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@ Quantum-to-classical transition mechanism.
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Quantum Decoherence

@ Quantum-to-classical transition mechanism.

@ Interaction with the environment — loss of coherence.

ps(1) = Tee {U(1)ps.e (VU (1) }
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Quantum Decoherence

@ Quantum-to-classical transition mechanism.

@ Interaction with the environment — loss of coherence.

ps(1) = Tee {U(1)ps.e (VU (1) }

@ Evolution of quantum systems described by master equations
(Lindblad, ...)
dps

- = —i[Hs, ps] +D[p5(t)] = £lps(1)]

d . 1
% = —i[Hs,ps(t)] — EZM{LZLL;LPS(’) +pS(t)L#LZL *ZLAPS(I)LL}’ Auz=0].
m
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Decoherence in quantum gravity

Gravitational field (or spacetime) as an omnipresent environment [A. Bassi et al, Class.
Quant. Grav. 34, 193002 (2017).].
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Decoherence in quantum gravity

Gravitational field (or spacetime) as an omnipresent environment [A. Bassi et al, Class.
Quant. Grav. 34, 193002 (2017).].

Several frameworks: Metric fluctuations [H.P. Breuer et al,Class. Quant. Grav. 26, 105012
(2009)1, Gravitational time dilation [1. Pikovski et al, Nat. Phys. 11 (2015) 668-672], fluctuating
minimal length [L. Petruzziello and F. lluminati, Nat.Comm. 12, 4449 (2021)],. . .
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Decoherence in quantum gravity

Gravitational field (or spacetime) as an omnipresent environment [A. Bassi et al, Class.
Quant. Grav. 34, 193002 (2017).].

Several frameworks: Metric fluctuations [H.P. Breuer et al,Class. Quant. Grav. 26, 105012
(2009)1, Gravitational time dilation [1. Pikovski et al, Nat. Phys. 11 (2015) 668-672], fluctuating
minimal length [L. Petruzziello and F. lluminati, Nat.Comm. 12, 4449 (2021)],. . .
Phenomenology: Neutron interferometry and neutral kaons [J. Ellis et al, Nucl.Phys.B 241,
381 (1984)], neutrino oscillations [VDE and G. Gubitosi, arXiv:2306.14778], optomechanical
cavities [C. Pfister et al, Nature Communications 7, 13022 (2016)].

Vittorio D’Esposito Fundamental d erence and neutri cillations



© Deformed quantum evolution from deformed symmetries
@ Deformation of spacetime symmetries
@ Decoherence in momentum and fundamental limit on the mass



Decoherence

Deformed quantum evolution

Neutrino oscillations and decoherence

Constraining the stochastic metric fluctuations scale
Summary

formation of spacetime symmetries

Deformed Symmetries

Spacetime symmetries are deformed with invariant scales.
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Deformation of spacetime symmetries

Deformed Symmetries

Spacetime symmetries are deformed with invariant scales.
Invariant velocity scale (c): Galileian Relativity — Special
Relativity.
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Deformation of spacetime symmetries

Deformed Symmetries

Spacetime symmetries are deformed with invariant scales.
Invariant velocity scale (c): Galileian Relativity — Special
Relativity.

Invariant energy (or length) scale (Ep or £p): Special Relativity —
Deformed Special Relativity.
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Deformation of spacetime symmetries

Deformed Symmetries

Spacetime symmetries are deformed with invariant scales.
Invariant velocity scale (c): Galileian Relativity — Special
Relativity.

Invariant energy (or length) scale (Ep or £p): Special Relativity —
Deformed Special Relativity.

Deformed symmetries are described with Hopf algebras

Non-linear algebraic sector Coalgebra becomes non-trivial

(X, X;] = f(X) A :H — H®H (coproduct)

S:H — H (antipode)
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Deformed symmetries in QM

Deformation of spacetime symmetries

k-Galilei algebra (in classical basis): undeformed algebra and
deformed coalgebra.
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Deformed symmetries in QM

k-Galilei algebra (in classical basis): undeformed algebra and
deformed coalgebra.

Deforming the coalgebra means deforming the action of generators
on the Hilbert space.
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Deformed symmetries in QM

k-Galilei algebra (in classical basis): undeformed algebra and
deformed coalgebra.

Deforming the coalgebra means deforming the action of generators
on the Hilbert space.

Trivial coalgebra Deformed coalgebra
8pu(1p)la)) = (pu+aw) Py ela) AR(In) @) = (p@a)ulp)2la) 3)

(D
Pu{ql:={q|S(Pu) = —qu{ql (2 Pu{ql:=(q|S(Pu) # —quiql 4
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Deformed symmetries in QM

k-Galilei algebra (in classical basis): undeformed algebra and
deformed coalgebra.

Deforming the coalgebra means deforming the action of generators
on the Hilbert space.

Trivial coalgebra Deformed coalgebra

8pu(1p)la)) = (pu+aw) Py ela) AR(In) @) = (p@a)ulp)2la) 3)
ey
Pulgl == (q|S(Pu) = —qulal (2 Pulql == (q|S(Pu) # —qual 4

Deformation of time translations generator

1 1
ARy =PR@1+10PR+ _FoP", S(R)=—R+ P ()
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Deformation of spacetime symmetries

Adjoint Action

In standard QM evolution of density operators p is given by the
adjoint action of time translations generator.
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Deformation of spacetime symmetries

Adjoint Action

In standard QM evolution of density operators p is given by the
adjoint action of time translations generator.
Hopf-algebraic definition of adjoint action [H. Ruegg & V. N. Tolstoy,
Lett.Math.Phys. 32, 85-101 (1994)].
In QM

adg(0) = (id 2 S)AG © O (6)

If coalgebra structures are trivial
adg(0) = (id®S) (GR1+1®G)e0=(Gal- 1®G )o0=—i[G,O]

N—
AG S(G)=—G

)
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Density operator time evolution

n momentum and fundamental limit on the m:

Assumptions:
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Density operator time evolution

rence in momentum and fundamental limit on the mass

Assumptions:

@ Adjoint action of Py gives the time evolution of p.
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Density operator time evolution

Decoherence in momentum and fundamental limit on the mass

Assumptions:
@ Adjoint action of Py gives the time evolution of p.

@ Time evolution preserves the hermiticity of p (required to
interpret the eigenvalues of p as probabilities).
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Density operator time evolution

Decoherence in momentum and fundamental limit on the mass

Assumptions:
@ Adjoint action of Py gives the time evolution of p.

@ Time evolution preserves the hermiticity of p (required to
interpret the eigenvalues of p as probabilities).

These requirements are met with

dp 1
<L — 2{adn(p) +adn (p))'} ®)
leading to
dp . 1 7
5 = ilPopl—5 (PP’ +P’p—2PpP") 9
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Decoherence time and mass constraint

Decoherence in momentum and fundamental limit on the mass

Free particle solution in momentum basis is

t
2K

(plplg) = ppq(t) :qu(O)exp{—if[E(p)—E(q)} (1’*4)2} (10)
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Decoherence time and mass constraint

Decoherence in momentum and fundamental limit on the mass

Free particle solution in momentum basis is

t

(plplg) = ppq(t) :qu(O)exp{—if[E(p)—E(q)} (1’*4)2} (10)

Off-diagonal phase coherence vanishes after a decoherence time

2K
D=-—"> 1)
(8p)°
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Decoherence time and mass constraint

Decoherence in momentum and fundamental limit on the mass

Free particle solution in momentum basis is

t

(plplg) = ppq(t) :qu(O)exp{—if[E(p)—E(q)} (1’*4)2} (10)

(1)

“Lifetime” of a state of a quantum sys-
tem [J. Hilgevoord APJ 64, 1451 (1996)]

w2 (3E)” (12)
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Decoherence time and mass constraint

Decoherence in momentum and fundamental limit on the mass

Free particle solution in momentum basis is

t

(plplg) = ppq(t) :qu(o)eXP{_i’[E(P)_E(QH (1’*4)2} (10)

Off-diagonal phase coherence vanishes after a decoherence time

2k
= an
(6p)
Decoherence not observable (“quantum-
ness is preserved”) if Tp > T,

“Lifetime” of a state of a quantum sys-
tem [J. Hilgevoord APJ 64, 1451 (1996)]

w2 (8E)™ (12) 6 _,. (13)
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Decoherence time and mass constraint

Decoherence in momentum and fundamental limit on the mass

Free particle solution in momentum basis is

t

(plplg) = ppq(t) :qu(o)eXP{_i’[E(P)_E(QH (1’*4)2} (10)

Off-diagonal phase coherence vanishes after a decoherence time

2k
= an
(6p)
Decoherence not observable (“quantum-
ness is preserved”) if Tp > T,

“Lifetime” of a state of a quantum sys-
tem [J. Hilgevoord APJ 64, 1451 (1996)]

w2 (8E)™ (12) 6 _,. (13)

m< K (14)

Vittorio D’Esposito ndamental decoherence and neutrinc



@ Neutrino oscillations and decoherence
@ The mathematical framework
@ Two flavours analysis
@ Experimental sensitivity to QG models



Decoherence

Deformed quantum evolution

Neutrino oscillations and decoherence

Constraining the stochastic metric fluctuations scale
Summary

Decoherence effects on neutrino oscillations

Decoherence modifies neutrino oscillations

@ Damping factor in oscillation probability
PB—a)xe®

@ Quenching of neutrino fluxes

D (Ve, Vy, V) < e P
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Decoherence effects on neutrino oscillations

Decoherence modifies neutrino oscillations

@ Damping factor in oscillation probability

PB—a)xe®

o Quenching of o f
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Oscillation probability

States
V) =Euilweiv) = L0 [ Crvie)piel a5

Probability given by

P(B — a:t) =Tr{p(1) [Va)(Val} , p(0) = |v)(v|  (16)
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Oscillation probability

States
V) =Euilweiv) = L0 [ Crvie)piel a5

Probability given by

P(B — o;t) = Te{p (1) [Va)(Val} . p(0) = |vg)(vg| (16)

~ilH.p]— P = glp(r) a7)

Standard QM Decoherence

a _
dr

()= L UsUs; [ €pdq vilpyv; (g)e " EP 5@ 200 pyg o vy (8)
LJ

Vittorio D’Esposito Fundamental decoherence and neutrino oscillations



Decoherence

Deformed quantum evolution The mathematical framework

Neutrino oscillations and decoherence

Constraining the stochastic metric fluctuations scale
Summary

Oscillation Probability

Assumptions: one-dimensional reduction, wave-packets peaked around
mean momenta p;, only retain up to first order in Am? terms.

—+o0
2r / dp eip(l*l’ijﬂa .
8ij v~

PG (B — ;L) o ZUgiUﬁjUéjUaieiq)ijv
i

—Dj; <I’+Pi7rijp+17j_v7-l AEij;L)
Gij(p.rijp+ AEij/vg; e ‘i

19)
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Oscillation Probability

Assumptions: one-dimensional reduction, wave-packets peaked around

mean momenta p;, only retain up to first order in Am?> terms

2 /r+”
Vgij —oo

=Dij\ p+pi-rijp+pj—vg AE L
‘Gij(p.rijp+AEij/vg; e "< pIUETE Y )

PQG(ﬁ — (X;L) 3 ZUgiUﬁjU:;jUaiei%j
¥

Am,zj
Dij(p.q;L) = v [ LLj(p.q). rij = vg; v s 91 = L,

Vittorio D’Esposito
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Two flavours probability

Propagation coherence condition Interaction coherence condition
Veii o
L < leoh = O-XAi (20) AE[jiX <1 21
8ij 8ij

Probability simplifies to

Poc(B — a:L) = Y UjUp UgUaie®ic 1701 (22)
ij
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Two flavours probability

Propagation coherence condition Interaction coherence condition
Veii o
L < leoh = O-XAi (20) AE,’jiX <1 21
8ij 8ij

Probability simplifies to
Poc(B — L) = Y, UpUp Uq Uaie' e P01t (22)
i.j
Considering two flavours oscillations, probability further simplifies

1
Pog(oe— o) =e PPyg(a— a)+(1—e?) (1 -5 sin226) (23)

with Pyg(0t — &) = 1 —sin®26 sin’ %
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. . L ( Am? ) z
Deformation of symmetries: D = ———
8VgEQG P

[M. Arzano et al, accepted on Communication Physics].

. . 16LE*(Am)*
Fluctuating minimal length: D = #
veEda
[L. Petruzziello et al, Nat. Commun. 12, 1, 4449, (2021)].
2
. . . LES(Am?
Stochastic metric fluctuations: D = (74)4
4vgEgg mim 3

[H. Breuer et al, Class. Quant. Grav. 26, 105012, (2009), VDE and G. Gubitosi, arXiv:2306.14778].
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L(Amz)2

8VgEQG pz
[M. Arzano et al, accepted on Communication Physics].

Deformation of symmetries: D =

. . 16LE*(Am)*
Fluctuating minimal length: D = #
veEda
[L. Petruzziello et al, Nat. Commun. 12, 1, 4449, (2021)].
2
. . . LES(Am?
Stochastic metric fluctuations: D = (74)4
4vgEgg mim 3

[H. Breuer et al, Class. Quant. Grav. 26, 105012, (2009), VDE and G. Gubitosi, arXiv:2306.14778].

Degenerate mass eigenstates: m;m; ~ m?, Am?* ~ (Am)?.

Non-degenerate mass eigenstates: m;m; = Mmpijn/ mlznin + Am?,
2
(Am)? = (=in + 2, + B2
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Neutrino oscillations regimes
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Neutrino oscillations regimes

Astrophysical neutrinos.
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Neutrino oscillations regimes

Astrophysical neutrinos.

Solar neutrinos.
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Neutrino oscillations regimes

Astrophysical neutrinos.

Solar neutrinos.

Atmospheric neutrinos.
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Neutrino oscillations regimes

Astrophysical neutrinos.

Solar neutrinos.

Atmospheric neutrinos.

Reactor and accelerator neutrinos.
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Astrophysical neutrinos

Standard probability damping for astrophysical neutrinos
[C. Giunti et al, Phys. Rev. D 58, 017301 (1998)].
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Astrophysical neutrinos

Standard probability damping for astrophysical neutrinos

[C. Giunti et al, Phys. Rev. D 58, 017301 (1998)].

With identical Gaussian wave-packets at production and detection
probability reads

L

P(B— a)oce feob (24)

Oscillations are washed out by propagation over such huge distances.
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Solar neutrinos

cos ¢ rapidly oscillating. = Averaged probability is observed.
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Solar neutrinos

cos ¢ rapidly oscillating. = Averaged probability is observed.

(P = o))y =1— %smzze = (Pog(a — ) = (Pya(at — a))  (25)

Averaged oscillations not sensitive to QG-induced decoherence.
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Neutrino oscillations regimes

Atmospheric neutrinos.

Reactor and accelerator neutrinos.
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Sensitivity to QG models

Observable effect when D 2> 1.
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Summary

Experimental sensitivity to QG models

Observable effect when D 2> 1.

Deformation of symmetries:

_ L(om?)’

D=~ 7
SVgEQG p2

Fluctuating minimal length:

Stochastic metric fluctuations:

Vittorio D’Esposito

D— 16LE*(Am)

5
ngQG

2

LES(Am?)?

N 4veEpG m;‘m

4

J

D =1regions

L=,

Lim

D =1regions

pGoV]

ions
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Constraint from reactor neutrinos data

KamLAND

Py, 50,

L
= (KmxMeV™")
E

Data from [KamLAND coll., Phys. Rev. Lett. 101, 119904 (2008)]. L = 180Km, m = 1eV
(conservative choice), Egg = 1034 GeV. Am? =753 x 107 eV?,
sin26 = 0.85 [PDG coll, Rev. of Part. Phys., PTEP 2022 (2022) 083C01].
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KamLAND

Constraint from tor neutrinos data

Py, 50,

L
- - - = (KmxMeV™)

Data from [KamLAND coll., Phys. Rev. Lett. 101, 119904 (2008)]. L = 180Km, m = 1eV
(conservative choice), Egg = 1034 GeV. Am? =753 x 107 eV?,
sin26 = 0.85 [PDG coll, Rev. of Part. Phys., PTEP 2022 (2022) 083C01].

Several reactors = Focus on high energies (% <45 I\I/I(c“\‘,)
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Constraint from reactor neutrinos data

KamLAND

L 1
- - 5 = (KmxMeV™")
’ “E

QG decoherence not stronger than matter decoherence (conservative
2
choice) = Egg > Ef; + Ax* = Xpe — Xk = 2.7-
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Constraint from reactor neutrinos data

KamLAND

L 1
- - 5 = (KmxMeV™")
’ “E

QG decoherence not stronger than matter decoherence (conservative
2
choice) = Egg > Ef; + Ax* = Xpe — Xk = 2.7-

Eog > 2.6 x 10°**GeV (26)
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Constraint from atmospheric neutrinos data

Super-Kamiokande

il L
= (KmxGeV™")
E

Data from [SK, Phys. Rev. Let. 93, 221803 (2004)]. L = 10Km, myy;, = 1eV (both
conservative choices), Egg = 10 GeV. Am? =2.45 x 10 3eV?,
sin226 = 0.99 [PDG coll, Rev. of Part. Phys., PTEP 2022 (2022) 083C01].
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Constraint from atmospheric neutrinos data

Super-Kamiokande

il L
= (KmxGeV™")
E

Data from [SK, Phys. Rev. Let. 93, 221803 (2004)]. L = 10Km, myy;, = 1eV (both
conservative choices), Egg = 10 GeV. Am? =2.45 x 10 3eV?,
sin226 = 0.99 [PDG coll, Rev. of Part. Phys., PTEP 2022 (2022) 083C01].

Fast oscillations = Focus on high energies (% < 1000 %).

Vittorio D’Esposito Fundamental decoherence and neutri



Decoherence
Deformed quantum evolution
Neutrino oscillations and decoherence

Constraining the stochastic metric fluctuations scale
Summary

Constraint from atmospheric neutrinos data

Super-Kamiokande
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No significant damping from QG decoherence =
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Constraint from atmospheric neutrinos data

Super-Kamiokande

=
A
+|

J. /
\ [
\- |

\ /

L
e (KmxGeV~")
E

No significant damping from QG decoherence =
2
Egc > E}; : M* = 26— 120 =27

Epg > 2.5 % 10°° GeV 27
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@ Different deformations?
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@ From purely algebraic arguments a Lindblad equation was derived as the
evolution equation of quantum systems. Decoherence.

@ From the decoherence time, a fundamental constraint on the mass of
quantum systems arises.

@ What kind of environment can generate a similar decoherence process?
@ Different deformations?

@ Phenomenology: table-top experiments with optomechanical cavities and
neutrino oscillations.

@ Derived a general formalism for decoherence effects in neutrino
oscillations that can be applied to any Lindblad-type evolution.
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@ From purely algebraic arguments a Lindblad equation was derived as the
evolution equation of quantum systems. Decoherence.

@ From the decoherence time, a fundamental constraint on the mass of
quantum systems arises.

@ What kind of environment can generate a similar decoherence process?
@ Different deformations?

@ Phenomenology: table-top experiments with optomechanical cavities and
neutrino oscillations.

@ Derived a general formalism for decoherence effects in neutrino
oscillations that can be applied to any Lindblad-type evolution.

@ Strong constraints on the stochastic metric fluctuations scale from long
baseline reactor and atmospheric neutrinos.
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Thank you!
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Relativistic model for metric perturbations

dx# dxVv
T8NV Tdr
Writing the metric as guv = Nyy + hyy, with ‘huv’ < ’nuv‘

hyypHp¥ hyypHp¥
byt 1 PP Ny_1<1_ uwvPHp > 29)

d 1
iy ly) =tH|y), t=— (28)

m2c? 2m2c2

Considering <hl~j () (t’)> = 7.0;j0mn0 (1 —1") we get

2 2

”ZHO,[” Ho,pH, (30)

dp
EQG 2m 2m2

dr

—i[H(),p]

where H is the free Hamiltonian in the lab frame.
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Interaction with the Environment

von Neumann measurement:

|on) @ [R) = [0n) @ |an) = |W) @ |R) ch on) ® |an) (31)

|an) € 4, o) € H5.

Two-level system: |y;) ® |[Eg) — |y;) ® |E;), i = 1,2. Environment-system

entanglement emerges dynamically

W@ ) = (1) +va) ) o ) = —= () @121 + ) 0 |2))
(32)

The density operator of the system is

ps=te{p}= l(|llfl><1l/1|+|1lf2>(‘Ifz\Jr\‘I/O<II/2\ <EI>E2+W2><W1\<E2>E1)

(33)

2

For macroscopic systems |E;) = [T _, |eg)>, (et(xl>> 31(32) =g <1, thus

<E1>E2 NENNO
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Example of system-environment interaction

Two-level system { |0),|1) }; environment composed of N two-level systems

{11 }-

. 1. R . N (i
A = 56:0L . E:= Y g6 (34)
i=1

2V — 1 energy levels for E given by |n) = |1);|1);...|1); with &, = ¥ | (—1)"g;.
it ith V-1
it ) = it (a[0) +5[1)) @ Y enln) = al0) o(0)) + b1} &1 (1)) 35)
i=1

. N it én
with |g0()) = |e(—1)) = L7 epe 7
The decoherence parameter

r(t) = (&1 Zlc el = | (r(r))) ~ 27N (36)

Recurrence time T exists since N is always finite. g; = g Vi and

_ . N .
22 Len |n) = ®l 1 \}(M)l + H‘)i) give r(t) = [cos (gt)] with Tree = g
Highly improbable, typically Tiec o< N!
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Environmental superselection

Interaction with the environment selects the preferred basis.

D o (LAY RIS R ) BEL

|w) get entangled with the environment.

Superselected states are the ones that get least entangled with the
environment (|y;)).

Typically A= I:IS + I:IE + Hint-

Quantum measurement limit: A ~ Hy,.. Typically Ay, = S®E,
thus eigenstates of S get selected

e S |5) @ |Bo) = |si)) @ e E |Eg) = [si) @ |Ei(1))  (38)
Quantum limit: H ~ Hs. Constants of motion of S (energy) get

selected.
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Details of the contraction

The contraction

N—c 'N,P—c P, ke %k (39)

gives

1 1 2 2p2
— P+ /1— =5 (P} = ?P?)
1 1 210 T2 (1)
_ _ 27 2 2 717 K 7K
HofczKPo—i—\/Il —C4K2(PO A2PY) -1, 11, = e =1
K
(40)
thus
1 1
APy = P0®H0+H61®PO+CZ—KCR,H6'®CP"—>P0®]1+11®P0+EP:1®P”
(41
1 1
s(p) = —P0+2—K02P2H61—>—P0+EP2, eS(P) =—cPIl,' = S(R) = —P,
C
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Adjoint Action

In standard QM evolution of density operators p is given by the
adjoint action of time translations generator.
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Adjoint Action

In standard QM evolution of density operators p is given by the
adjoint action of time translations generator.

Abstract adjoint action defined as [H. Ruegg & V. N. Tolstoy, Lett.Math.Phys. 32,
85101 (1994)]

ady(B) := (id® S)AAoB| , (a®b)o0:=a0b  (42)
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Adjoint Action

In standard QM evolution of density operators p is given by the
adjoint action of time translations generator.

Abstract adjoint action defined as [H. Ruegg & V. N. Tolstoy, Lett.Math.Phys. 32,
85101 (1994)]

ady(B) := (id® S)AAoB| , (a®b)o0:=a0b  (42)

In QM

adg(0) := (id @ S)AG30 , (GI®GM50:= (—i)"™""Gl oGy
(43)
If coalgebra structures are trivial
adg(0) = (id®S) (GR1+1®G)e0=(Gal- 1®G )o0=—i[G,O]
N— N——
AG 8(G)=-G

(44)
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