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What is quantum gravity decoherence?

• Neutrino flavour eigenstate is a coherent mixture of mass eigenstates: |𝜈𝑒⟩ = ∑𝑖 𝑈𝑒𝑖|𝜈𝑖⟩
• For a neutrino quantum system, there are two phenomena reducing the coherence:

Wave-packet decoherence Environment-induced decoherence

→ Decoherence describes the loss of coherence
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What is quantum gravity decoherence?

• Neutrino flavour eigenstate is a coherent mixture of mass eigenstates: |𝜈𝑒⟩ = ∑𝑖 𝑈𝑒𝑖|𝜈𝑖⟩
• For a neutrino quantum system, there are two phenomena reducing the coherence:

Wave-packet decoherence Environment-induced decoherence

→ Decoherence describes the loss of coherence
• Quantum Gravity (QG): spacetime itself could be subject to quantum fluctuations →

spacetime foam
• Neutrinos interact with gravitational degrees of freedom → QG decoherence!
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Building a model for QG decoherence

• Open quantum system approach: Lindblad formalism

𝜕𝜌
𝜕t

= −𝑖 [𝐻, 𝜌] + 𝐷(𝜌)

• Assumptions / model-building choices:

1. QG maximally violates global quantum numbers
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Building a model for QG decoherence

• Open quantum system approach: Lindblad formalism

𝜕𝜌
𝜕t

= −𝑖 [𝐻, 𝜌] + 𝐷(𝜌)

• Assumptions / model-building choices:

1. QG maximally violates global quantum numbers

2. QG conserves unbroken gauge charges

3. QG conserves the direction of propagation, spin, and angular momentum

4. QG conserves the total probability of the system

5. We assume the existence of new fermions that share the same quantum numbers as
neutrinos under the unbroken SM gauge group (𝑛f = total number of fermions).

6. Simplicity
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Building a model for QG decoherence

• The model is fully described by: [Hellmann, Päs, Rani, 2022]

𝐻 = 𝐻vacuum (+ 𝐻matter) with 𝐻vacuum = 1
2 |𝑝|

diag(0, Δ𝑚2
21, … , Δ𝑚2

𝑛f1)

𝐷QG(𝜌) =
𝑛2
f −1

∑
𝑖,𝑗=0

((𝒟QG)𝑖𝑗𝜚𝑗) 𝜆𝑖 with 𝒟QG = diag (0, Γ, … , Γ)

Γ(𝐸) = 𝛾0 (
𝐸
𝐸0 )

𝑛

• Determine altered neutrino oscillation probability:

solve Lindblad equation
𝜌(0) → 𝜌(𝐿) →

determine osc. prob.
𝑃𝛼𝛽 = Tr (𝜌𝛽𝜌(𝐿))

→ model fully encoded in
𝑃𝛼𝛽(𝐸, 𝐿)

https://arxiv.org/abs/2208.11754
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[Domi, Eberl, Hellmann, Krieg, Päs, 2025]

https://arxiv.org/abs/2409.12633
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Analysing the SN1987A data

• Our data analysis is close to [Ternes, Pagliaroli, Villante, 2025]

Compute Likelihood
ℒ(𝛾0, 𝐸tot, ⟨𝐸𝜈⟩)

⏐↓

Determine best-fit, i.e. minimise 𝜒2 = −2 ln (ℒ(𝛾0, 𝐸tot, ⟨𝐸𝜈⟩))
w.r.t. the parameters 𝛾0, 𝐸tot, ⟨𝐸𝜈⟩ ⟹ 𝜒2

min

⏐↓

Profile out the parameters 𝐸tot, ⟨𝐸𝜈⟩, i.e. minimise 𝜒2 = −2 ln (ℒ(𝛾fix
0 , 𝐸tot, ⟨𝐸𝜈⟩))

w.r.t. 𝐸tot, ⟨𝐸𝜈⟩ ⟹ 𝜒2
profile

https://arxiv.org/abs/2503.04573
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Analysing the SN1987A data

Profile out the parameters 𝐸tot, ⟨𝐸𝜈⟩, i.e. minimise 𝜒2 = −2 ln (ℒ(𝛾fix
0 , 𝐸tot, ⟨𝐸𝜈⟩))

w.r.t. 𝐸tot, ⟨𝐸𝜈⟩ ⟹ 𝜒2
profile

⏐↓

Plot Δ𝜒2(𝛾0) against 𝛾0, where
Δ𝜒2(𝛾0) = 𝜒2

profile − 𝜒2
min

• SN1987A neutrino events were measured by Kamiokande-II, Baksan, and
Irvine–Michigan–Brookhaven experiment
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Outlook

• Different power law dependencies

• Time dependent analysis of the data [Ternes, Pagliaroli, Villante, 2025]

• Matter effects?

• Inverse neutrino mass ordering?

• Neutrino flux from supernova simulations?

• Sensitivity tests of future detectors?

https://arxiv.org/abs/2503.04573
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Takeaway messages

• Spacetime fluctuations may act as an
environment for propagating neutrinos,
thus, inducing decoherence.

• If dark fermion species being singlets
w.r.t the unbroken SM gauge group exist,
this could induce transitions between
neutrinos and these dark fermions.

• Analysing the SN1987A neutrino data,
we find a statistically non-significant, but
still interesting, preference for our model. 10−26 10−25 10−24 10−23 10−22
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Backup
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Formulae

• 𝜒2 definition: 𝜒2 = −2 ∑𝑑=𝐾,𝐼,𝐵 ln (ℒ𝑑)

• Event rate: 𝑅(𝐸𝑒) = 𝑁𝑝𝜎𝜈𝑒𝑝(𝐸𝜈)𝐹𝜈𝑒
(𝐸𝜈)𝜂(𝐸𝑒)

• Time integrated neutrino flux: 𝐹 SN
𝜈𝑒

(𝐸𝜈) = 1
4𝜋𝐷2

𝐸𝜈𝑒
tot

⟨𝐸𝜈𝑒⟩
(1+𝛼)(1+𝛼)

Γ[1+𝛼] (
𝐸𝜈

⟨𝐸𝜈𝑒⟩ )

2
𝑒

− (1+𝛼)𝐸𝜈
⟨𝐸𝜈𝑒⟩

• Time integrated neutrino flux at the detector: 𝐹 dec
𝜈𝑒

(𝐸𝜈) = (𝑃𝑒𝑒 + 𝑃𝜇𝑒 + 𝑃𝜏𝑒) 𝐹 SN
𝜈𝑒

(𝐸𝜈)

• Likelihood: ℒ𝑑 = 𝑒−𝑅 ∏
𝑁∗

𝑑
𝑖=1 [∫ 𝑅(𝐸𝑒)𝐺(𝐸𝑒, 𝐸𝑖)𝑑𝐸𝑒]

• Smearing function: 𝐺(𝐸𝑒, 𝐸𝑖) = 1
√2𝜋𝛿𝐸𝑖

exp (− (𝐸𝑒−𝐸𝑖)2

2𝛿𝐸2
𝑖 )

[Ternes, Pagliaroli, Villante, 2025]

https://arxiv.org/abs/2503.04573
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Event Rates and Detector Efficiencies
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Inverse Beta Decay Cross Section
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Data
[Ternes, Pagliaroli, Villante, 2025]

https://arxiv.org/abs/2503.04573
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More Technicalities...

[Hellmann, Päs, Rani, 2022] [Hellmann, Päs, Rani, 2022]

https://arxiv.org/abs/2103.11984
https://arxiv.org/abs/2208.11754
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[Domi, Eberl, Hellmann, Krieg, Päs, 2025] [Ternes, Pagliaroli, Villante, 2025]

https://arxiv.org/abs/2409.12633
https://arxiv.org/abs/2503.04573
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