in two level systems
(hep-th/0005220): decoherence Lindblad operator propotional to Hamiltonian

Decoherence damping exp(-D t),
Decoherence Parameter estimate: D = (Am?)*/E*M,

(ii) Stochastic models of foam in brane/string theory (D-particle recoil models (below))
Decoherence Parameters estimates depend on details of foam, e.g. distribution of
recoil velocities of populations of D-parfticle defects in space time

(a) Gaussian D-particle recoil velocity distribution, spread o :
Decoherence damping in oscillations among two-level systems :
exp (-D t2), D = c%(Am?)?*/E?
(b) Cauchy-Lorentz D-particle recoil velocity distribution, parameter vy :
Decoherence damping exp (-D t), D=y (Am?)/E
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However there are models with inverse energy dependence, e.g.
(i) Adler’s Lindblad model for Energy-drlven QG Decoherence in two level systems

1
— =0 {L) L) plldt + —J{,o {p L)l}fi‘ﬂf
O o B

dtdW; = (

Decoherence Parameters estimates depend on details of foam, e.g. distribution of
recoil velocities of populations of D-parfticle defects in space time

(a) Gaussian D-particle recoil velocity distribution, spread ¢ :
Decoherence damping in oscillations among two-level systems :
exp (-D t2), D = c%(Am?)?*/E?
(b) Cauchy-Lorentz D-particle recoil velocity distribution, parameter vy :
Decoherence damping exp (-D t), D=y (Am?)/E
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However there are models with inverse energy dependence, e.g.
(i) Adler’s Lindblad model for Energy-driven QG Decoherence in two level systems
(hep-th/0005220): decoherence Lindblad operator propotional to Hamiltonian

Decoherence damping exp(-D 1),
Decoherence Parameter estimate: (D = (AmZ)Z/EZ@

(ii) Stochastic models of foam in brane/string theory (D-particle recoil models (below))
Decoherence Parameters estimates depend on details of foam, e.g. distribution of
recoil velocities of populations of D-parfticle defects in space time
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However there are models with ir:
(i) Adler’s Lindblad model for E;
(hep-th/0005220):  decoher

Deco:
Decoherence P::

(ii) Stochastic models of foam in |
Decoherence Parameters estim:

recoil velocities of populatio ® 1
@ J String

(a) Gaussian D-particle re
Decoherence damp

ex@
(b) Cauchy-Lorentz D-p ®

Decoheren

DISCRETE 08, IFIC (Valencia) , December 08

(] @ D—Particle

e

D3 braljua (@)
//

e
g

N. E. MAVROMATOS

n two level systems
ional to Hamiltonian

D),
(Am2)2/EM,,

recoil models (below))
».g. distribution of
e time

read o :
>-level systems :

ation, parameter vy :
Y (Am?)/E




?./ Open strings

D—particles

Bulk closed
string

Brane world

Consistent supersymmetric
D—particle foam models
can be constructed

No recoil, no brane motion=
Zero vacuum energy,

unbroken SUSY

recoil contributions to
vacuum energy

Broken SUSY
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e < (i timn: = 0 (impact)

Logarsthimc conformal field thecry desceribes the mmpulze at stage (1)
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e < (i timn: = 0 (impact)

Logarsthimc conformal field thecry desceribes the mmpulze at stage (1)
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time = 0 (Impact)
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Ellis, NM
Nanopoulos

Non-equilibrium Strings
(non-critical), due to

C;> Gy e.g. cosmically catastrophic
events in Early Universe,
for instance brane worlds

FIXED (CONFORMAL) collisions:
e POINT #1

CENTRAL CHARGE C {

DIRECTION OF FLOW

World-sheet conformal

Invariance is disturbed
RG FLOW

FIXED (CONFORMAL)
e POINT # 2 Central charge of world-

CENTRAL CHARGE C , Sh@@t theory “runs”
STRING THEORY N
SPACE To a minimal value
Z.amolodchikov’s C-theorem
An H-theorem for CFT

Change in degrees of
Freedom (i.e. entropy)
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(non-critical), due to

C;> Gy e.g. cosmically catastrophic
events in Early Universe,
for instance brane worlds
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RG FLOW
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Z.amolodchikov’s C-theorem
An H-theorem for CFT

Change in degrees of
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Nanopoulos
Non-equilibrium Strings
(non-critical), due to
C;> Gy e.g. cosmically catastrophic
events in Early Universe,

for instance brane worlds

FIXED (CONFORMAL) collisions:
e POINT #1

CENTRAL CHARGE C {

DIRECTION OF FLOW

World-sheet conformal

Invariance is disturbed
RG FLOW

FIXED (CONFORMAL)
e POINT # 2 Central charge of world-

CENTRAL CHARGE C , Sheet theory “ runs”’

STRING THEORY e
SPACE To a minimal value

Z.amolodchikov’s C-theorem

g W‘N An H-theorem for CFT

nnnnmm"lam“ Change in degrees of

Freedom (i.e. entropy)
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However there are models with inverse energy dependence, e.g.
(i) Adler’s Lindblad model for Energy-driven QG Decoherence in two level systems
(hep-th/0005220): decoherence Lindblad operator propotional to Hamiltonian

Decoherence damping exp(-D t),
Decoherence Parameter estimate: D = (Am?)*/E*M,

(ii) Stochastic models of foam in brane/string theory (D-particle recoil models (below))
Decoherence Parameters estimates depend on details of foam, e.g. distribution of
recoil velocities of populations of D-parfticle defects in space time

(a) Gaussian D-particle recoil velocity distribution, spread o :
Decoherence damping in oscillations among two-level systems :
exp (-D t2), D = c%(Am?)?*/E?
(b) Cauchy-Lorentz D-particle recoil velocity distribution, parameter vy :
Decoherence damping exp (-D t), D=y (Am?)/E
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(i) Adler’s Lindblad model for Energy-driven QG Decoherence in two level systems
(hep-th/0005220): decoherence Lindblad operator propotional to Hamiltonian

Decoherence damping exp(-D t),
Decoherence Parameter estimate: D = (Am?)*/E*M,

(ii) Stochastic models of foam in brane/strlng theory (D-partlcle rec01l models (below))

(a) Gaussian D-particle recoil velocity distrik
Decoherence damping in oscillations ¢

) 1 y
i=p =5 [%.0] = iN 77 o))+ 2 (745 oY) — 90 5. 5 ]
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However there are models with inverse energy dependence, e.g.
(i) Adler’s Lindblad model for Energy-driven QG Decoherence in two level systems
(hep-th/0005220): decoherence Lindblad operator propotional to Hamiltonian

Decoherence damping exp(-D t),
Decoherence Parameter estimate: D = (Am?)*/E*M,

(ii) Stochastic models of foam in brane/string theory (D-particle recoil models (below))
Decoherence Parameters estimates depend on details of foam, e.g. distribution of
recoil velocities of populations of D-parfticle defects in space time
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However there are models with inverse energy dependence, e.g.
(i) Adler’s Lindblad model for Energy-driven QG Decoherence in two level systems
(hep-th/0005220): decoherence Lindblad operator propotional to Hamiltonian

Decoherence damping exp(-D t),
Decoherence Parameter estimate: D = (Am?)*/E*M,

(ii) Stochastic models of foam in brane/string theory (D-particle recoil models (below))
Decoherence Parameters estimates depend on details of foam, e.g. distribution of
recoil velocities of populations of D-parfticle defects in space time

(a) Gaussian D-particle recoil velocity distribution, spread o :
Decoherence damping in oscillations among two-level systems :

exp ( Dt 2) D= GZGQmZ)ZlEZ

auchy-Lorentz D-particle recoil velocity distribution, pa;agl@
Decoherence damping exp (-D t), D = vy (Am?),
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However there are models with inverse energy dependence, e.g.
(i) Adler’s Lindblad model for Energy-driven QG Decoherence in two level systems
(hep-th/0005220): decoherence Lindblad operator propotional to Hamiltonian

Decoherence damping exp(-D t),
Decoherence Parameter estimate: D = (Am?)*/E*M,

(ii) Stochastic (below))
Decoherenc 1 /'}/ n of

p

(b) Cauchy-Lorentz D-particle recoil velocity distribution, parameter vy :
Decoherence damping exp (-D t), D=y (Am?)/E

D
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However there are models with inverse energy dependence, e.g.
(i) Adler’s Lindblad model for Energy-driven QG Decoherence in two level systems
(hep-th/0005220): decoherence Lindblad operator propotional to Hamiltonian

Decoherence damping exp(-D t),
Decoherence Parameter estimate: D = (Am?)*/E*M,

(ii) Stochastic models of foam in brane/string theory (D-particle recoil models (below))
Decoherence Parameters estimates depend on details of foam, e.g. distribution of
recoil velocities of populations of D-parfticle defects in space time

(a) Gaussian D-particle recoil velocity distribution, spread o :
Decoherence damping in oscillations among two-level systems :
exp(-Dt?), D= csZ(AmZ)Z/E2
(b) Cauchy-Lorentz D-particle recoil veloci | arameter vy :
Decoherence damping ¢€xp (-D t), D=y (Am?)/E
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(ii) Stochastic models of foam in brane/string theory (D-particle recoil models
(below))
Decoherence Parameters estimates depend on details of foam, e.g. distribution of
recoil velocities of populations of D-parfticle defects in space time

(a) Gaussian D-particle recoil velocity distribution, spread o :
Decoherence damping in oscillations among two-level systems :
exp (-D t2), D = c*(Am?)?*/E?

(b) Cauchy-Lorentz D-particle recoil velocity distribution, parameter
Y
Decoherence damping _exp (-Dt) D=y (Am?)/E

he parameters ¢ and y depend on microscopic model and are suppressed

(powers of) the string scale My,
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well defined CPT Qpergtor jll deﬁne.d (Wald),
NON-Commutin o intrinsic violation, modified concept

of antiparticle
H,0] 0

Lorentz & CPT Violation = Decoherence CPTYV Tests

in the Hamiltonian e Neutral Mesons: K, B &
factories (novel effects in

Neutral Mesons & entangled states :

Factories, Atomic Physics, (perturbatively) modified
Anti-matter factories,

Neutrinos, ...

EPR correlations)

e Ultracold Neutrons
Modified Dispersion .

Relations (GRB, neutrino o Light-Cone fluctuations (GRB,
oscillations, synchrotron Gravity-Wave Interferometers,

radiation, TeV AGN...) neutrino oscillations)
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well defined
NON-Commuting
[H, O] 0

Lorentz & CPT Violation
in the Hamiltonian

Neutral Mesons &
Factories, Atomic Physics,
Anti-matter factories,

Modified Dispersion
Relations (GRB, neutrino
oscillations, synchrotron
radiation, TeV AGN...)

DISCRETE 08, IFIC (Valencia) , December 08 N. E. MAVROMATOS




cosmic
accelerator

~ protons E>10%% eV ( 10 I\/I-pc) "

\, ___gammas (zz1) ™.
protons E<10%% eV

protons/nucler: Deviated by magnetic fields,

Absorbed by radiation field (GZK)
photons: Absorbed by dust & radiation field (CMB)

= Three “astronomies” possible... DeNaurois 2008
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2.1- Light curves (LCs): Gamma, X-rays, Optical

MAGIC June 30 r——'*":i@f,_y@

July 9

F{ 0.15-10 TeV) (107" cnrsT

RXTE ASM

Observation of
Fiares from AGN
Mk 501

[
o
[
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E
H]
a
8
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2
=
-
o
w

i

F (1.5-2.5 V) [mdy]

Red-shift: z=0.034

Time (MJD)
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150-250 Ged'

LCs for different energy ranges
(4 min bins)

July 9
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Delays of more energetic photons are a result of AGN source Physics (SSC
mechanism)

MAGIC Coll. ApJ 669, 862 (2007) :
Bednarek & Wagner arXive:0804.0619 : SSCII

Delays of more energetic photons occur in | due to new
fundamental Physics (e.g. refractive index In vacuo due to Quantum

Gravity space-time Foam Effects...)

MAGIC Coll & Ellis, NM, Nanopoulos, Sakharov, Sarkisyan

[arXive:0708.2889] (individual photon analysis — reconstruct peak of flare by
assuming modified dispersion relations for photons, linearly or quadratically suppressed by
the QG scale)

SOURCE MECHANISM BIGGEST THEORETICAL UNCERTAINTY AT PRESENT....
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Modified dispersion due to QG induced space-time (metric)
distortions (c=1 units):

n(|p]) = refractive index in vacuo

subluminal : > 1, superluminal n < 1
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MAGIC Results (ECF Method):

Linear

(0.030 = 0.012) s/GeV

jl_[;hu:] _ | “—_I: .-"+|""|""l ) W l{'l-“- [._T':."R". jjfji:'._‘ — | “tll—l_—::]; _I,| A, J_{'ll [._'_rl__‘xly"

(_0.13)

95% CL

] - o~ 97 v 101l N
Moci > 0.26 x 1018 GeV Maqgz > 0.27 > 107 Gel
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Ellis, NM, Nanopoulos

Open strings on D3-brane world represent
electrically neutral matter or radiation,
interacting via splitting/capture with D-particles
(electric charge conservation) .

D-particle foam medium transparent to (charged)
Electrons ||~ no modified dispersion for them

Photons or electrically neutral probes
feei the effects of D-particie foam |E§
Modified Dispersion for them....

D3 brane Q@

BULK
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Ellis, NM, Nanopoulos

Open strings on D3-brane world represent
electrically neutral matter or radiation,
interacting via splitting/capture with D-particles
(electric charge conservation) .

D-particle foam medium transparent to (charged)
Electrons ||~ no modified dispersion for them

Photons or electrically neutral probes
feei the effects of D-particie foam |E§
Modified Dispersion for them....

' BULK NON-UNIVERSAL ACTION OF
D-PARTICLE FOAM ON MATTER
& RADIATION
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Ellis, NM, Nanopoulos

Open strings on D3-brane world represent
electrically neutral matter or radiation,
interacting via splitting/capture with D-particles
(electric charge conservation) .

D-particle foam medium transparent to (charged)
Electrons ||~ no modified dispersion for them

Photons or electrically neutral probes
feei the effects of D-particie foam |E§
Modified Dispersion for them....

' BULK NON-UNIVERSAL ACTION OF
D-PARTICLE FOAM ON MATTER
& RADIATION

NONSTANDARD
SPACETIME
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Ellis, NM, Nanopoulos arXiv:0804.3566
D3 brane During Capture: intermediate
OR String between
D3—brane —— D-particle and D3-brane is
D3-brane Created. It acquires N internal

Oscillator excitations &
—

D3-brane " from

Zero to a maximum length by
absorbing incident photon
Energy p° :

D3-brane

D3 brane

Minimise right-hand-size w.r.t. L.

End of intermediate string on D3-brane
Moves with speed of light in vacuo c=1
Hence (causality) during

Capture:
DELAY IS INDEPENDENT OF

PHOTON POLARIZATION, HENCE
NO BIREFRINGENCE....
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gtrmgy Uncertalntles g tHe MKG‘E E#ect

D-foam: transparent to electrons
D-foam captures photons & re-emits them
Time Delay (Causal) in each Capture:

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

till observation over (assume n” defects

per string length):

REPRODUCE 4+1 MINUTE DELAY OF MAGIC from Mk501 (redshift z=0.034)
For n*=0(1) & M, ~ 10" GeV, consistently with Crab Nebula & other
Astrophysical constraints on modified dispersion relations
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rlngy ncertainties e ec

D-foam: transparent to electrons
D-foam captures photons & re-emits them

Time Delay (Causal) in each Capture:
At ~ a'pY

. COMPATIBLE WITH STRING UNCERTAINTY
i PRINCIPLES:

AtAX >a’, ApAx > 1 +a’(Ap )2 +...

(0> = Regge slope = Square of minimum string length scale)

11 rll IVIWVI IV “Me to

induced metric
distortion G~ p°

REPRODUCE 4+1 MINUTE DELAY OF MAGIC from Mk501 (redshift z=0.034)
For n* =0(1) & M, ~ 10"® GeV, consistently with Crab Nebula & other
Astrophysical constraints on modified dispersion relations
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CPT Operator ill defined (Wald),

Well. defined intrinsic violation, modified concept
NON-Commuting of antiparticle

H,0] 0

Lorentz & CPT Violation * Decoherence CPTV Tests

2 the H 1 . e Neutral Mesons: K, B &
In the Hamiltonian factories (novel effects in

Neutral Mesons & entangled states :

Factories, Atomic Physics, (perturbatively) modified
Anti-matter factories, EPR correlations) this talk
Neutrinos, ... e Ultracold Neutrons

Modified Dispersion .
Relations (GRB, neutrino e Light-Cone fluctuations (GRB,

Gravity-Wave Interferometers,

oscillations, synchrotron ; Sy
neutrino oscillations)

radiation...)
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CPT Operator ill defined (Wald),

Well. defined intrinsic violation, modified concept
NON-Commuting of antiparticle

H,0] 0

Lorentz & CPT Violation Decoherence CPTV Tests

2 the H 1 . e Neutral Mesons: K, B &
In the Hamiltonian factories (novel effects in

Neutral Mesons & entangled states :
Factories, Atomic Physics, (perturbatively) modified
Anti-matter factories, PR correlations) ;
Neutrinos, ...

Modified Dispersion
Relations (GRB, neutrino e Light-Cone fluctuations (GRB,

Gravity-Wave Interferometers,

oscillations, synchrotron ; Sy
neutrino oscillations)

radiation...)
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QUANTUM GRAVITY

DECOHERENCE & CPTV

NEUTRAL MESON
PHENOMENOLOGY




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

Sp = i[p, H] 4+ §FHp

—I
1
— 16T

—ImI" o
—2ReM o
—I
aM

2ReM -
—EI]'.TIJIII a

—ImI'y2
—HEF-LE

SH. . =

v

1

positivity of p requires: a, v > 0, ay > 32

—Rel'12
—2ImM; 2
—a&M
—I

a, 3,7 violate CPT (Wald : decoherence) & CP: CP = g3 cos8 — og2sn#,
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Should distinguish twe types of CPT Violation (CPTV):

(1) CPTV within Quantum Mechanics: M = g0 — 70 , 6I' = . ... This could be due Lo

(spontanenus) | orentz violation
(ii) CPTV through decoherence o, 3, ~ (entanglement with QG ‘environment’).

Experimentally lwo Lypes can be disentangled !

RELEVANT OBSERVABLES: (O;) = Tr [O;p]

LOOK AT DECAY ASYMMETRIES for K°, K"

o RS, — D~ RKD, — )
A= RER, S DT RE_, = 1)

R(K" — f)=Tr[Opp(t)] =decay rate into the final state f (pure K9 at t = 0).

NEUTRAL KAON ASYMMETRIES: identical final states [ = f = 2m Aasx ., Asx,

semileptonic: Ar (final states f =71~ 7 % f=n"1Tv), Acpr (f =771~

_.'Llﬂma
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Typically
Rox(t) = cg e T8t 4 op e TLY 4 2¢; 1 cos(Amt — &),

S=short-lived, L=long-lived, I=interference term, Am =mj — msg, I' = %[I‘S +I'p ).

Decoherence Parameter

CJ

(=1— —— .
VEsSCL

Can Look at this parameter also in the presence of a regenerator.

In our QG-induced Lindblad decoherence scenario (QG plays réle of “medium”):

C — — 2—sind
2[e2 e[

(for meson-factories, complete positivity 3 = 0).

[Convenient parametrization: @, 3, 3 2. 8.7 AT =T'g —I'y,. For Kaons: AT ~ 10~ 1% GeV]
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Typically

Rox(t)=cge 'St 4 ep e VLY 4 2¢; 71 cos(Amt — &) ,

S=short-lived, L=long-lived, I=interference term, Am =my;, —mgs, I' = 2(I's +T').

Decoherence Parameter

Can Look at this parameter also in the presence of a regenerator.

In our QG-induced Lindblad decoherence scenario (QG plays réle of “medium”):

3
7

¢ = —— — 2—sing

2| | €]

For Kaons: AT ~ 107" GeV]
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ra fr=5x1072
[\

Y Be=1x1072

a

(a)
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(Ellis, Lopez, NM and Nanopoulos, hep-ph /9505340 (PRD})

Table 1: Qualitative comparison of predictions for various observables in CPT-
violating theories beyond (QMV) and within (QM) quantum mechanics. Pre-
dictions either differ () or agree (=) with the results obtained in conventional
quantum-mechanical CP violation. Note that these frameworks can be quali-

tatively distinguished via their predictions for At, AcpT, AAm, and (.

Process QMV QM
Agr

Azx

AT

AcpT

.'4._&1-11

¢
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Source Indicative bound

Rom, Aon i < 50x103

Rar, Aax B=(20+22)x10"°

|M g0 — Mgo| B<26x10°

Ro- 7 <5%x107

¢ z|j|2 _ %sim:n.nain.ﬂz
Positivity & > B2 /Amax ~ (10°3)2

FROM CPLEAR MEASUREMENTS (PLB364 (1995) 239):
a<4.0x10717 GeV, |8 < 2.3. x 107 GeV , v < 3.7 x 1072 GeV

NB(1): Theoretically expected values (some models) o , 3 ,v = @[iﬁ%).

NB(2): mgo — mpo ~ 2[5

(at present (M0 — M0 ) /Mo < 7.5 % 10— 1)
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Neutral Kaon Entangled States

< Complete Positivity ||# Different parametrization of

Decoherence matrix
in . 3.7 framework: a =~
FROM DAdIMNE :

KLOE preliminary (A. Di Domenico Home Page, (c.f. Experimental Talk (M. Testa)). )
http: / fwww_romal.infn.it / people /didomenico /roadmap /kaoninterferometry. html

—dlstat

n:(_m*” :tﬂsz,ﬂ] » 10~ 17T GeV

4= {3.?*“-‘3 + 1.353,_“] x 10~ 1% GaV |,

— 0. Zstac

N = (_n_4+5-5 + 1_2,_‘,“:]. »x 10™2! QeV |,

— B . 1stat

MB: For entangled states, Complete Positivity requires (Benatti, FLoreanini) « — ~. = 0, one
independent parameter (which has the greatest experimental sensitivity by the way) -y |

with L. = 2.5 fb~ 1 v - +2.92_,., x 1072 GeV ,
Perspectives with KLOE-2 at DA<DNE-2 :
~v — 1+0.2. x 102! GaV

present best measurement:v = (1.1 £2.5) = 102! GeV
(
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""Neutral Kaon Entangled States

< Complete Positivity || Different parametrization of

Decoherence matrix (Benatti-Floreanini)
in oo, 3.y framework: o =, 3 =10
FROM DATMNE :

KLOE preliminary (A. Di Domenico Home Page, (c.f. Experimental Talk (M. Testa)). )
http: / fwww_romal.infn.it / people /didomenico /roadmap /kaoninterferometry. html

— (—10t4! 40, ) x 10717 GeV

L

J_ﬁ-:.:'_.::lt] = 100 10 '::I:""" .

AL T

Ho-8 j:l.-z_,,._,tj = 1072 GeV ,

— B . 1=stat
MB: For entangled states, Complete Positivity requires (Benatti, FLoreanini)
independent parameter {which has the greatest experimental sensitivity by the way) v |
with L =25 fb~ ' v — +£2.2,,., x 1073 GeV ,

Perspectives with KLOE-2 at DA<DNE-2 :

¥ — 0.2, x 107" GeV

(present best measuremeny: A +2.5) % 1072 GeV)
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I

H
(i

geire models with inverse energy dependence, e.g.
indblad model for Energy-driven QG Decoherence in two level systems
(hep-th/0005220): decoherence Lindblad operator propotional to Hamiltonian

Decoherence damping exp(-D t),
Decoherence Parameter estimate: D = (Am?)*/E*M,

(ii) Stochastic models of foam in brane/string theory (D-particle recoil models (below))
Decoherence Parameters estimates depend on details of foam, e.g. distribution of
recoil velocities of populations of D-parfticle defects in space time

(a) Gaussian D-particle recoil velocity distribution, spread o :
Decoherence damping in oscillations among two-level systems :
exp (-D t2), D = c%(Am?)?*/E?
(b) Cauchy-Lorentz D-particle recoil velocity distribution, parameter vy :
Decoherence damping exp (-D t), D=y (Am?)/E
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H
(i

geire models with inverse energy dependence, e.g.
indblad model for Energy-driven QG Decoherence in two level systems
(hep-th/0005220): decoherence Lindblad operator propotional to Hamiltonian

Decoherence damping ¢xptD Ty,
D = (Am?)*/E*M,

Decoherence Parameter estimate
(ii) Stochastic models of foam in brane/string theory (D-particle recoil models (below))
Decoherence Parameters estimates depend on details of foam, e.g. distribution of
recoil velocities of populations of D-parfticle defects in space time

(a) Gaussian D-particle recoil velocity distribution, spread o :
Decoherence damping in oscillations among two-level systems :
exp (-D t2), D = c%(Am?)?*/E?
(b) Cauchy-Lorentz D-particle recoil velocity distribution, parameter vy :
Decoherence damping exp (-D t), D=y (Am?)/E
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I

H
(i

geire models with inverse energy dependence, e.g.
indblad model for Energy-driven QG Decoherence in two level systems
(hep-th/0005220): decoherence Lindblad operator propotional to Hamiltonian

Decoherence damping
Decoherence Parameter estimate

(ii) Stochastic models of foam in brane/string theory (D-particle recoil models (below))
Decoherence Parameters estimates depend on details of foam, e.g. distribution of
recoil velocities of populations of D-parfticle defects in space time

(a) Gaussian D-particle recoil velocity distribution, spread o :

Decoherence damping in ogefffTations among two-T

exp (-D t § D = 62(Am?)?/E?

(b) Cauchy-Lorentz D-particle recoil velt fibution, parameter vy :
Decoherence damping exp (-D t), D=y (Am?)/E

DISCRETE 08, IFIC (Valencia) , December 08 N. E. MAVROMATOS




I

H
i

seire models with inverse energy dependence, e.g.
indblad model for Energy-driven QG Decoherence in two level systems
(hep-th/0005220): decoherence Lindblad operator propotional to Hamiltonian

Decoherence damping
Decoherence Parameter estimate

(ii) Stochastic models of foam in brane/string theory (D-particle recoil models (below))
Decoherence Parameters estimates depend on details of foam, e.g. distribution of
recoil velocities of populations of D-parfticle defects in space time

(a) Gaussian D-particle recoil velocity distribution, spread o :
Decoherence damping in ogefffTations among two-T

exp (-D t § D = 62(Am?)?/E?

(b) Cauchy-Lorentz D-particle recoil velt
Decoherence damping exp (-
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CPT Operator ill defined (Wald),

Well. defined intrinsic violation, modified concept
NON-Commuting of antiparticle

H,0] 0

Lorentz & CPT Violation * Decoherence CPTV Tests

2 the H 1 . e Neutral Mesons: K, B &
In the Hamiltonian factories (novel effects in

Neutral Mesons & entangled states :

Factories, Atomic Physics, (perturbatively) modified
Anti-matter factories, EPR correlations) this talk
Neutrinos, ... e Ultracold Neutrons

Modified Dispersion .
Relations (GRB, neutrino e Light-Cone fluctuations (GRB,

Gravity-Wave Interferometers,

oscillations, synchrotron ; Sy
neutrino oscillations)

radiation...)
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CPT Operator ill defined (Wald),

Well. defined intrinsic violation, modified concept
NON-Commuting of antiparticle

H,0] 0

Lorentz & CPT Violation * Decoherence CPTV Tests

2 the H 1 . e Neutral Mesons: K, B &
In the Hamiltonian factories (novel effects in

Neutral Mesons & led
Factories, Atomic Physics,

Anti-matter factories,

Neutrinos, ...

Modified Dispersion
Relations (GRB, neutrino e Light-Cone fluctuations (GRB,

Gravity-Wave Interferometers,

oscillations, synchrotron ; Sy
neutrino oscillations)

radiation...)
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If CPT not-well defined

Bernabéu. Papavassiliou. NM_ Alvarez. Nehot. Sarkar. Waldron |
L 1 I r 1 L L ;
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EPR correlated states and particle physics'

Linstein-Modolsky-Rosen (CI'R) effect proposed originally as a PARADOX testing foundations of
Quantum Theory.

Carrelations hetween 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).

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

any experiment. (Lipkin (1968))
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EPR and ¢ Factories

(Dunietz, Hauser, Rosner (1987), Bernabeu, Botella, Roldan (1988), Lipkin (1989))

Was claimed that due to EPR correlations, irrespective of CP, CPT violation, FINAL STATE in ¢
decays: e e~ = ¢ = Kg K WHY? Entangled meson states: Bose statistics for the state Kﬂfu, to
which ¢ decays, implies that the physical neutral meson-antimeson state must be symmetric under C'P,
with ' the charge conjugation and P the operator that permutes the spatial coordinates.

Assuming conservation of angular momentum, and a proper existence of the antiparticle state (denoted
—0 i . - i
by a bar), one observes that: for K"K states which are C-conjugates with ' = {—ljf (with £ the

angular momentum quantum number), the system has to be an eigenstate of P with eigenvalue {—l}f.

Hence, for £ = 1: ¢ = — — P = —. Bose statistics ensures that for ¥ = 1 the state of two identical
bosons is forbidden. Hence initial entangled state:

o1 0,0 w0, & i LT _
5= — (IKOE) KO > — K (E), KO (—F) =)

N (1Kg(K), Kp(—K) > —|KL(k), Kg(—F) >)

( D 2 2
with Af = YO+ 1D0+1ea1?) | 141e?| g 1 (g e | K .
A V2(l—€q€9) VZ(1—e2)' o V1+1ET] IRy > el >)

(|K_ = +ea|KL =), where €1, ¢2 are complex parameters, such that, d = €1 — €2

I S
1~I|"I 1 +| E% |
parametrizes the CPT violation within quantum mechanics.

BUT, if CPT is intrinsically viclated... The concept of antiparticle may be MODIFIED (perturbatively)!
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CPTV & EPR-correlations modification

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

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

Neutral mesons K" and fﬂ SHOULD NO LONGER be treated as IDENTICAL PARTICLES. = initial

Entangled State in ¢ (B) factories |i > (in terms of mass eigenstates):

i> = N|(IKs(R) KL(=F) > — KL (B), Ks(=F) >)

o = |w|e*

+ w(|Kg(k), Kg(—Fk) > —|K(E).K[(-F) >

NEB! KsKs or K, Kj, combinations, duc to CPTV w, important in decay channcls. There is
contamination of C(odd) state with C(even). Complex w controls the amount of contamination by the
“wrong’ (C(even)) symmetry state.

DErlmen 0 -

(Alvarez et al. (FLBE®O7))

NB1: Disentangle w C-even background effects ( eTe™ = 2y = KDFD): terms of the type

K 5 K s (which dominate over K, K, ) 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.

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

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

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

Neutral mesons K" and fﬂ SHOULD NO LONGER be treated as IDENTICAL PARTICLES. = initial

Entangled State in ¢ (B) factories |i > (in terms of mass eigenstates):

NEB! KsKs or K, K, cor
contamination of C(odd) state

“wrong’ (C(even)) symmetry s

.
il

(Alvarez et al. (FLBE®O7))

>)
1

o = |w|e*

—

y channcls. There is
. of contamination by the

NB1: Disentangle w C-even background effects ( eTe™ = 2y = KDFD): terms of the type

K 5 K s (which dominate over K, K, ) 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.

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

DISCRETE 08, IFIC (Valencia) , December 08

N. E. MAVROMATOS




CPTV KK, oK(Kg 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....
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K K¢ terms from C=+ background
no dependence on centre-of-mass energy s.
Real part of Breit-Wigner amplitude

of C=+ with C=-- background, vanishes
at top of the resonance, opposite signature
on either side.....
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CPTV & EPR-correlations modification

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

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

Neutral mesons K" and fﬂ SHOULD NO LONGER be treated as IDENTICAL PARTICLES. = initial

Entangled State in ¢ (B) factories |i > (in terms of mass eigenstates):

i> = N|(IKs(R) KL(=F) > — KL (B), Ks(=F) >)

o = |w|e*

+ w(|Kg(k), Kg(—Fk) > —|K(E).K[(-F) >

NEB! KsKs or K, Kj, combinations, duc to CPTV w, important in decay channcls. There is
contamination of C(odd) state with C(even). Complex w controls the amount of contamination by the
“wrong’ (C(even)) symmetry state.

DErlmen 0 -

(Alvarez et al. (FLBE®O7))

NB1: Disentangle w C-even background effects ( eTe™ = 2y = KDFD): terms of the type

K 5 K s (which dominate over K, K, ) 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.

NB2: Also disentangle w from non-unitary evolution (o = v ...) effects (different structures)
(Bernabéu, NM, Papavassiliou, Waldron NP B744:180-206,2006)
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If CPT is broken via Quantum Gravity (QG) decoherence effects on $ # SST then: CPT operator © is
ILL defined = Antiparticle Hilbert Space INDEPENDENT OF particle Hilbert space.

Neutral mesons K" and ?] SHOULD NO LONGER be treated as IDENTICAL PARTICLES. = initial

Entangled State in ¢ (B) factories | > (in terms of mass eigenstates):

= N |’|H5[Ej. Kp(—k)> —|Kp (k). Kg(—k) =

o = |w|e*

+ w||Kg(k), Kgi— B) = —| K I, k), K L(—k) = |

NEB! KsKs or K, K1, combinations, duc to CPTWV w, important in decay channcls. There is
contamination of C(odd) state with C(even). Complex w controls the amount of contamination by the
“wrong’ (C(even)) symmetry state.

- _ ]
NB1: Disentangle w C-even background effects ( eTe™ = 2y = K"K ) ): terms of the type
K 5 K 5 (which dominate over K K, ) 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

B2: Also disentangle w from non-unitary evolution (o = 7 ...) effects (different structures)

Bernabéu, NM, Papavassiliou, Waldron NP B744:180-206,2006)
|

DISCRETE 08, IFIC (Valencia) , December 08 N. E. MAVROMATOS




Amplitudes:

AX,Y) = (X|Ks\{Y|Ks)N (A1 + A2)

(AL, | A 2 iIANALSD iANAL/D
Ay = e TOLIAS Ry e TAARIE _ gy glaran/a]

ES

'i:sqst

Ax = wle —nxnye L]

the CPT-allowed and CPT-viclating parameters respectively, and 1y = (X |K ) /(X |Kg) and
ny = (Y[KL)/(Y]|Ks).

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

1 [ ]
[(At) = f|m| dt |A(X,Y)|?
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et & i

1 , _ _ _
fan=3J. |‘“|Aw+vr arE ) = [(wtw |Hs}|“w|2|n+_lg[f1”2”‘2}
L

E—PS_&I _'_E—]._'Lﬂt _ EE—(T5+PL}&EIECDE($M‘&EJ
' +T's

I (At) —

l |2 E—l_'b'ri";t

I2(At)

~Ing—|? 2rs

1 ||
T2 (At) = —
12{ J 4{&M}E‘+{'_31"q -I—PL}E |ﬂ_|__| =

IZ&M (a— PsAtgin(gpy_ — 0) — e (FSHILIA 2 g5n(4,  —Q + a.mm))

—(3Ts + PL)(E—FSM cos(py_ — Q) —e TSHTLIA 2 0. —Q + amm)ﬂ

AM = Mg — My, and ny_ = |no_|e*®+-.

NB: sensitivities up to |w| ~ 10~% in ¢ factories, due to enhancement by |1, _| ~ 10~ % factor.
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a 10

Characteristic cases of the intensity I(At), with |w| =0 (solid line) vs I'(At)
(dashed line) with (from top left to right): (i) lw| = [n4—|, 2= ¢4 — 0.16m, (ii)
w|=|ns_|, @ =c¢,_ +0.95m, (iii) |w| =05|n_|, Q=¢,_ + 0.16m, (iv)

w| =1.5/ny_|, Q=cd_._. At is measured in units of 75 (the mean life-time of
Ks) and I(At) in units of |C|?|ne_|?|(n7 7~ |Kg)|*7s.
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Alvarez, Bernabeu NM, Nebot, Papavassiliou

not have “g00d’’ channel

Theoretical

limitation (“demise’’) of flavour tagging
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_'\ _r ﬂ N
Mt t_+1 t+ = f‘B

2'e

In terms of intensitics, w # 0 allows
Loo(t) # 0
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CP-type asymmetry of the form

Too(t) — Igp(t)

Acp(t) =

- Loo(t) + Ioo(t)

CP parameter CPTV parameter (QM)

e = (€1 +€2)/2
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DISCRETE 08, IFIC (Valencia) , December 08 N. E. MAVROMATOS




DISCRETE 08, IFIC (Valencia) , December 08 N. E. MAVROMATOS




DISCRETE 08, IFIC (Valencia) , December 08 N. E. MAVROMATOS




0.0l 0.05 0.0
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At observable
Expt.

At observable
Expt.

At observable

(a) |w| vs. At(T~1); for 2 =0 (b) Q vs. At(I'1); for |w| = 0.001
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CURRENT EXPERIMENTAL LIMITS

At observable
Expt.

At observable
Expt.

At observable
Expt.

[A7 = 0.0019 4 0.0105 =

g
— 0.0084 < Re(w) < 0.0100 95%C.L
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-Ef

(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:

. (1) (2) (1)
|lw) = k. T3 =k )Y — |k, L)YV |=

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

R
l'.1_.II.' :

MZ(my — mao)?

Ly
2
|I--.U'I| =

NB: For neutral kaons, with momenta of the order of the rest energies |w| ~ 10~%*|¢|. For

1 > ¢ > 1072 not far below the sensitivity of current facilities, such as DA®NE (c.f. Experimental
Talk (M. Testa)). Constrain ¢ significantly in upgraded facilities.

Perspectives for KLOE-2 at DA®NE-2 (A. Di Domenico home page) :
Re(w), Im(w) — 2 x 10 °

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...
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—Ef

(Bernabéu. Sarben Sarkar. NI‘H:'

s . " 1
T heoretical models using intel

D-particles, inspired by string ||l = | e

N ' |
gravitationally dressed 2-mes:

r i "\ !
@) = k. D =k D =

In recoil D-particle stochastic @
® jString

(0] ® D—Particle

MEB: For neutral kaons, with "®
1 > ¢ > 1072 not far below
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B-paﬂlc‘e Foam & Enfang|ea States

< If CPT Operator well-defined as operator, in the
Hamiltonian... (e.g. Lorentz violating models)
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If CPT Operator ill-defined, unique consequences in modifications of
EPR correlations of entangled states of neutral mesons in meson factories
(®-, B-factories)

(O
IF CPT ILL-DEFINED
(e.g. D-particle Foam)
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CPT Operator ill-defined, unique consequences in modifications of
EPR correlations of entangled states of neutral mesons in meson
factories (®-, B-factories)

IF CPT ILL-DEFINED (e.g. flavour
violating (FV) D-particle Foam)
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CPT Operator ill-defined, unique consequences in modifications of
EPR correlations of entangled states of neutral mesons in meson
factories (®-, B-factories)

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

S~

DISCRETE 08, IFIC (Valencia) , December 08 N. E. MAVROMATOS




Neutral mesons no longer particles, initial
entangled state:

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

Ap ~ (p (kaon momentum transfer

If QCD effects, sub-structure in neutral mesons ignored, and D-foam acts
as if they were structureless particles, then for My ~ 1078 GeV (MAGIC)

the estimate for w: | w|~104 ||, for 1> || >102 (natural)
Not far from sensitivity of upgraded meson factories ( e.g. DAFNE2)
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Neutral mesons no longer particles, initial
entangled state:

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

Ap ~ (p (kaon momentum transfer

If QCD effects, sub-structure in neutral mzsons ignored, and D-foam acts
as if they were structureless particles, than for My ~ 108 GeV (MAGIC)
the estimate for w: | w|~104 ||, for “i>JZ.>102 (natural)

Not far from sensitivity of upgraded meson factories ( e.g. DAFNE2)
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Neutral mesons no longer particles, initial
entangled state:

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

Ap ~ (p (kaon momentum transfer

If QCD effects, sub-structure in neutral mesons ignored, and D-foam acts
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(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:

. (1) (2) (1)
|lw) = k. T3 =k )Y — |k, L)YV |=

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

R
l'.1_.II.' :

MZ(my — mao)?

Ly
2
|I--.U'I| =

NB: For neutral kaons, with momenta of the order of the rest energies |w| ~ 10~%*|¢|. For

1 > ¢ > 1072 not far below the sensitivity of current facilities, such as DA®NE (c.f. Experimental
Talk (M. Testa)). Constrain ¢ significantly in upgraded facilities.

Perspectives for KLOE-2 at DA®NE-2 (A. Di Domenico home page) :
Re(w), Im(w) — 2 x 10 °

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...

DISCRETE 08, IFIC (Valencia) , December 08 N. E. MAVROMATOS




NB: direction

1
1
Staze (II) E Stage (III)

time < ()

Logarithome conformal field theory describes the impulze at staze (1)

In statistical populations of D-particles, one might
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with <<u, >>= 0, but stochastically fluctuating << u, u' >> #0.
For siow recoiling heavy D-particies the resuiting Hamiltonian, expressing
interactions of neutrinos (or “flavoured” particles, including oscillating neutral

mesons), reads:
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Apply non-degenerate perturbation theory to construct “gravitationally
d d’’ states f 2 2 :
ressed’’ states from k. T>( ) k. l}( ) i =12
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Apply non-degenerate perturbation theory to construct “gravitationally
d d’’ states f 2 2 :
ressed’’ states from ‘km() ‘kl}() i =12
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Apply non-degenerate perturbation theory to construct “gravitationally
d d’’ states f 2 2 :
ressed’’ states from \kT>() ‘kl}() i =12
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Apply non-degenerate perturbation theory to construct “gravitationally
dressed’’ states from 2 2 :
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Apply non-degenerate perturbation theory to construct “gravitationally
d d’’ states f 2 2 :
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Apply non-degenerate perturbation theory to construct “gravitationally
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Apply non-degenerate perturbation theory to construct “gravitationally
d d’’ states fi 7 1) .
ressed’’ states from ‘km() ‘kl>() i =12
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Prediction of w-like effects in entangled states ....( Bernabeu, NM, Papavassiliou)
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(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:

. (1) (2) (1)
|lw) = k. T3 =k )Y — |k, L)YV |=

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

R
l'.1_.II.' :

MZ(my — mao)?

Ly
2
|I--.U'I| =

NB: For neutral kaons, with momenta of the order of the rest energies |w| ~ 10~%*|¢|. For

1 > ¢ > 1072 not far below the sensitivity of current facilities, such as DA®NE (c.f. Experimental
Talk (M. Testa)). Constrain ¢ significantly in upgraded facilities.

Perspectives for KLOE-2 at DA®NE-2 (A. Di Domenico home page) :
Re(w), Im(w) — 2 x 10 °

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...
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(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:

. v (1) (2) (1)
) =k, 1) =k ) =k L) |-

In recoil D-particle stochastic model: (momentum transfer: Ap; ~ Cp:, (Api) =0, (ApiAp;) 3

l':._;l.'-

Ly
2
|I--.U'I| =

MZ(my — mao)?

NB: For neutral kaons, with momenta of the order of the rest energies |w| ~ 10~%*|¢|. For
l > c, > 102 not far below the sensitivity of current facilities, such as DA®NE (c.f. Experimental
Bota ). —onserame=ssgnificantly in upgraded facilities.

Perspectives for KLOE-2 at DA®NE-2 (A) Di Domenico home page) :

te(w), Im(w) — 2 x 10

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...
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(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:

. v (1) (2) (1)
) =k, 1) =k ) =k L) |-
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NB: For neutral kaons, with momenta of the order of the rest energies |w| ~ 10~%*|¢|. For
1 > ¢ > 1072 not far below the sensitivity of current facilities, such as DA®NE (c.f. Experimental
Talk (M. Testa)). Constrain ¢ significantly in upgraded facilities.

Perspectives for KLOE-2 at DAGNE2 (A_Di Domenico home page) :

Re(Ww |t — 2 X 10

NB: w-Effect also generated by propagation through the medium, but with time-dependen
inusoidal) w(t)-terms, can be (in principle) disentangled from initial-state ones...
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w-effect as discriminant of space-time foam models

Bernabeu, NM, Sarben Sarkar

not generic, details foam
Initially dressed states W depend on form

of interaction Hamiltonian H, I——> (non-degenerate)
perturbation theory I[II:> determine existence of w-effects

I‘./i} = — (7“1(71 + 7‘202)7‘5

— non-trivial w-effect

H =vala + aﬂgél) + SQO_:&‘?) + Z ((LO'E:) + fZI..TO'E)) [":":::
< < i=1

I Bath frequency
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w-effect as discriminant of space-time foam models
Bernabeu, NM, Sarben Sarkar

not generic, details foam

Initially dressed states W depend on form

of interaction Hamiltonian H, I——> (non-degenerate)
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I‘./i} = —(rio1 + 7‘202)7‘5

— non-trivial w-effect

H =vala + aﬂgél) + SQO_:&‘?) + Z ((LO'E:) + fZI..TO'E)) [":":::
< < i=1

I Bath frequency

DISCRETE 08, IFIC (Valencia) , December 08 N. E. MAVROMATOS




w-effect as discriminant of space-time foam models

Bernabeu, NM, Sarben Sarkar

not generic, details foam
Initially dressed states W depend on form

of interaction Hamiltonian H, I——> (non-degenerate)
perturbation theory I[II:> determine existence of w-effects

E = — (7"101 + 7”202) /l‘;
— non-trivial w-effect
1
2

H =vala + ‘—ch:gl) — 3520;{5_2) + v Z ((_LO'E:‘) - fII.-TO'E"))
- i—1

I Bath frequency
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PRECISION T, CP & CPT TESTS

WITH CHARGED KAONS




Rev. D (1968))

If CPT well defined but not commuting with Hamiltonian:

|KT) = CPI'|K™)

Tty =CPT|n~Y, |7y =CPT

If CPT does not commute with Hamiltonian, then differences between particle antiparticle masses
..BUT this is not the end of the story.... In fact it is not even true in certain models of Lorentz and /or

unitarity violating quantum gravity (QG).

econerence ] —-

defined but , e.g. Bose-Statistics effects modified... Interesting novel effects on two particle
states, e.g. two pion final states in K}

In specific models of space time foam, there are induced imaginary (dissipative) terms as a result of
space-time foam (Bernabeu, NM, Sarkar)
Interactions of particles with the foam MAY be DIFFERENT from those of antiparticles, — difference

in decay widths, say between K, and K_
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I tests of T, CP & CPT Invariance

Mainly QG models imply microscopic Time Reversal (T) Violation.
Use K, for precision tests of T, CP, CPT (Lee, Wu, Pais, Treiman)
Check on AS = AQ rule (QG could violate this as well)

e.g. look for AS = —AQ) reaction: K™ — 17 +77 e+ v

(i) assume |Al| = 1/2 isospin rule (can check on that expt)

AMPLITUDES:

g ! " . 4 . 542 I
eSA=(rtr [{=0m=0){{ =0,m=0[S, + wS4[K")m;} (wyw_)7>

EiE+irr{} Bocosf = {ﬂ'-l-ﬂ—_w =1l.m=0){f=1,m=0|5; + i'-LlS_L|H'+::.'.rﬂ-i‘cfg[u;+.;u_.‘l| 1/2
e’*tint B sinfet® = (nta d=1.m=+1){f=1.,m =

! e I 52, . 1/2
21| L (Sx +1Sy) KT )my/ 2 (wiw )Y/

phase conventions: A, By, B+ real & positive, polar angles €, ¢ pertain to di-pion center-of-mass
system Yo, 2yz are Cartesian coordinates in Lab system X;.1. There is also angle « in dilepton

center-of-mass system E,j_.,f_ The w+ denote laboratory energies ol w =

v — —[mr — (P? + ;UEJJ-"'E] - l|a”|_. is the velocity of Lorentz trnsf. connecting ¥4, to Xpan

frames, with P the total momentum of two pions in 27 .1,.
under CPT: Barred quantities: (...) K™ — K, 7 (k) (ka ) m (ki)™ (k=2), plus
appropriate complex conjugates...
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CPT Invariance:

A=A, Bs=Bn
Ne +7T =N—+T; =10 +Tg =2(dp — 6a)

independent of T invariance, with d,(d.) the strong-interaction m — 7 scattering phase shifts for the
states [ =1, =1(] =0,£=0).

CPT Invariance independently of |AT| = 1/2 rule, implies:

mrle~7,)
Under the assumption of |[Al| = 1/2 rule, CPT invariance implies for differential rates d* N

| dédeos) d°N(KT — ntn et we) = [ dédcosfl  d°N(K T T e Ve

I invariance (independent of LF, CF 1T ):
), — &, (modulo w), o=0,=+

CP Invariance: (independent of T, CPT): angles 8, ¢, o — 8, -, a

A=A, f.‘au = ”-u. Eﬁi = J'r.;':. -rJ'II =i'_'.i||- i’li': =i'_li':F
[d°N(K")]a,0,6 = [A°N(K )]a.8,—¢

implying also | ddédcos) d°N(K™ — 77w e we) = | déddeosfl d°N(K~ — 777 e V) but
without the assumption about |AJ| = 1/2 rule.
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QG DECOHERENCE & NEUTRINOS




damping exponential
factors decoherence

<+ Quantum Gravitational MSW effect

neutrino energy dependence
model of foam
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damping exponential
factors decoherence

< Quantum Gravitational MSW effect

neutrino energy dependence
model of foam
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damping exponential

factors decoherence
N A2

Pa—> X € W ( 12t)
<+ Quantum Gravitational MSW effect

neutrino energy dependence
model of foam

DISCRETE 08, IFIC (Valencia) , December 08 N. E. MAVROMATOS




CF, 0
Al
(h,wh,e) are non trivial

Consider Dirac or Majorana (two-flavour) Hamiltonian with mixing , in such
a metric background, with equation of motion:

cosf sind
—sinf# cosb

OM.

(90 20

Oscillation tan(26) = m, —m
" B

Probability
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Oscillation
Probability

Two Kinds of foam examined:
(i) Gaussian distributions

<< 1

elwi1=w2)ty oy {?Zk:tA — ’ykt\A\}

In D-particle foam model, h; n= u; involves recoil velocity distribution of D-

ticl lations .
e NB: damping suppressed by neutrino mass differences
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Oscillation (PI‘ Ob( O
Probability

Two Kkinds of foam examin
(i) Gaussian distributions

\Pz(wl_wg)tJB ~ exp - o |
® :?String

@ @ 1 _particle

1) o ? — << 1

' ® D3 brilj‘e (@]
E)?,(wl—wg)l’?> S

(ii) Cauchy-Lorentz

~ P

~
” BULK

-

In D-particle foam model, h; n= u; involves recoil velocity distribution of D-

ticle populations .
particie popuiati NB: damping suppressed by neutrino mass differences
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—i[H + noHy. {p)] — Qng[Hy, [Hr ()]

Barenboim, NM, Sarkar, Waldron-Lauda
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—ilH + noHy, {p)] — Qng[Hy, [Hr, ()]

CPT Violating (time irreversible,
CP symmetric)
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OSCILLATION PROBABILITY:

A2

24 p—Aa 0 #(14 212 (cos(46)— bm(t\/_) sin- (QG)A(LWQ:ZA‘]ZZ<

3sin®(20)AY, 1
4T5/2 3/2
2‘) . ' 2
'_A“W "1+ %(“"’8(4‘9]_”) cos( f\/f sin? 29)—2{3

r

_ Aap,0%at, sin®20) (Aqy,,; + c0s(260)Aq2)?

A7 sin?(26)

—12(cos(40) — =

Damping suppressed by neutrino-flavour MSW-coupling differences

DISCRETE 08, IFIC (Valencia) , December 08 N. E. MAVROMATOS 155




OSCILLATION PROBABILITY:

R/,u —Vr T

A2

— a2, Q2t(1+ 12 (cos(40) — D sin(tvT) sin® (20)Aa’, Q7 A%, (

3sin®(20)AY, 1
4T5/2 3/2

A%‘) : .- AZ,
e~ A PH(1+ 1 (cos(46)—1)) cos( f\/f sin?( 29)—2%2

r

_ Aap,0%at, sin®20) (Aqy,,; + c0s(260)Aq2)?

A7 sin”(20)

—12(cos(40) — =

Damping suppressed by neutrino-flavour MSW-coupling differences
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OSCILLATION PROBABILITY:

R/,u —Vr T

A2

1 o A
= 4 e Aap (145 S (cos(40 D) sin(tv/T) sin’ (QQ)A(LWQZA-‘EZ (

(40)—
2 2
QE’UJrA] (‘"@ cos(tv/T) sin” 29)21152
7 ( (26)

3sin?(26) A%, 1 )

9 AT5/2 - 3/2

2
Aajr QLAY sin” Aay; + cos(20)A12)?
e r

A7 sin”(20)

—12(cos(40) — =

Damping suppressed by neutrino-flavour MSW-coupling differences
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OSCILLATION PROBABILITY:

Py =

A2

%Jre—Aaﬁ 024 (14 212 (cos(46) — bm(t\/_) sin’ (QG)A(LWQQA% (

3sin®(20)AY, 1
4T5/2 3/2
A2, | | 2
e~ Aau- P11+ + 42 (cos(46)-1)) cos( f\/f sin? 29)—2{3

AGHTQ‘ZIALJ sin mrr + C ()5(29)A12)

A7 sin”(20)

—12(cos(40) — =

Damping suppressed by neutrino-flavour MSW-coupling differences
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Lindblad-type decoherence Damping: Fogli, Lisi, Marrone, Montanino, Palazzo

Vi < 0.4 x 107%* GeV , n

Yib < 0.9 x 10727 GeV , n

t =L (Oscillation length, (c=1)

Including LSND & KamLand Data:

Beyond Lindblad: stochastic metric

Fluctuations damping:

(.

Barenboim, NM, Sarkar, Waldron-Lauda
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Lindblad-type decoherence Damping: Fogli, Lisi, Marrone, Montanino, Palazzo

Vi < 0.4 x 107%* GeV , n

Yib < 0.9 x 10727 GeV , n

t =L (Oscillation length, (c=1)

Including LSND & KamLand Data:

Beyond Lindblad: stochastic metric
FluctuatjonsTdamping: _DL~2

(.

Barenboim, NM, Sarkar, Waldron-Lauda
SOME EXPONENTS

NON ZERO, NOT ALL...
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i M k 1 -L
Including LSND & KamLand Data: Barenboim, NM, Sarkar, Waldron-Lauda

t = L (Oscillation length, (c=1)

Beyond Lindblad: stochastic metric
Fluctuations damping (Best Fits):

.

Multi-GeV ¢ “r Multi-GeV

|_l

¢

P T T S N S
30 40
L./ Ey (km/MeV)
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Including LSND & KamLand Data: Barenboim, NM, Sarkar, Waldron-Lauda

— —2
Lindblad type Decoherence & ’Yt Y L ~15.-10

Beyond Lindblad: stochastic metric _ _DIL?
Fluctuations damping (Best Fits):

t =L (Oscillation length, (c=1)

— I ~ 2k

(m?—m3)

Probably t
NB: Lindblad-type damping le;(l)'gzel toyb 2(;2 -

Also induced by uncertainties Ohlsson, Jacobson Effect

in energy of neutrino beams

LSND+ KamLand
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Including LSND & KamLand Data: Barenboim, NM, Sarkar, Waldron-Lauda

— —2
Lindblad type Decoherence & ’Yt Y L ~15.-10

Beyond Lindblad: stochastic metric _ _DIL?
Fluctuations damping (Best Fits):

t =L (Oscillation length, (c=1)

— I ~ 2k

(m?—m3)

Probably too
Large to be QG
Effect....

NB: Lindblad-type damping
Also induced by uncertainties
in energy of neutrino beams

But in that case
LSND+ KamLand all exponents must be non zero
Hence....still unresolved




NM, Sakharov, Meregaglia, Rubbia, Sarkar
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FIG. 2: The number of reconstructed v, CC events in OPERA as a function of the neutrino energy
with (blue line) and without (red line with error bars) QG decoherence effect included in case of
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Lindblad-type mapping operators

CNGS

vo [eV] ; ([GeV])

2% 10719 5 (2x10722) (24 x 1071 (2.4 x 10729)

1.7 x 10714 ; (1.7 x 10723)

6.5 x 1077 ; (6.5 x 10—23)

’:-El [eV3] : ([GeV?3])

v2 [eV 1] 1 ([GeV—1])

9.7 % 107% : (9.7 x 10722} [ 3.1 x 107 ; (3.1 x 10— 323)

4.3 % 1073 1 (4.3 x 10729) [ 1.7 x 10732 ; (1.7 x 10723)

3.5 % 10733 ; (3.5 % 1072

Gravitational MSW (stochastic) effects

CNGS

T2KK

4.3 % 10713 oV 4.6 % 10— oV

35w 10— oy

9.8 % 10537

1.1 x 10725 ¢

72

V2 3.2 % 10726 gy

3.6 x 1024 5.6 % 1023

eV 4% 1037 eV

8.8 x 10737 ey —1 3.5 x 10732 gy —1

]

6.7 x 10727 gy2

1.7 x 10—23

3.1 % 10796 eV

7.2 x 10733 gy —1
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Morgan, Winstanley, Anchordoqui, Goldberg, Hooper, Subir Sarkar, Weiler, Halzen...

Much higher sensitivities from high energy neutrinos

AMANDA, ICE CUBE,
ASTROPHYSICAL/COSMOLOGICAL NEUTRINOS
(e.g. if neutrinos with energies close to 102° ¢V from GRB

At redshifts z > 1 are observed ...)
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Morgan, Winstanley, Anchordoqui, Goldberg, Hooper, Subir Sarkar, Weiler, Halzen...
Much higher sensitivities from high energy neutrinos

AMANDA, ICE CUBE,
ASTROPHYSICAL/COSMOLOGICAL NEUTRINOS
(e.g. if neutrinos with energies close to 102° ¢V from GRB

At redshifts z > 1 are observed ...)

Recently: Interesting scenarios of Lindblad decoherence with damping exponents
having energy dependence E# proposed for reconciling LSND (anti-v) & MINIBOONE

Farzan, Smirnov, Schwetz,
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AMANDA, ICE CUBE,
ASTROPHYSICAL/COSMOLOGIC AU S ii}?idEN
(e.g. if neutrinos with energies close to

At redshifts z > 1 are observed ...)

U,

Recently: Interesting scenarios of Lindblad deca S

having energy dependence E-* proposed for reconcﬂlng LSND (anti-v) & MINIBOONE

e.g. in our stochastic fluctuating metric models
E- scaling is obtained in Gaussian model with ¢? ~ k2

Microscopic QG models ?
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In string theory or extra-dimensional models (in
general) QG mass scale may not be Planck scale but
much smaller : Mg << My,

Theoretically M,; could be as low as a few TeV. In
such a case, collision of energetic particles at LHC

could produce microscopic Black Holes at LHC,
which will evaporate quickly.

If there is decoherence in such models, then, can the

above tests determine the magnitude of M,
beforehand?

Highly model dependent issue...
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Models of Decoherence:
(i) Parameters = O(EZ/MQG) (e.g. D-particle recoil LV foam )
current bounds: Kaons Mg > 10P° GeV

Photons M, > 10'® GeV, Neutrinos Mg > 10%¢ GeV
No low M,; mass scale allowed...

(i) Parameters = ((Amz)Z/EZMQG) (e.g. Ad
m

dler’s model of
nodels...

-y

decoherence, stochastic D-particle LI

Low MQG mass models (even TeV) allowed by current
measurements of decoherence... compatible with LHC BH
observations....
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CONCLUSIONS

We know very little about QG so experimental searches & tests of various
theoretical models will definitely help in putting us on the right course ...

(Intrinsic) CPT &/or Lorentz Violation & decoherence might characterise
QG models...

There may be "smoking-gun’ experiments for intrinsic CPTV & QG
Decoherence , unique in entangled states of mesons (
However generic effect, depends on model of QG foam...)

The magnitude of such effects is highly model dependent, may not be far
from sensitivity of immediate-future facilities.

QG Decoherence effects in neutrino oscillations yield damping signatures, but
those are suppressed by (powers of) neutrino mass differences. Difficult to
detect ... Nevertheless future (high energy neutrinos) looks promising...
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CONCLUSIONS

We know very little about QG so experimental searches & tests of various
theoretical models will definitely help in putting us on the right course ...

(Intrinsic) CPT &/or Lorentz Violation & decoherence might characterise
QG models... Microscopic Time Irreversibility....

There may be "smoking-gun’ experiments for intrinsic CPTV & QG
Decoherence , unique in entangled states of mesons (
However generic effect, depends on model of QG foam...

The magnitude of such effects is highly model dependent, may not be far
from sensitivity of immediate-future facilities.

QG Decoherence effects in neutrino oscillations yield damping signatures, but
those are supnresced B3 (Howers vi) nEULrino mass dilict cnces. vaienlt to
detect ... Nevertheless future (high energy neutrinos) looks promising...
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Experimentally Testing Quantum Gravity (QG) may not be an oxymoron scheme....

CPT Violation may not be an academic issue, but a real feature of QG.

Various ways for CPT breaking, in principle independent, e.g. decoherence and Lorentz
Violation (LV) are independent effects. One may have Lorentz invariant decoherence in
Quantum Gravity frame dependence of LV effects (e.g. day-night measurement
differences etc disentangle LV from LI CPTV, e.g. meson factories)

Precision experiments in meson factories, will provide sensitive probes of QG-induced
decoherence & CPT Violation, including NOVEL effects (w-effect) exclusive to ENTANGLED
states: modified EPR correlations, Theoretical (intrinsic) limitations on flavour
tagging...Lorentz invariance would imply effects similar in ¢ and F-meson factories-: J-meson
produced at rest, T- state boosted...in contrast LV would lead to differences/frame
dependence...

Are there any effects of intrinsic (QG decoherence) CPT Violation on viewing entangled
(neutral) mesons as Quantum Erasers & Markers 7

What about Equivalence principle and QG7?: are QG effects universal among particle species?

Are QG-decoherence effects of the same strength between particles & antiparticles 7 tests in
antimatter factories 7 neutrinos T

e Precision experiments in charged Kaons: with improved statistics one can perform high
precision tests of T, CPT & CF invariance using K4 decays.

Worthy of investing effort...
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