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Quantum Gravity: (1) Is gravity quantized like the rest of the fundamental interactions in Nature >
(QG) there exist quantum gravitons (carrier quantum fields of gravitational interaction)

or

(2) is it an “emergent” not-fundamental force, e.g (entropic) force associated (E. Verlinde)
with the statistical behaviour of microscopic material degrees of freedom, specifically

with information linked to positions of material bodies > no quantum gravitons.

Gravity in this second approach is related to the tendency of the Universe to maximize
entropy (Einsteins equations are reproduced this way! <-> combined thermodynamics
approach with *t Hooft holographic principle). Gravity in Verlindes model emerges from
quantum entanglement of “small” bits of spacetime information.

In (1): weak QG can be treated as a (non-renormalizable) quantum local effective field theory (EFT)

gW:gg,)/)—l—/ﬁth, &:Mﬁ} (unitsh =c=1)

background quantum fict.

But non-perturbative formulation and background-independent formalism (dynamical generation of spacetime

itself) still at large (loop quantum gravity, spin-foam models etc - string theory helps understanding (1) but
is not background independent)

Nonetheless, there are successes in (1): e.g. asymptotic safety - shall use it in discussing graviton squeezing



Important Questions: Is QG respecting Lorentz Symmetry as we know it?
or is QG associated with:
Spontaneous Lorentz-Invariance-Violation (LIV)
(e.g. in situations of space-time foam ) Ellis, NEM, Mavromatos
modified dispersion relations (MDR) of material probes

or.

Lorentz-symmetry modification (Deformed Special Relativities)

not necessarily MDR of material probes , _
Amelino-Camelia

Magueijo, Smolin

If MDR in QG due to LIV or DSR: Rich Astro-particle Phenomenology (mutlimessenger approach)
(scale of LIV-MDR or DSR-MDR My; a phenomenological parameter
in EFT approach to QG, not necessarily equal to Planck Mg # Mg, )

A. Addazi et al.,
Prog.Part.Nucl.Phys. 125 (2022) 103948
e-Print: 2111.05659 [hep-ph]



https://arxiv.org/abs/2111.05659

Beyond-EFT QG Effects

QG-induced Space-time foam and induced
quantum decoherence of material probes

J.LA. Wheeler
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Beyond-EFT QG Effects

QG-induced Space-time foam and induced
quantum decoherence of material probes

J.LA. Wheeler

LIV






CPT Invariance : a theorem for flat relativistic quantum field theories

Bell. Jost, Luders, Pauli, Schwinger

Quantum Field theory with interactions (i) Local (ii) Lorentz invariant and (ii) Unitary (probability conserved)
In flat spacetime is described by lagrangian densities which are invariant under the combined discrete symmetries
transformations (in any ordering) CPT or PCT efc

C (charge conjugation), P (parity=spatial reflexion)., T (time reversal)

OO

left handed right handed




Plecaso
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CPT Invariance : a theorem for flat relativistic quantum field theories

O.W. Greenberg, Phys.Rev.Lett. 89 (2002) 231602 Bell. Jost, Luders, Pauli, Schwinger

CPT VIOLATION

might

Lorentz mvarlan

In flat spacetime is described by lagrangian densities w
transformations (in any ordering) CPT or PCT efc

0 =

physics.indiana.edu

and (ii) Unitary (probability conserved)
e combined discrete symmetries

Quantum Field theory with interactions (i

CPT operator well-defined but
not commu’rmg with system’s

Hamiltonian: [@ — 7—[] £ 0
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in quantum gravity = Fundamental

Time Arrow) Wald i
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NB: Decoherence & CPTV

May induce quantum decoherence

Decoherence meiies of propagating matter and
: &é"_“’*&d ¥ intrinsic CPT Violation
TP P "_C £NSLEY in the sense that the CPT
makrix of

operator © is not well-defined =

low-energy matter :
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30 - —
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Hence O ill-defined at low-energies in Wald (79)

QG foam models



NB: Decoherence & CPTV

 Quantum Gravity Decoherence induced CPT (& LV) Tests in

Entangled Particle Physics systems (neutral meson factories):

"smoking-gun’ w-effect beyond (local) Effective Field Theories ?

(Modifications of Einstein-Podolsky-Rosen correlations)

Bernabeu, NEM, Papavasssiliou (2004) |

“Smoking-gun” QG Decoherence
CPT Violating (& LIV) Effects in

Entangled Particle States ?
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NB: Including conventional CPTV (0) in the Hamiltonian

Bernabeu, Botella, NEM, Nebot

H|By) = pu|Bu), |Bu)=pu|BY) + qu|BY),

H|BL) = pr|Br), |Br)=pw|Bg) — qu|Bg)- /\ﬁ
H (L) = (High (Low) mass states

r

\_

|Wo) o |BL)|Bu) —

/

N
|Bu)|BL)

w{0[1Bm|Br) + |BL)|Br)] + (1~ 0) 25| By)| Br) — (14 6)22|B1) | By) |

\ y

w-effect

CPTV in Hamiltonian




e Stringy D-brane defects (D-) foam Models : Neutral mesons no longer
indistinguishable particles, initial entangled state:

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

m|_ - ms = 0(10-15) GeV
C2 k4
M%G(ml — mg)

w|? ~ Ak = ( k (particle momentum transfer)

27
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A STRINGY MODEL

OF *QG MEDIUM”’
D-BRANE UNIVERSE IN A
BULK PUNCTURED BY
COMPACTIFIED D-BRANES
(EFFECTIVELY POINT-LIKE)

3-brane
Universe

D-particle

Ellis, NEM, Westmucket

Open strings can be ““captured”
by defects

Open strings
(matter or Radiation )

<

® -l



Defect Distribution
may be inhomogeneous

Recoil-induced
Lorentz Violation

(locally) Brane Worlds

Point-like Brane defect

My METAUNIVERSE

Colliding Brane world model of Space-Time with point-like space-time defects
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CHARGE CONSERVATION
MUST BE RESPECTED
DURING STRING

SPLITTING, INTERNEDIATE
CREATION AND STRETCHING:

ONLY ELECTRICALLY
NEUTRAL EXCITATIONS
INTERACT DOMINANTLY
WITH FOAM

Type IIB strings: Li, NEM, Nanopoulos, Xie
Phys.Lett.B 679 (2009) 407-413
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Open string Capture/recoil of
brane defect is described by
Logarithmic conformal theory

in world-sheet of NON-CRITICAL
strings (impulse RECOIL operators)

|
Kogan, NEM, Wheater
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Stringy Uncertainties & the Capture Process

r,:ﬂ-i FE D3-brane
Mt OR
J_'L._ +- r +
D3-brane ﬁ_
D3-brane
D3-bmane
- - el
[2 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 TIME DELAY (causality) during
Capture:

At ~ &"pﬂ
1
Va!

P’ <

Ellis, NEM, Nanopoulos, PLB 674 (2009) 83 ’

During Capture: intermediate
String stretching between
D-particle and D3-brane is
Created. It acquires N internal
Oscillator excitations &

Grows in size & oscillates from
Zero to a maximum length by

absorbing incident Energy p° :

5 L N
P :j—FL-
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During Capture: intermediate
String stretching between
D-particle and D3-brane is
Created. It acquires N internal
Oscillator excitations &

Grows in size & oscillates from
Zero to a maximum length by

absorbing incident Energy p° :

5 L N
P :j—FL-

If incident
open String
represents
Photon, =2

For Very High Energy £ Photons:

CM/ 0
At P

_ 1 2 9ra E2

~N

)
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Stringy Uncertainties & the Capture Process

Tj ;B D3-brane

g - 3 —-

D3-brane
D3-brane

e

D3-bmane

Ellis, NEM, Nanopoulos, PLB 674 (2009) 83 |

During Capture: intermediate
String stretching between
D-particle and D3-brane is
Created. It acquires N internal
Oscillator excitations &

Grows in size & oscillates from

» OR - Zero to a maximum length by
absorbing incident Energy p° :

AV

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 TIME DELAY (causality) during

D3-brane

Capture:

At ~ a'p”

DELAY IS INDEPENDENT OF
PHOTON POLARIZATION, HENCE

NO BIREFRINGENCE....

1
Va!

P’ <

If incident
open String
represents
Photon, =2
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Stringy Uncertainties & the Capture Process

Ellis, NEM, Nanopoulos, PLB 674 (2009) 83 |

Tj ;B D3-brane

g - 3 —-

D3-brane
D3-brane

e

D3-bmane

During Capture: intermediate
String stretching between
D-particle and D3-brane is

Created. It acquires N internal If incident

Oscillator excitations &

open String

Grows in size & oscillates from represents

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

AV

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 TIME DELAY (causality) during

D3-brane

Capture:

At ~ a'p”

DELAY IS INDEPENDENT OF

Photon, =2

® —ilp

Multimessenger

PHOTON POLARIZATION, HENCE Astroparticle tests
NO BIREFRINGENCE.... of string-induced LIV

1

N

P’ <

S
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Collective Effects of D-foam medium
on Stringy Uncertainties

per string length):

e Time Delay (Causal) in each Capture:

* Total Delay from emission of photons

Voo _ L

Atiora] = 'p'n’ = —n

\

At ~a'p? P’ < M,

* Independent of photon polarization no Birefringence)

till observation over a distance D (assume n” defects

Effectively modified
Dispersion relation
for photons due to
induced metric
distortion Gg;~ p°

™
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Collective Effects of D-foam medium
on Stringy Uncertainties

e Time Delay (Causal) in each Capture:

* Total Delay from emission of photons

per string length):

At ~a'p? P’ < M,

* Independent of photon polarization no Birefringence)

till observation over a distance D (assume n” defects

Mqg inversely Proportional
to Density of Defects

Attotal = Off'pU n’

strophysical constraints on defect densities

(details of model)

™

!

M

TL*S 7& MPD/
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Open string Capture/recoil of
brane defect is described by
Logarithmic conformal theory

in world-sheet of NON-CRITICAL
strings (impulse RECOIL operators)
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Kogan, NEM, Wheater
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Recoil Allows
“flavour’’flip

i

Recoil of massive
quantum flct. defect
distorts spacetime
g(O) uv 9 g(O) Muv + hyv

!
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Bernaneu, NEM, Sarkar

Gravitating-Spin-system analogue of w-effect Phys.Rev.D 74 (2006) 045014

Recoil-induced metric fluctuation during propagation (along direction 1, say) of 2-state (" flavour’’) Boson

:
o= (%) (-amn

in interactions with a point-like space-time defect (DO-brane —particle (inspired from brane/string) theory),
Involving spin-flip

g0 = (—1+mry)1

01 10
g =g =rol+rio1+1r009 + 1r303

ry, #=02,..,5 stochastic variables

<Irlb> =0, </rpfrl/> — A;L(S;u/

11 . .
g - =(1+rs1 o; are the Pauli matrices

Klein-Gordon in the above metric flct. backrround (¢®° DD g — m*)® = 0

(9008(2) + 29" 0001 + 911812) d—m?d =0



Initial (generic) two-boson state state (e.g. neutral meson states )

) = 1, Y |k, ) - e e A

kW 1=k, 1) 46

k to have only a non-zero component k in the x-direction

Evolution of state is governed by interaction Hamiltonian (inducing spin-flip)

A

H=g" (") F— ()" /(9")% k2 = g% (g11k2 + m?)

Simplification: Dominant
features of w-effect
encapsulated in this
single-particle interaction
Hamiltonian

Perturbation theory in
Quantum Mechanics

of the states | >




This interacting states are identified with the “*(quantum) gravitationally dressed states” Bernaneu, NEM, Sarkar
Phys.Rev.D 74 (2006) 045014

@) (4, k| Hy [k®, 1)
B> — B

o) —

@) (1, kD | Hy |k®, 1)
B, — B

k), T><Z> K@ 1) g |1, \L>(i)ﬁ(i) 56) —

Hence a totally antisymmetric gravitationally dressed initial state can be expressed in terms of unperturbed single-particle
states as :

ke 1=k D oe = kD =k Doe =
e |k )@ jr D g 1)@

1k 1) =k O (B0 = B®) + [k, 1) =k, D) (0l — o)
+5Ma? |k, U(l) |—k,T>(2) — a13@) |k,T>(1) |—k:,¢)(2)




This interacting states are identified with the “*(quantum) gravitationally dressed states” Bernaneu, NEM, Sarkar
Phys.Rev.D 74 (2006) 045014

(@) (4, k@) H, |, ¢><Z’)
Ey — By

o) —

@) (1, kD | Hy |k®, 1)
B, — B

k), T>(Z) K@ 1) g |1, ¢'>(%(z~) 56) —

Hence a totally antisymmetric gravitationally dressed initial state dan be expressed in terms of unperturbed single-particle
states as :

|, T>(1) k‘,i)gé — |]€’¢>(1) —k T>(2)
|kaT>(1)| ke, 1) — ke, YW = k‘,T>(2)

1k 1) =k O (B0 = B®) + [k, 1) =k, D) (0l — o)
+80a [, Y =k, 1) = aM B e, 1) |k, 1)

Comparison with standard w-effect ?
Bernabeu, NEM, Papavasssiliou (2004)



Comparison with standard w-effect i) = { (‘KL ( >> g gKL ( ?)>) N }

Bernabeu, NEM, Papavasssiliou (2004) (|KS (?> )KL_(_?) >>

w- effect corresponds to 7; o< d;o (and the generation of £ = —¢’) since a9 = 39

kD) e 1=k Do = [k D) oi 1=k Dot =
0 |-k DO — k1 (8 k)

DD -k, ) (30 - /3(2’) ) | =k 1) (0 — alh)
+B8Wal [k, ) |k, 1) — M) [k, 1)V |-k, )"




Comparison with standard wweffect {(\KL( )>g +(-F)) E)>g q )>)+}

— |Ks [ k —
Bernabeu, NEM, Papavasssiliou (2004) (|KS (?> |KS ( )> - ’ (E)) )KL (_?)>>

w- effect corresponds to 7; o< d;o (and the generation of £ = —¢’) since a9 = 39

k, Dog =k, Do - IM%%I k, Poe =
(1 kT(Q)

’ —k,\l,>(2)




Comparison with standard wweffect {(\KL( )>g 5(=F)) |Ks(?(>)>g)K( )+ }

Bernabeu, NEM, Papavasssiliou (2004) (|Ks (?) |KS ( )?)> ’KL ?) ( )>>
w- effect corresponds to 7; o< d;o (and the generation of £ = —¢’) since a9 = 39

On averaging the relevant density matrix Tr (II.IJ> <u.|)| ) over the random variables r;
= only terms of order |w|?

1

Ang ) AQ’CQ
(ml — m2)2

50 2\ _
wl? = 0 (s (e kA1) = 0 (22

A 5 = CQ k? / A /[1% ( is at present a phenomenological parameter

Momentum transfer during interaction with the ""d-particle’” foam

’romography?
Analogue spin-system for w-effect - potential role in Cryptography? A
(due to modified EPR correlations)
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w- effect corresponds to 7; o< d;o (and the generation of £ = —¢’) since a9 = 39

On averaging the relevant density matrix Tr (II.IJ> <u.|)| ) over the random variables r;
= only terms of order |w|?
®

2 _ 1 M ) N AQ’CQ

A 5 = CQ k? @ ( 1s at present a.phenon.lenc_)logu\:\al pgmrameter

Momentum transfer during interaction with the ""d-particle’” foam

’romography?
Analogue spin-system for w-effect - potential role in Cryptography? A
(due to modified EPR correlations)



e Stringy D-brane defects (D-) foam Models : Neutral mesons no longer
indistinguishable particles, initial entangled state:

Bernabeu, NEM, Sarkar

,‘\"J Irll\-:::i\:l. 1\'1.1—1—51 > = 1\-1"![.:1. l\'s-j—l;-

eiSl

0= |w

]\.‘... i) }\.~-(7J..‘| '*f}\f k) [\!‘:,, k)

KK, ® KK
\* o e

KsKs , KsKs ,
/* KLKL o Pk KLKL

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

m|_ - ms = 0(10-15) GeV
CZ k4
M(%G(ml — M)

w|? ~ Ak = ( k (particle momentum transfer)

27

If QCD effects, sub-structure in neutral mesons ignored, and D-foam acts
as if they were structureless particles, then for Mqg~ 108 GeV

the estimate forw: |w|~104 ||, for 1> || > 102 (natural)
Not far from sensitivity of upgraded meson factories ( e.g. KLOE2, BESIII)



~ Bernaneu, NEM, Sarkar

_Generation of the w-terms during time evolution pp,s roy.p 74 (2006) 045014
k : .Rev.

B -

2-particle 2-particle
state state

4 (t)) = exp [—z‘ (B +H®) %] )

(hold also for
states (2)
upon k = -k)

f(j) (t) = cos (‘X(j)’ t) — 7 sin (‘X(j) ’ t) |/):(j)‘_1 Xéj)

. —f o~ ~, |1 —~, .
79 (1) = (Agn +Z-)\éj)> |)\(J)| sin <|)\(J)|t).



_ Generation of the w-terms during time evoluf‘iﬁ .

2-particle
state

2-particle
state

[ () = exp [—z’ (ﬁﬂ” - PI@) ﬂ )

6 () = e 0 0) e [ an @1k D) 1=k D gy ([ ) |k,
gy (8) 1, DD 1=k, )P + gz (0) 1k, ) |-k, 1)

. J

apy (1) = fO @) fP @)+ )" 9P (1) —i& fD (1) §P (1) —i&2g™ ()" f ()"

ary (1) = =i fD (1) §@ ) + g™ () FP (6) + & FD (1) FP (1) — &5 (1) P (1)

gy (1) = =igM () f@ @) +ifD ()" 9P (1) = &3 (1) §2 () + &f D (0)" fP) (1)

iy (1) = =3 () §® ()" = fO @O fO (1) =i g™ () fP () — i&af D ()7 §P ()



B
_Generation of the w-terms during time evolufiﬁ_

2-particle 2-particle
state state

() = exp =i (B0 + B) £| v

6 () = e 0 0) e [ an @1k D) 1=k D gy ([ ) |k,
gy (8) 1, DD 1=k, )P + gz (0) 1k, ) |-k, 1)

.

]

J

Define w (t) =i (f(Q) ) g V" (t) — fY) (1) g~ (t)) & w' (t) =1 (f(l)* (t) g (t) — g'V) () fP (t))

From f(ﬂ) (t) = cos (|)\(3)‘ ) ¢ sin (|/)\\(j)‘t) |/):(j))_1 /)\\gj)
(/\(a) +M(a>) |)\(J)‘ sin (‘Au)) ) }

(2)

- @) —isin (2@ ]£) 23 ) A=A /
-w(t):z cos(|/\ |t)—zsm(|/\ |t) el sm(‘)\ |) 0] - (1+2)|, @ (t)

gV (t)




B
_Generation of the w-terms during time evolufiﬁ_

2-particle 2-particle
state state

¥ (t)) = exp [_i (ﬁ(l) +IT](2)) %} )
rﬂu»—eiﬁw“ﬁﬁ{&““Hhﬂ”rwAW”+@MwmnWH—hﬂ@ }\

+ayy () [k, )Y 1=k, )P +agp @) [k, 1) |k, 1))
\ J

To lowest order in (weak) metric fluctuations, whenr, =0, r; = 0: Im (@ (t)) > Re (@ (t))
. . A\ \(2)
=m0 (0] [ - A
(2D @
) (v (1) ~ e ) () L D |k )@ =, D -k, P

ALY A 3 AZK 1 1 9 2\ 3 2 2\ 3
0(@) = A= ~ 2 (14 A1) B, p0) ~ (14a]) VTR, x ~ (K2 4 m)E — (k2 4 m3)?
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_Generation of the w-terms during time evoluﬁﬁ‘ é

2-particle 2-particle
state state

4 (£)) = exp [—z- (A0 + 72) %} o
16 (0) = (87 +8): { iry, (O 1)V |k, )@ + gy (01, ) D |k, 1) F

+ayy () [k, )Y 1=k, )P +agp @) [k, 1) |k, 1))
\ J

To lowest order in (weak) metric fluctuations, whenr, =0, r;# 0: Im (@ (t)) > Re(w (1))

COS ())\(1) ‘ t) sin ())\(1)| t) — (o Sin (2 |)\(1) | t)

2AZ L
(kQ—I—m%)% —(kQ—I—mQ)%
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_Generation of the w-terms during time evolution

R
- S e ——

2-particle 2-particle
state state

v (1)) = exp [—z’ (AW +H®) ﬂ )

1 (1) = (874 { iry (O e ) |~k )@ + gy (6) [k, NP =k, F

+ayy () [k, )Y 1=k, )P +agp @) [k, 1) |k, 1))
\ J

To lowest order in (weak) metric fluctuations, whenr, =0, r; # 0: Im (@ (t)) > Re(w (t))

— COS (’)\(1) ‘ t) sin ())\(1)‘ t) = T0( Sin (2 |)\(1) | t)
2

),

Sinusoidal time dependence of w-effect
induced by temporal evolution of the system.

® -l



-

_Generation of the w-terms during time evoluﬁﬁ‘ é

2-particle 2-particle
state state

() = exp [ i (A0 + B®) L jyy
Mwwwmﬂﬂ%@WWWmMHMWMWHmm}\

+ayy () [k, )Y 1=k, )P +agp @) [k, 1) |k, 1))
\ J

To lowest order in (weak) metric fluctuations, whenr, =0, r;# 0: Im (@ (t)) > Re(w (1))

2A 2k
- L — COS ())\(1) ‘ t) sin ())\(1)| t) — g sin (2 |)\(1) | t)
(k? +mf)? — (k* +m3)?
1 \*KSK._ ® OKsKL /
2 o
@0 = T oTTe o v %
(kz2—i—m )7 k2+m%)7

In D-foam models, A2~ || |k| / Mgg




Recapitulate: w-effect analogue in spin sytems

Inspired by D-particle foam models (interaction of particle probes with space-time defects)

Perturb Hamiltonian of 2-flavour states with flavour-flip interactions of a certain type, depending
on momentum transfer as a result of defect recoil, which spacetime-induced metric flcutuations

Apply Quantum Mechanical perturbation to consider dressed” interacting states

Starting from a totally antisymmetric dressed state 2 w-effect follows when express the state
in terms of unperturbed states, after taking into account stochastic quantum fluctuations

of recoil-induced metric

Two types of w-effect: (i) in the initial state of the two entangled particles,
(ii) generated by time evolution, due to aforementioned Hamiltonian interactions.

NOTE : If we consider the particle states embedded in a Thermal Bath > NO w-type entangling effects arise
(proved via use of thermal master equations) Bernaneu, NEM, Sarkar

Phys.Rev.D 74 (2006) 045014

NB: Heat is known to destroy quantum entanglement in any case,

since thermal flcts. affect the delicate quantum correlations required

- recent breakthrough algorithms were constructed proving ““sudden death” of entanglement by heat
https://www.quantamagazine.org/computer-scientists-prove-that-heat-destroys-entanglement-20240828/



https://www.quantamagazine.org/computer-scientists-prove-that-heat-destroys-entanglement-20240828/

w-effect observables/current bounds



w-effect observables/current bounds

‘c_;: Decays and the w Effect' E

Consider the ¢ decay amplitude: final state X at t; and Y at time t2 (f = 0 at the moment of ¢

ernabeu, NEM,
apavassiliou (04),...

decay)
S —
1
I 1.2 (.1.)=O ’,,-_\\\‘ i
— —’-'—';"'-—
0.8 If’
0.6 o
3 /, \
0.4k
o2k /7 w=#0
2 4 & 10 ’
; At

I(At=0) # 0
if w-effect present

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

At

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



w-Effect & Intensities.

1 _ _ o .
I(At) = - dt|A(xt ", 7 n )2 = ("= |H5)|4|N|2|n+_|2[h + I+ 112}

|At

e~ TSAl L o TLAT _ 9= (Is+TLIAL/2Z oo5( AMAL)
' +Ts
jw|? e TSAr enhancement factor due to CP violation

I (At) = =

Ia(At) = ERNERET compared with, eg, B-mesons

4

I12(At) = —
12(At) 4(AM)? + (375 + 'L

[mm(e—FSM sin(¢,_ — Q) —e” “Pin(p,_ — Q4+ .ﬁM&Lj)
—(3Ts + r—L)(e—FSM cos(¢pp_ — Q) —e TSHILIA2 (o, —Q+ ammy)]

AM = Mg — Mg and n,_ = |, _|e*®+-.

NB: sensitivities up to |w| ~ 10~ in ¢ factories, due to enhancement by |74 | ~ 10~% factor.

ernabeu, NEM,
pavassiliou (04),...




Old Measurements Status of w-effect i
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Bernabeu, Botella, NEM, Nebot,

EPIC 77 (2017) 865 )
Double Decay rate  (Approximation AI" = 0,)

4 | | o0 ) ) (fIT|BY = A T|BY) = A
1<f,g;r>=fdro|<f,ro;g,r+ro|T|svo>|~ al =Ar By =4y
’ _aAr o _1miyP . 2Rely)
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: c 1) — f 8/ —I't w ZIm()»f)
l(f’g’f) F € {Cg?h [f’g] Sf=1+|)»f|2’
\ +CLLf, glcos(AMt) + P f, gl sin(AMt)} / N 1 — 82
e T (T 1w (1= 8CH) (1= 5Cy)

& corresponding f --> g quantities)

LS 8l = N[f~gl[l — RfRg +Re(®) (CeRy+CrRe)  G2[f, gl = N[f,gl[—(Cng + S5 Sg) FELf. 8] = N[f,gl[(CgSf —CySg)

—Im 8) (S5 + Sg) —Re (0) (CgRf + CfRy) +Re (0) (RgSs — RfS,)
+1+(l s {CCs +x5pRe @) +1Im (9) (Sy + Sp) +Im (9) (Cy — Cy)
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1
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Double Decay rate  (Approximation AI" = 0,)
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eI
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Old Measurements Status of w-effect
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Current Measurements Status of w-effect | cf. A. Di Domenico 's talk
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M. Ablikim et al. [BESIII],

Current Measurements Status of w-effect [arXiv:2504.13771 [hep-ex]].

Search for J/¢ — KK and v(3686) — KK (CP Violating decays)
BESIII detector.

Upper Limaiks exper&mem&at resulks:

B(J/Y — KgKg) < 4.7 x 1077 A lw| <(4.91 £ 0.14) x 1073

B(1(3686) — K2K2) < 1.1 x 107® # |lw| < (1.44 £0.04) x 1072

Compilation of such measurements can be used to restrict the w-effect , and, A
through this, the parameters of the (stringy) D-foam Models Mgy =M./n" , T efc
and combination with constraints on these parameters from multimessenger astroparticle
measurements can provide complementary information



Part 11

A way of detecting
(squeezed) Quantum Gravitons



Entangled states of gravitons in axionic clouds of rotating Black Holes
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https://arxiv.org/abs/2507.01689

Axions (bH(x)) exist in string theory: Non-trivial Chern-Simons (CS)
model independent axions, gravitational anomalies in
but also compactification axions Rotating-Black-Holes background
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Axions (bH(x)) exist in string theory: Non-trivial Chern-Simons (CS)
model independent axions, gravitational anomalies in
but also compactification axions Rotating-Black-Holes background
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Axions (bH(x)) exist in string theory: Non-trivial Chern-Simons (CS)
model independent axions, gravitational anomalies in
but also compactification axions Rotating-Black-Holes background

Sog = —% / d*z\/=g b Ry, o R""*°

o
Campbell, D Kaloper, Oli £ Res A
amppeill, buncan, Kaloper, ive | A ) 4 i
Phys. Lett. B 251 (1990), 34; Adding this coupling to GR-axion-b action
Nucl. Phys. B351 (1991), 778,
Jackiw, Pi ) R 1 ) 1y o, ’
Phys.Rev.D 68 (2003) 104012 S= [ dav=g |55~ 5(0:0)(0"b) — Sy b
Svrcek, Witten,
JHEP 06 (2006) 051 Non-conservation
hep-th/0605206 [hep-th] \ of b stress-energy |
tensor !
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Diffeomorphism invariance of theory is OK ! 0



Axions (bH(x)) exist in string theory:
model independent axions,
but also compactification axions
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Axions (bH(x)) exist in string theory:

model independent axions,
but also compactification axions
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Axions (bH(x)) exist in string theory:

model independent axions,
but also compactification axions
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Multimode Squeezed graviton States  Dorlis, NEM, Sarkar, Vlachos
arXive 2507.01689 [gr-qc]

Evolution operator has the form of multimode squeezed operator
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Gravifon-Squeezing GR terms
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Graviton-Squeezing CS terms
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Graviton-Squeezing CS terms
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FIG. 3. Angular and polarization correlations for the CS in-
teraction. Only pairs of opposite polarizations are produced;

Hence, even for long-lived clouds CS-induced
graviton squeezing will be suppressed compared

to GR-induced one -
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GR correlations in absence of anomalies
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Summary

Quantum Gravity (QG, if it exists) may manifests itself in various ways, some of which may be
entirely unconventional (as compared to the other fundamental interactions in Nature.

One of them is through a space-time “‘environment” of QG fluctuating degrees of freedom whose
dynamical description may require going beyond the EFT approach . The environment induces
decoherence of quantum matter propagating in it.

One potential effect of such a decoherence is an ill-defined nature of the generator of the
CPT transformations, which in flat spacetimes is a sacrosanct symmetry of Unitary, Lorentz invariant
quantum field theories with Local interactions.

This “tintrinsic CPT Violation” can be parametrized in terms of the w-effect in Entangled neutral-
meson states, modifying the EPR correlations. Current bounds in various facilities have been given.

The phenomenon can find interesting analogues in spin systems = uses in particle cryptography ?2?

Another potential effect of QG that we examined briefly, this time within the EFT approach to weak
QG, is the production of multimode squeezed gravitons in axionic clouds of superradiant rotating black
holes. The presence of Gravitational CS Anomalies affects the EPR correlations of the entangled
gravitons produced in the process (remote analogy with w-effect).

The GR effect, associated with the production of entangled graviton pairs from a pair of fusing axions
in the cloud can lead to significant squeezing, for sufficiently long-lived axion clouds. CS-anomaly
induced squeezing is suppressed compared to GR effect. Future detection of such gravitons using
combinations of interferometers is foreseen.
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