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 I. Motivation



  
Main idea:
Neutrinos interact with a quantum gravitational environment

Interaction modifies neutrino oscillations due to decoherence

Current neutrino experiments: Searches for quantum gravity via decoherence

Question: If I am asked by experimentalists what would be my perspective on this?

No direct detection yet, constrain decoherence parameters



 

 I. Brief introduction to neutrino oscillations



II. Neutrino oscillations without decoherence

(PMNS) matrix
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then

Neutrino oscillation in a nutshell

Oscillation probabilities (vacuum)

(most simple model)
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 II. Phenomenological models: Decoherence in 
neutrino oscillations

Vectorise Lindblad equation and then parametrise dissipator by                        
decoherence parameters, additional assumption reduce to 2-3 parameters

Additional damping term 
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A in flavor basis

effective mass basis
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effective mass basis
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[Ellis, Lopez, Mavromatos, Nanopoulos 1996]; [Benatti, Floreanini 1999]; [Lisi, Marrone, Montanino 2000];  
[Guzzo, de Holanda, Oliveira 2016]; [Gomes, Forero, Guzzo, de Holanda, Oliveira 2019]]

in mass basis

Phenomenological models

Lindblad equation

Oscillation probability with decoherence
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45 = 9 · 8/2



 

[De Romeri,Giunti, Stuttard,Ternes ’23]

Characteristic of long-baseline accelerator neutrino experiments

Probabilities for oscillations 
change depending on the 
values for       and choice of 
power n
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More precise questions: What would be          from an QG perspective?
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How to address this question from the theoretical microscopic perspective?



 

 III. Brief Review on Open Quantum Models



III. Open Quantum Systems 

Aim: Consider gravitationally induced decoherence

Gravitational environment interesting because all matter couples to gravity

System S + environment     :" H = HS ⌦H"

Dynamics: Htot = HS +H" +Hint

Hint(t) =

X

↵

S↵(t)⌦ E↵(t)

@t⇢ =
1

i~ [Htot, ⇢]

Total Dynamics:



 

III. Open Quantum Systems 

Total dynamics is usually to complicated to solve

Microscopic model:

Aim: Effective dynamics for S: master equation

Htot = HS +H" +Hint

@t⇢S =
d

dt
tr"

⇣
Utot(t)⇢(0)U

†
tot(t)

⌘
=

1

i~ tr" ([Htot, ⇢])

Master equation:

contribution due to interaction with environment
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Lindblad equation:

encodes interaction with the environment



III. What characterises a microscopic model?

 

Lindblad equation: Lindblad operators       + environmental correlation fctnsLk

For given HS model characterised by choice of               Lk, �k QG

@

@t
⇢S(t) =

1

i~ [HS +HLS, ⇢S(t)] +
X

k

�k

✓
Lk⇢S(t)L

†
k � 1

2

n
L
†
kLk, ⇢S(t)

o◆
�k

Environmental correlation fctns: env. operators in          , env. state

Lindblad operators: system’s operators in
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+ spectral density, renormalisation and approximations: Markov, rotating wave

QM vs QFT models: in QM models usually more choices of the model needs to 
made than in QFT

Open QFT model + one-particle sector: bridge to phenom models in QM

Strategy: increase complexity of the models step by step 



 

 
IV. Linearised Gravity as an Open QFT Model

[Max Fahn, K.G., Roman Kemper, Michael Kobler  ’22, ‘24+’26]
[[Anastopoulos, Hu 2013]; [Blencowe 2013]; [Oniga, Wang 2016]; 

[Lagouvardos, Anastopoulos 2021]; [Asprea 2021]]

Ashtekar-Barbero variables
Relational formalism

ADM variables, gauge fixing



IV. Microscopic models from GR

 

Idea: Consider (general) relativistic action as a starting point

 Lagrangian formulation: 

Differences & challenges compared to open QM models
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Geometry & matter
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Gµω = ωTµω

A. GR is a (fully) constrained system, involves gauge dof

 Hamiltonian formulation of weakly coupled gravity, linearised gravity

C. Choice of quantisation (representation) & Master equation

quantisation of constrained systems more ambiguities 

Post-Minkowski approximation, open QFT models, Ashtekar-Barbero variables

D. Applications: one particle master equation + bridge to phenom. models

B. Even at classical level physical observables (gauge-inv. quantities) hard to construct

Here still Fock quantisation

Dirac observables with respect to physical dynamical reference frames



IV: Hamiltonian formulation of GR

 

GR in Ashtekar-Barbero variables:
3+1 split of spacetime 

 Kinematics: 

 Dynamics: 

[Ashtekar ’86, Barbero ’94]

[ADM ’59]  
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a
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{
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a(x), E
b
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}
= ωεjkε

b
aε

3(x, y)
(Vacuum case here)

Constraints:

Canonical Hamiltonian 

<latexit sha1_base64="vQC7qBa2HLk21exO/kgZGrtvzCQ=">AAACDHicbVBdSwJBFL1rX2ZfVo+9DElgILIbYb0ElkQ9GqQGuiyz46iTsx/MzAay+AN66a/00kMRvfYDeuvfNOpGpR0YOPece7lzjxtyJpVpfhqpufmFxaX0cmZldW19I7u5VZdBJAitkYAH4sbFknLm05piitObUFDsuZw23H5l5DfuqJAs8K/VIKS2h7s+6zCClZacbK6SPy2g8/0Ts4AqDv4pLpzb70J3mUVzDDRLrITkIEHVyX602gGJPOorwrGUTcsMlR1joRjhdJhpRZKGmPRxlzY19bFHpR2PjxmiPa20UScQ+vkKjdXfEzH2pBx4ru70sOrJaW8k/uc1I9U5tmPmh5GiPpks6kQcqQCNkkFtJihRfKAJJoLpvyLSwwITpfPL6BCs6ZNnSf2gaJWKpavDXPksiSMNO7ALebDgCMpwCVWoAYF7eIRneDEejCfj1XibtKaMZGYb/sB4/wKlWJWy</latexit>

C(A,E) = 0, Ca(A,E) = 0, Gj(A,E) = 0 additional SU(2) 
Gauß constraint

<latexit sha1_base64="u7l+ola7zFKRxpoEXGuThwwNr2U="></latexit>

Ȧj
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Holonomies & Fluxes:
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he(A), E(S)
Holonomy-flux algebra as 
classical starting point 

edge

holonomy

Causality: globally hyperbolic spacetimes



IV.A. Hamiltonian Form: matter coupled to lin. gravity

 

GR in Ashtekar-Barbero variables+matter:

Elementary variables

 Kinematics: 

 
Dynamics: 

[Ashtekar ’86, Barbero ’94]

Linearised Constraints:

Canonical Hamiltonian 

additional SU(2) 
Gauß constraint

3+1 split of spacetime 
[ADM ’59]

<latexit sha1_base64="SUyFRzg6sOOCDfGRs9fkkZh8YdM="></latexit>(
ωAj

a, ωE
a
j

)
, (ε,ϑ)/(Aa, E

a)

<latexit sha1_base64="rp1e9QATdUaJKQZUdOMY81qld+Q="></latexit>{
ωAj

a(x), ωE
b
k(y)

}
=

1

ε
ωjkω

b
aω

3(x, y)
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{ω(x),ε(y)} = ϑ3(x, y)
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or
{
Aa(x), E

b(y)
}
= ωbaω

3(x, y)
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ωC = 0, ωCa = 0, ωGj = 0

<latexit sha1_base64="GhciVW/hnLbfS/Bvmx0oiFkKM3Y="></latexit>

ωHcan =
1

ε

∫

ω
d3x

(
ϑmatter(ϖ) + ωNωC + ωNaωCa + ω!jωGj + ωHI + ω2Cgeo

)
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ωhµω(ωE, ωN, ωNa)
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ω

2

∫

M
d4xεhµωTmatter

µω [ϑ]

reduced quantisation, geometrical clocks, classical dynamical reference frame
Need true Hamiltonian system:



 

 IV.B. Relational Formalism in the Context of General Relativity
[Bergman, Komar, Ishan, Kuchar, Rovelli]

Introduce physical dynamical reference frames 



 

IV.B: Gauge invariant formalism
Relational formalism for general relativity
Idea: Choose reference frame 

Need: One reference field for each constraint

Dirac observables for physical dof

Formulation of GR as an unconstrained theory with true Hamiltonian 

 T I s.t. {T I(x), C̃J(y)} ⇡ �IJ�
(3)(x, y) GI = T I � ⌧ I ⇡ 0

dynamics in 
relational form

phys. Hamiltonian

GI dynamics valid in any gauge, interpretation of observables 

[Rovelli '90, Vytheeswaran ’97,Dittrich ’04, Thiemann’04,  
Pons et al., Giddins, Marollf, Höhn,..]

 
<latexit sha1_base64="K+Ioxax1hmufpYsFYp/T5T1xynw="></latexit>

Of

�
⌧ I

�
= f +

�
⌧ I � T I

�n
f, eCI

o
+

1

2!

�
⌧ I � T I

� �
⌧J � T J

�nn
f, eCI

o
, eCJ

o
+ · · ·
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exp

⇣
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n
., eCI

o⌘
· f

i���
⇠I :=⌧I�T I
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(QI , PI)
<latexit sha1_base64="m2ZDRpUG60NJR559xnGZO3zsSf4="></latexit>

(T I , PT I )

(relational quantities) canon. version of dressed 
observables
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d

dω0
Of

(
ω0
)
=

{
Of

(
ω0
)
,Hphys

}

[Giddings `16]



IV.B: Which dynamical reference system to choose?

 
• Main aim: Complete the quantisation programme
• Interesting class of dynamical reference system: Kuchar decomposition
• Canonical trafo s.t. new elementary variables include Dirac obs. & constraints

 

• QT:  Understand quantum dressing as similar algebra deformation
• Advantages: We can use same representation as for kinematical algebra 
• What can go wrong in gen.:  No representation, dynamics cannot be quantised
•  Choice of dynamical reference frame is linked to how complicated quantisation step is
• Full LQG with matter reference frames: 

<latexit sha1_base64="p2F/+4wjyp7lVsb/OnR86DavhrM="></latexit>�
OQI ,OPI

� �
T I , CI

�<latexit sha1_base64="/QQLr5m56tcrq4+g/c0tYGxQFQU="></latexit>

(QI , PI)(T
I , PT I )
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{QI(t, x), PJ(t, y)} = ω(3)(x→ y)ωIJ
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{OQI (ω,ε),OPJ (ω,ε
→)} = O{QJ ,PJ}→(ω,ε,ε→)

Dirac bracketPoisson bracket Dynamical RF

[Freidel, Kirklin ’26]

[K.G., Vetter ’19]

[Kuchar, Torre `91][Rovelli, Smolin `93][Brown, Kuchar `95][Kuchar, Romano`95]
[Kuchar, Romano`95] [Bicak, Kuchar `97]

[K.G., Thiemann `10]
[Domagała, K.G., Kaminski, Lewandowski ’10]

[Husain, Pawlowski `11]
[K.G., Thiemann `12][K.G., Vetter `19]



 

 IV.B. Dynamical Reference Frames: Geometrical Clocks+ Photon Clock



 

Here we use relational formalism in a perturbative scheme 

Linearised constraints:  

Choose geometrical clocks such that  (use dual observable map)

VI.B: Geometrical dynamical reference frame

 
ADM-like clocks extended to Ashtekar-Barbero case and matter
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This allows to construct the corresponding physical Hamiltonian describing the total 
dynamics of system and environment 

[ADM ’60, Dittrich ’06]

 
<latexit sha1_base64="lL7qdnCHVDLwfVp5hmL92LhWxrU="></latexit>

�CI := (�C, �Ca, �Gj)

[K.G, Kabel, Wieland ’24 relation to covariant phase space reference frames and harmonic gauge]
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ωAi
a, ωE
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i

Photon:
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TU(1)(ωx, t) := εa
(
Aa →G!

)
(ωx, t)
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GU(1)Photon:

[Fahn, K.G., Kemper, Kobler  ’22+ ’26]



 

 

Usual observable map (omitted integrals here)

VI.B: Observable map and dual map

Useful for constructing suitable reference frame, weak abelianisation of constraints
combination of both maps yields directly STT dof as physical dof in vacuum case

<latexit sha1_base64="4CYM3Y8FOrYZd2z812aj02uGJrs="></latexit>
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T J
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�
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In non-vacuum case was useful to understand self-interaction term and simplicity of the 
algebra of the Dirac observables [Fahn, K.G. Kemper ’26]

Relational open quantum systems:

Dual map:

Either self-energy in the phys. Hamiltonian or more complicated observable algebra

Quantisation: more convenient to use first option

[Fahn, K.G. Kobler ’22]role of constraints and clocks are interchanged

                                                  open QFT with respect to some reference frame,

observer dependent also the interaction to the environment



 
 IV.C. Choice of Quantisation and Master Equation



IV.C. Gravitationally induced decoherence

Microscopic derivation:

Assumptions of the model [Fahn, K.G.,Kobler ’22] [Fahn, K.G., Kemper ’26]

Starting point: Time-ConvolutionLess (TCL) equation truncated at second oder 
Assume thermal state for the gravitational environment

Resulting master equation

 
@

@t
⇢S(t) = �i [HS + U + HLS , ⇢S(t)] +Dfirst [⇢S ]

not of standard Lindblad type, [confirm results of  [Oniga, Wang 2016],  
[Anastopoulos, Hu 2013] and [Lagouvardos, Anastopoulos 2021]]

[[Nakajima 1958]; [Zwanzig 1960]; [Shibata, Takahashi, Hashitsume 1977]; [Chaturvedi, Shibata 1979]]

Dfirst [⇢S ] :=
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Scalar field and photon analogue form of master equation               different 
<latexit sha1_base64="ouBvidzkLCMpVzezBac7vfAnnpI="></latexit>

jbr(~k,~l)

system operators 

 As first step:

First steps in a given model

Fock quantisation of physical Hamiltonian and interaction

Still involves 
divergencies



 

 IV.D. Applications: One particle master equation



IV. One particle master equation

One particle equation and interplay with renormalisation

Projection: one particle density matrix

[Max Fahn, K.G. ’24]

One particle master equation
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∫
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d3u

∫
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d3vω(εu,εv, t)a†u|0→↑0|av

 

Coefficients:
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dε
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{
[N(k) + 1]e→i(!k+ωu→k→ωu)ε +N(k)ei(!k→ωu→k+ωu)ε

}

[Burrage, Kähding,,Millington, Minar '19]
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one-particle projection
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ωP = 0
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ωP = 1 extended one-particle projection



IV. One particle master equation

 Strategy:

Involved Feynman diagrams in 2nd order TCL equation

 
Consider Markov & rotating wave approximations + ultra-relativistic limit: toy model

 

UV divergent terms:

[Blencowe, Xu ’22]

[Domi, Ebert, Fahn, K.G., Hennig,  Katz, Kemper  ’24]

 Renormalised one particle master equation

 

[Fahn, K.G. ’24]

<latexit sha1_base64="JkF0DTPxD63yyNe5eX6N0c6M+xg="></latexit>

ω

ωt
ε̂(t) = →i[Ĥ, ε̂(t)] +
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(
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Ĥ

2
, ε̂(t)

})

 perform renormalisation before any approximations are applied

vacuum self-energy



 

 Can we obtain some better physical intuition for decoherence parameters 
from a given microscopic model?
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IV.D. Applications: Decoherence neutrino oscillations



IV.D. Compare QFT, QM and pheno model for 
gravitationally induced decoherence
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L = HS = Hω ,

What kind of insights for decoherence parameters        ?     
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Compare now to phenom. neutrino models: 



 

IV.D. Comparison with phenom. models

 

1. Pheno models and microscopic QM Models

 

Phenol models (PQD) QM microscopic toy model
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For oscillations in 
vacuum exact match

For oscillations in matter:
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⌘, T

[Carpio, Massoni, Gargo  ’18]
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decoherence parameters include matter effects

Insights: Energy dependence fixed & more general phenom. model required



 

IV. Comparison with phenom. models

Deviations in the probabilities for neutrino oscillations
<latexit sha1_base64="GqlBpWk1wm30E4S0DFWJZht4nW8="></latexit>

⌘ = 10�8s, T = 0.9K

What can the QFT derived model say about coupling     ?
<latexit sha1_base64="WvfhfYEsQkO0vs3CtkdP1Qvrp9g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX/jps1Bqw8GHu/NMDMvTAQ36HlfTmltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuhcQwwRVrI0fBeolmRIaCdcPpbe53H5k2PFYPOEtYIMlY8YhTgrk0YEiG1ZpX9xZw/xK/IDUo0BpWPwejmKaSKaSCGNP3vQSDjGjkVLB5ZZAalhA6JWPWt1QRyUyQLW6du2dWGblRrG0pdBfqz4mMSGNmMrSdkuDErHq5+J/XTzG6DjKukhSZostFUSpcjN38cXfENaMoZpYQqrm91aUToglFG0/FhuCvvvyXdC7qfqPeuL+sNW+KOMpwAqdwDj5cQRPuoAVtoDCBJ3iBV0c6z86b875sLTnFzDH8gvPxDQx0jkM=</latexit>ω

Comparing decoherence coefficients for same temperature: 
<latexit sha1_base64="dctQPXnH4xmnn9oJdfWE+Wud5Y8=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCF0sipXosevFYwX5AE8tmu22XbjZhdyOWkL/ixYMiXv0j3vw3btsctPXBwOO9GWbmBTFnSjvOt1VYW9/Y3Cpul3Z29/YP7MNyW0WJJLRFIh7JboAV5UzQlmaa024sKQ4DTjvB5Gbmdx6pVCwS93oaUz/EI8GGjGBtpL5d9qjGnmIhcp2H9LxWy1TfrjhVZw60StycVCBHs29/eYOIJCEVmnCsVM91Yu2nWGpGOM1KXqJojMkEj2jPUIFDqvx0fnuGTo0yQMNImhIazdXfEykOlZqGgekMsR6rZW8m/uf1Ej288lMm4kRTQRaLhglHOkKzINCASUo0nxqCiWTmVkTGWGKiTVwlE4K7/PIqaV9U3Xq1flerNK7zOIpwDCdwBi5cQgNuoQktIPAEz/AKb1ZmvVjv1seitWDlM0fwB9bnD5Zwk4Q=</latexit>

ω → 10→44s

Very tiny decoherence effects for chosen temperature and propagation length in these 
simple QFT derived decoherence models 

Open question: is this the same for more general models?

thermal GW background



 

While coupling constant underdetermined in QM, QFT suggests very tiny one

Going back to the first question:

Here: considered most simple microscopic models from open QFT and QM

However: new insights on assumptions+approximations for these models

Summary & Conclusions

Whether we can constrain quantum gravity models non-trivial question

Generalising models:

Also extended methods to formulate relational open quantum systems 
(reduced phase space quantisation, 1-particle projection,renormalisation) 

Methods and results allow to bridge to phenomenological models

Are there physical situations in which decoherence parameters can be larger?

Continue to collaborate with experimentalist on these questions

Open QFT and QM level: QM interaction with Weyl elements

Theory: further investigate relativistic open QFT models beyond these applications

Nature's silence can still be informative

 [Ferreo, Fahn, K.G., Kemper ’26 ]



Thank you! 
Aitäh!


