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QG-induced fundamental decoherence

Several QG models lead to decoherence mechanisms [A. Bassi et al, Class.

Quant. Grav. 34, 193002 (2017)].

Fundamental decoherence: no interaction with an environment.
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The mathematical framework
Two flavours analysis

Oscillation probability

States

|νγ⟩ = ∑
i

U∗
γi |ψi⟩ ⊗ |νi⟩ = ∑

i
U∗

γi

∫
d3 p ψi(ppp) |ppp⟩ ⊗ |νi⟩ (1)

Probability given by

P(β → α; t) = Tr{ρ(t) |να⟩⟨να|} , ρ(0) =
∣∣νβ

〉〈
νβ

∣∣ (2)

∂tρ = −i[H, ρ]︸ ︷︷ ︸
Standard QM

7−→ ∂tρ = L[ρ]︸ ︷︷ ︸
Decoherence

(3)

ρ(t) = ∑
i,j

U∗
βiUβj

∫
d3 p d3q ψi(ppp)ψ∗

j (qqq)e
−it[Ei(ppp)−Ej(qqq)]e−tLij(ppp,qqq) |ppp⟩⟨qqq| ⊗

∣∣νi
〉〈

νj
∣∣ (4)
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The mathematical framework
Two flavours analysis

Oscillation Probability

Assumptions: one-dimensional reduction, wave-packets peaked
around mean momenta pi, only retain up to first order in ∆m2 terms.

PQG(β → α; L) ∝ ∑
i,j

U∗
βiUβjU∗

αjUαi eiϕij
2π

vgij

∫ +∞

−∞
dp eip(1−rij)L ·

·Gij(p, rij p + ∆Eij/vgj)e
−Dij

(
p+pi , rij p+pj−v−1

gj
∆Eij ;L

)
(5)

Dij(p, q; L) = v−1
gij

LLij(p, q), rij = vgi · v−1
gj

, ϕij = −L
∆m2

ij
2 pij

.
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The mathematical framework
Two flavours analysis

Two flavours probability

Propagation coherence condition

L ≪ lcoh = σX
vgij

∆vgij

(6)

Interaction coherence condition

∆Eij
σX
vgij

≪ 1 (7)

Probability simplifies to

PQG(β → α; L) = ∑
i,j

U∗
βiUβjU∗

αjUαi eiϕij e−Dij(pi ,pj ;L) (8)

Considering two flavours oscillations, probability further simplifies

PQG(α → α) = e−DPstd(α → α) +
(

1 − e−D
)(

1 − 1
2

sin2 2θ

)
(9)

with Pstd(α → α) = 1 − sin2 2θ sin2 ϕ
2 .
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Studied models
Sensitivity to different regimes

Fundamental decoherence QG models

Deformation of symmetries: D =
L(∆m2)

2

8vgEQG p2

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

Fluctuating minimal length: D = 16LE4(∆m)2

vgE5
QG

[L. Petruzziello et al, Nat. Commun. 12, 1, 4449, (2021)].

Stochastic metric fluctuations: D =
L
(

1+ E2
mimj

)2
(∆m)2

8vgEQG
[H. Breuer et al, Class. Quant. Grav. 26, 105012, (2009)].

Degenerate mass eigenstates: mimj ∼ m2, ∆m2 ∼ (∆m)2.

Non-degenerate mass eigenstates: mimj = mmin

√
m2

min + ∆m2,

(∆m)2 =
(
−mmin +

√
m2

min + ∆m2
)2
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Neutrino oscillations regimes

Astrophysical neutrinos.

Solar neutrinos.

Atmospheric neutrinos.

Reactor and accelerator neutrinos.
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Sensitivity to different regimes

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

P(β → α) ∝ e
− L

lcoh (10)

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

cos ϕ rapidly oscillating. ⇒ Averaged probability is observed.

⟨Pstd(α → α)⟩ = 1 − 1
2

sin2 2θ ⇒
〈

PQG(α → α)
〉
= ⟨Pstd(α → α)⟩

(11)
Averaged oscillations not sensitive to QG-induced decoherence.
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Sensitivity to QG models

Observable effect when D ≳ 1.

Deformation of symmetries:

D =
L
(
∆m2)2

8vgEQG p2

Fluctuating minimal length:

D =
16LE4(∆m)2

vgE5
QG

Stochastic metric fluctuations:

D =
L
(

1 + E2

mimj

)2
(∆m)2

8vgEQG

     Deformation of

spacetime symmetries

Stochastic 

metric

  Fluctuating

minimal 

L = 105 m

Reactor neutrinos

10-13
0.001 107 1017 1027 p [GeV]

10

1011

1021

1031

L [m]
D = 1 regions

Stochastic metric

    fluctuations

     Deformation of

spacetime 

  Fluctuating

minimal 

L = 103 m

L = 107 m

Atmospheric neutrinos

10-13
0.001 107 1017 1027 p [GeV]

105

1015

1025

1035

L [m]
D = 1 regions
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Constraint from reactor neutrinos data
Constraint from atmospheric neutrinos data

KamLAND

20 40 60 80 100

L

E

(Km⨯MeV-1)0.0

0.2

0.4

0.6

0.8

1.0

1.2

Pν
_
e→ν

_
e

Data from [KamLAND coll., Phys. Rev. Lett. 101, 119904 (2008)]. L = 180 Km,
m = 1 eV (conservative choice), EQG = 1024 GeV.
∆m2 = 7.53 × 10−5 eV2, sin2 2θ = 0.85 [PDG coll., Rev. of Part. Phys., PTEP 2022

(2022) 083C01].

Matter effects ⇒ Focus on high energies ( L
E < 45 Km

MeV ).
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KamLAND

20 25 30 35 40 45

L

E

(Km⨯MeV-1)0.0

0.2

0.4

0.6

0.8

1.0

1.2

Pν
_
e→ν

_
e

QG decoherence not stronger than matter decoherence (conservative

choice) ⇒ EQG > Eχ2

QG : ∆χ2 = χ2
QG − χ2

KL = 2.7.

EQG > 4.1 × 1024 GeV (12)
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Super-Kamiokande

1 10 100 1000 104

L

E

(Km⨯GeV-1)0.0

0.5

1.0

1.5

Pνμ →νμ

Data from [SK, Phys. Rev. Lett. 93, 221803 (2004)]. L = 10 Km, mmin = 1 eV (both
conservative choices), EQG = 1030 GeV. ∆m2 = 2.45 × 10−3 eV2,
sin2 2θ = 0.99 [PDG coll., Rev. of Part. Phys., PTEP 2022 (2022) 083C01].

Fast oscillations ⇒ Focus on high energies ( L
E < 1000 Km

GeV ).
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Super-Kamiokande

1 5 10 50 100 500 1000

L

E

(Km⨯GeV-1)0.0

0.5

1.0

1.5

Pνμ →νμ

No significant damping from QG decoherence ⇒
EQG > Eχ2

QG : ∆χ2 = χ2
QG − χ2

std = 2.7.

EQG > 4.2 × 1034 GeV (13)
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Conclusions

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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Conclusions

Thank you!
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