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|. Motivation
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Neutrino oscillations at the highest energies and longest baselines can be used to study the structure of spacetime

and test the fundamental principles of quantum mechanics. If the metric of spacetime has a quantum mechanical

description, its fluctuations at the Planck scale are expected to introduce non-unitary effects that are inconsistent

Main idea:
Neutrinos interact with a quantum gravitational environment

Interaction modifies neutrino oscillations due to decoherence

No direct detection yet, constrain decoherence parameters

Question: If | am asked by experimentalists what would be my p ective on




|. Brief introduction to neutrino oscillations

NEUTRINO OSCILLATIONS

Neutrinos change flavor as they propagate
because the flavor eigenstates are quantum
superpositions of mass eigenstates.
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|. Phenomenological models: Decoherence in

neutrino oscillations
Phenomenological models

Lindblad equation He =H,.,. + UTHmattU in mass basis

0p,, (t '
pf?t( ) B _% [Hs, pu(t)] + D pu (1), Hopars = £V2Gt N, ( ) in flavor basis

~

effective mass basis H = UTHU = diag (El, Es, E2)

Vectorise Lindblad equation and then parametrise dissipator by 45 = 9 - 8 /2
decoherence parameters, additional assumption reduce to 2-3 parameters
D = —diag (I'21,'21, 0,131, I'31, 32, I'32, 0) I'ij(E) =i E"
Additional dampina term
pij = pij(0)e
Oscillation probability with decoherence

— 5 (Bi—Ej)t=T;t effective mass basis

P (Va — VB) = [ (04) (B) } Z UaZUBz UB] ﬁ(Ei—Ej)t—Fijt

[Ellis, Lopez, Mavromatos, Nawnopoulos 1996]; [BCVWI‘H:L, Floreanint 19991; [Lisi, Marrone, Montanino 2000];
[quzzo, de Holanda, Oliveira 201&]; [Gomes, Forero, Guzzo, de Holanda, Oliveira 201971




Characteristic of long-baseline accelerator neutrino experiments

[De Romert, Gluntl, Stuttard, Ternes ‘23]

Model A: 721 = Y31 = 732

I N N N B B |

L=1000 km, Model A

Probabillities for oscillations
change depending on the
values for 1';;and choice of
power n

Tij=10"2GeV,n = -2
— Tij=5x10"2GeV,n =0 E

Rl Fis(B) =% (Fo) (E_)
10! ’

E [GeV]




More precise questions: What would be F@‘ 5 from an QG perspective?

How to address this gquestion from the theoretical microscopic perspective?




lll. Brief Review on Open Quantum Models

OPEN QUANTUM SYSTEM

A quantum system S that interacts with an external environment

ENVIRONMENT (E
External degrees of freedom
(e.g., bath, field, reservoir)

4 SYSTEM (S) ay
Quantum system
‘ (e.g., qubit, atom,

| & molecule, etc.)

INTERACTION

\

Energy, information, N ) * Decoherence
or coherence can « Dissipation
flow between S and N
* Noise

* Relaxation




ll. Open Quantum Systems

Aim: Consider gravitationally induced decoherence

System S + environment € : H = Hg @ H.

System Dynamics: H,, = Hg + H. + Hiy
of Interest
mt ZS

Total Dynamics:

Environment

1

— Oip = 5 [Htota ,0]

Gravitational environment interesting because all matter couples to gravity




Aim: Effective dynamics for S: master equation

Oups = 5 tre (Unon (1Dp(0) UL (1))

dt

encodes interaction with the environment

0PWU) _ L [Hg(t) + Haaa(t), ps(8)] + D [ps (1)

ot h

contribution due to interaction with environment




Ill. What characterises a microscopic model?

Lindblad equation: Lindblad operators L.+ environmental correlation fctns V&

%Ps(t) = % [Hs + His, ps(t)] + Y (LkpS(t)L’JL N % {L’J‘LLk’pS(t)})
k

For given g model characterised by choice of Lk, Vi 4—( QG )

Lindblad operators: system’s operators in Hin(t) = »  g;S;(t) ® E;(t)
j
Environmental correlation fctns: env. operators in  H;,.; env. state D¢

+ 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




V. Linearised Gravity as an Open QFT Model

Ashtekar-Barbero variables

[Max Fahwn, K.G., Roman Kemper, Michael Kobler '22, ‘24+'26] . .
Relational formalism

[LAnastopoulos, Hu 201=2]; [Blencowe 20121; [Oniga, wang 201¢&];
[Lagouvardos, AwaStO‘POMLDS 20217; MS‘PV&R 202171 ADM Variab|e5, gauge f|X|ng

Linearised Gravity as an Open Quantum Field Theory

Linearised Einstein Equations Metric Perturbations Lindblad Equation

e 167G ‘ ST dp i
i = = et
0 hy, e T | B o0 s dt 5 Pl +

= / Lo - \ 3 1 1 ¥ ;
1 1 \ Z Yk (Lkl)Lk 7= 3{LkLL--/'}>
h;u,' = h,“,, o ; 7],“/}7‘ .~1‘" - k &
& | * 2 . \ 7
h = ,’]nﬁ h ZE% / p : density operator of the system
afj [ NSZ2H = H : system Hamiltonian

) 1.3 ) Ly : Lindblad (jump) operators
ere [0 = -85 /c* + V* k {jump) op
is the d’ Alembertian in Minkowski space.

4k = 0: decoherence rates

Linearised Open QFT




IVV. Microscopic models from GR

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

. o J
Lagrangian formulation: guu,q) G,Uﬂ/ — IQTILW

Geometry § matter

Differences & challenges compared to open QM models

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

—pp quantisation of constrained systems more ambiguities

Hamiltonian formulation of weakly coupled gravity, linearised gravity

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

B. Even at classical level physical observables (gauge-inv. guantities) hard to construct
— Dirac observables with respect to physical dynamical reference frames

C. Choice of quantisation (representation) & Master eqguation
-—Pp Here still Fock quantisation

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




GR in Ashtekar-Barbero variables:Lasntekar 'ze, Barbero 1941
3+1 split of spacetime LAPM ‘591
Causality: globally hyperbolic spacetimes

Kinematics: (AZL,E;”) {A{L(az),Eg(y)}:m5i5253($,y)

(Vacuum case here)

Constraints: C(A,F)=0,C,(A F) =0, G (A,E) =0 additional SU(2)

Gaul constraint

Dynamics: Al ={A) Hean} E¢={E} Hean

1 .
Canonical Hamiltonian Hean = E / A’z (NC + N“Cy + A Gj)

Holonomies & Fluxes: h.(A), E(S)

—p Holonomy-flux algebra as
classical starting point




GR In Ashtekar-Barbero variables+matter: Lashtekar ‘ge, Barbero /941
Elementary variables (647,6EY),(¢,7)/(Aq, E)

. 1 ..
RGBS (7. 70)) — 0.0
3+1 sp

{p(x),m(y)} = 6°(2,y) or {Au(x), E°(y)} = §,6°(x,y)

_ Linearised Constraints: 0C' = 0,0C, = 0,0G,; =0 _

Canonical Hamiltonian

1 .
SHean = / B (ematter () + SNSC + SN*6C, + 6N 6G; + 6H 1 + 62CE°)

2

_ Intel‘aCthn g|Ven E/ d4m5huyTlL1rLr11/atter[77] 5h,u1/(5E’ 5N, 5Na)
M

reduced quantisation, geometrical clocks, classical dynamical reference frame




IV.B. Relational Formalism in the Context of General Relativity

[Bergman, Komar, lshan, Kuchar, Rovelli]

T proper time on each geodesic

Introduce physical dynamical reference frames




IV.B: Gauge Invariant formalism

[Rovelli '90, vytheeswaran ‘97, Dittrich ‘04, Thiemann'o4,

Relational formalism for general relativity o .
7 7 Pons et al., giddins, Marollf, Hohn,..]
Idea: Choose reference frame (Q", Pr) (T, Ppr)

Need: One reference field for each constraint

T st {T1(2),Cry)} = 656@ (,y) Gr=T' —7' ~0

: : (relational quantities) canon. version of dressed
Dirac observables for physical dof [ o woee 1o dings 161

S (=TT (77 = 1) {rciy.cof+-

dynamics in d 0 . | |
i 70 = Hpnys :
relational form dToOf (T ) {Of (T )» phy } phys. Hamiltonian

Formulation of GR as an unconstrained theory with true Hamiltonian

Gl dynamics valid in any gauge, interpretation of observables




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

[Kuchar, Torrve “91][Rovelli, Smolin ~9zTBrown, Kuchar 951 [Kuchar, Romano” 95]
[Kuchar, Romano 951 [Bicak, Kuchar ~97#]

(Q", Pr)(T", Prr) @) ()
{QI (ta 33)7 PJ(ta y)} =3 5(3) (:C = y)5§ {OQI (7—7 0)7 OPJ (7-7 OJ)} o O{QJ,PJ}* (7-7 g, OJ)
Poisson bracket Dirac bracket <4—— Dynamical RF

QT. Understand quantum dressing as similar algebra deformation s eidel, kirklin 261
Advantages: We can use same representation as for kinematical algebr&qv vetter 251
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: k.., Thiemann *10] [Husain, Pawlowski “11]
[Domagata, K.G., Kaminski, Lewanodowskl 10] [K.G., Thiemann “12] [K.G., Vetter “19]




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

GEOMETRICAL CLOCKS IN RELATIONAL FORMALISM




VI.B: Geometrical dynamical reference frame

Linearised constraints: | 6Cr := (6C,6C,,6G;) 6A", 6E®  Photon: GV
Choose geometrical clocks such that (use dual observable map

(T (@),C5 ()} = {0T" (), €} (9) + °C) )} = 056 (z,0) + O (67, ?)

ADM-like clocks extended to Ashtekar-Barbero case and matter Lanm ‘eo, pittrich ‘o0&l
1
KB

0T, t) := —aa (64, G2) (7, 1),

[Fahw, K.q., Kemper, Kobler '22+

ST (Z,t) := — [ 0t P0 (BB + G2) (Z,) + 6% (64"« GP) (7, )],

2 1 .. .
5T (&,1) =~ <5b 5107 — 550" + 5“53,0,)) (SEL « G®) (7,1)

iﬁl 0,0°0" (6G; x G22) (Z,1) — §°6} (6G; * G) (%, ﬂ + 50" [(5C — k)« G22] (7,1)

Photon: TYW(Z,t) := 0 (A, x G2) (Z,1)

[K.G, Kabel, wielano '24 relation to covariant phase space reference frames and harmonic gaugel




VI.B: Observable map and dual map

Usual observable map (omitted integrals here)

Oﬁ{T} (TI) — [exp (SI {017 }) f] ‘fI;ZTI_TI
=f+ (TI—TI) {Cj,f}—l—%(TI—TI) (TJ—TJ) {Cr . ACH f}}+--

Dual map: role of constraints and clocks are interchanged [Fahw, K.G. Kobler '22]

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

In non-vacuum case was useful to understand self-interaction term and simplicity of the
algebra of the Dirac observables [Fahw, K.G. Kewmper '26]

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

Quantisation: more convenient to use first option

Relational open quantum systems: open QFT with respect to some reference frame,

observer dependent also the interaction to the environment




IVV.C. Choice of Quantisation and Master Equation




YT YE Y
IV.C. Gravitationally induced decoherence

Microscopic derivation: First steps in a given model

Assumptions of the model Fanw, k.G kobler 221 [Fahn, k.., Kemper 261

[[Nakajima 1958]; [Zwanzig 1960]; [Shibata, Takahashi, Hashitsume 1977]; [Chaturvedi, Shibata 197911

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

As first step: Fock guantisation of physical Hamiltonian and interaction

Scalar field and photon analogue form of master equation jff (E,ﬁ different

Resulting master equation [ | )
system operators

9, —
aIgs(t) = —7 [HS + kU + HHLS,PS(t)] + Dg ot [,OS] [Stlll mvolvesJ

divergencies

U
R Dps 032 ) — 5 {32 (BT 2E D, ps(0)}

k[ d3kd>pdil
Do Il =5 [ 0

r;ab

not of standard Lindblad type, e RS B Oy [Ty, W) EXE e

[Anastopoulos, Hu 20131 and [Lagouvardos, Anastopoulos 202171




I\V.D. Applications: One particle master equation

ONE PARTICLE LINDLAD MASTER EQUATION

Lindblad master equation (general form)

dp . e / 1
- —i[H, p] + >_," T» ( L,.,p[-,', =7 {L,',L;.w/’})

'/ 7;.,.‘ =0

Unitary evolution

Hamiltonian

o

PN
NSNS\

Density matrix  Hamiltonian Jump
P H operators Ly

—i [H, p]
¥

Effects on the system
Decoherence
Dissipation
Nolse
Relaxation

v

Tt{p] = 1. (pesitive and trace-preserving)

Quantum evolution of a density matrix p in an open system Ps  techsced density matrix
+ The state of the system evolves non-unttarily due to its intaraction with the amdronment Hy : systom Hamiltonian

+ Tha evolution of the reduced dansity matrix ng Is given by the Lindbiad master aquation:
Ly, : Lindblad {jumg) operstors

T 2 0 decay rates

dos _ = b, 5+ 34 (1 gt=teptro })
dt A &8 = A \.‘[h k. T gk P (A, B} = AB + BA : arvic




One particle equation and interplay with renormalisation

[Max Fahw, K.G. 241 [Burrage, Kihding, Millington, Minar '19]

Projection: one particle density matrix | 1(?)

One particle master equation

A3k PY IH(IZ)uiujvlvn

27)3 \fWut bWy Wyt k Wy

t=to qr

Coefficients: C(i,k,t) = / o {[N () + 1]e= i (@ntwu—p—wu)r | N(k)ez‘mk—wu_kww}
0

op = 0 one-particle projection dp = 1 extended one-particle projection




V. One particle master equation

- perform renormalisation before any approximations are applied

Involved Feynman diagrams in 2nd order TCL equation [Fanw, k.g. 241

— —t 1 abed (7.
k2 4+ m2 — e _;P (A)[

—1
k2 — ie

+ 27N (k)6(k?)

)

7 :

= 1KT ap(0pp, 04q) L = — %Nl(p. q,u,v)

Renormalised one particle master equation

[Blencowe, Xu '22]

[Powi, Ebert, Fahn, K.G., Hennig, Katz, Kemper '24]




I\V.D. Applications: Decoherence neutrino oscillations

Can we obtain some better physical intuition for decoherence parameters Fij
from a given microscopic model?

DECOHERENCE PARAMETER

in Neutrino Oscillations

v“ ' \'\ ﬂ - ?
Vl/ ll Jl i I' W\ CETTE 2 :

Dephasung




I ' ! ! ! I ! I ! I I I I I ' I ! ' I ' I

IV.D. Compare QFT, QM and pheno model for
gravitationallv induced decoherence

TR

- Y a i T S Th
e e g AR el e % I e = B " e
-y ad 6 ala) e ¥ o a \ 2 =
= r I@‘tm v 9 E :hba & d : 48 A ¢ i
4 e = E Siort b = g P g

[Blencowe, Xul, Domi, Ebert, Fahn, K.-G.,
Hennig, Katz, Kemper *24]

QM microscopic inspired toy model

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

Open QFT Model

N
(HY + H) @ 1p + 15 ® |
1=1

J

\

N

Z z+wzq1] H5®297ql

i=1

Thermal state for grav.
environment, Fock quantisation

7

2

Hg

b 48

Hing

1-particle projection+
renormalisation

Spectral density,
Markov,

Lamb shift
renormalisation

[Fahn, K.-G. "25]

ultra-rel. limit,
Markov + RWA

 dp;; i .. 1
| d;J =g [Hi,pi] + ) % (Lkp,,:le- = §{LlLkaPij})
k

|
| p;j : density matrix in energy eigenbasis
v : decoherence parameters (k: channel/Lindblad operator)

1 : coupling strength (via spectral density) T : temperature

Compare now to phenom. neutrino models:

Pij
: decoherence parameters (k: channel/Lindblad operator)

Vi

. T : temperature

B 1
ﬁ [Hiapij] G Z'Yk (LMOULIT: = i{Ll];Lk’pU}>
k

density matrix in energy eigenbasis

¢ : speed of light

G : Newton's constant

What kind of insights for decoherence parameters Fij?

B PR T E T T



1. Pheno models and microscopic QM Models
Phenol models (PQD) QM microscopic toy model

an’kgT

Pij = ﬁij(o)e_%(Ei_E‘j)t—F”(E)t piz(t) = pi;(0) - e_%(ﬁi_ﬁj)t— n3 (ﬁi—ﬁj)Qt

2 2
[yj(E) = 7 B" < s L )i T

2 8
B n“c®kpT 2
Pz‘j (E) — %‘jE 2 Yij = h3B (Am?j) and n = -2

For oscillations in
vacuum exact match

For oscillations in matter: decoherence parameters include matter effects
[Carplo, Massoni, Gargo 1L]

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

If T chosen, then experiments will constrain coupling N




V. Comparison with phenom. models

.. . R . . . —8
Deviations in the probabilities for neutrino oscillations 7 = 10 "s,T"= 0.9k
thermal GW background

1.0r , ’ o7 —

L = 12000 km
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-PQD
-GQD
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What can the QFT derived model say about coupling 7] ?
. . —44
Comparing decoherence coefficients for same temperature: 7] ~~ 10 S

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

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




Summary & Conclusions

Going back to the first question:

Whether we can constrain guantum gravity models non-trivial question
Here: considered most simple microscopic models from open QFT and QM

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

However: new insights on assumptions+approximations for these 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

Generalising models: Open QFT and QM level: QM interaction with Weyl elements

[Ferreo, Fahn, K.G., Kemper ‘26 ]

Are there physical situations in which decoherence parameters can be larger?
Continue to collaborate with experimentalist on these questions

Theory: further investigate relativistic open QFT models beyond these applications

Nature's silence can still be informative




Thank youl!
Aitah!




