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“Standard Model” of Particle Physics

Matter (+ Antimatter) Forces

𝛾

g

Quarks

Leptons

electron muon     tau

neutrino   neutrino   neutrino
e            𝜇            𝜏

higgs
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The success of the “Standard Model”
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  Every predicted particle was eventually discovered:

Content: all particles & forces (except for gravity)

Range:

 10−18 meters  1026 meters

Precision: up to 0.00000000001 (electron 𝑔-factor)

predicted                                discovered
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Open questions of the “Standard Model”
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) Why do neutrinos have masses?

 

Why is there more matter 

than antimatter in the universe?

Why has no strong CP violation been observed?

What are dark matter and dark energy?

…
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  Every predicted particle was eventually discovered:

How to continue?

predicted                                discovered
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Simple equation

Complex phenomena

Beautiful but incomplete! 

Need new equations → new models 

Emergent structures! 

Need numerical simulations → new methods

How can we answer these open questions?
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CP
Markov Chain Monte Carlo (MCMC)

Powerful but limited

New models and methods for particle physics

Standard Model of particle physics

Successful but incomplete

Machine 

learning

Tensor 

networks

Quantum 

computing

Develop new methodsBuild new models

KATRIN
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Standard Model

Masses of particles are generated in the early universe

Problem

Neutrino masses: predicted = 0 but measured ≠ 0

Our model 1

Neutrinos can become massive in the late Universe

Key prediction

Neutrino condensation → flavor symmetry breaking

How to build new models?

History of UniverseNeutrino mass model

1 Dvali, LF, PRD (2016a)
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Idea

Small neutrino masses from gravitational anomaly

→ Standard Model + gravity

New concept

Neutrino condensate and effective masses

→ at new low-energy gravitational scale

Ideas

“Seesaw” mechanisms, large extra dimensions, … 

→ Standard Model + new particles, symmetries, …

Unifying concept

Neutrino masses from Higgs condensate

→ suppressed by new high-energy physics

New neutrino physics hiding at low energies

Common high-energy modelsNew low-energy model 1

meV           eV            keV           MeV          GeV           TeV      …

1 Dvali, LF, PRD (2016a)
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Fermion flavor symmetry

(Pseudo) Goldstone bosons

Axial anomaly

Topological susceptibility

𝑈 3 𝐿 × 𝑈 3 𝑅 → 𝑈 3 𝑉 

1 𝜂′ + 8(𝜋, 𝐾, 𝜂) 

𝜕𝜇𝑗5
𝜇

= 𝐺 ෨𝐺 + 𝑚𝑞 ത𝑞𝛾5𝑞

𝐺 ෨𝐺, 𝐺 ෨𝐺
𝑝→0

≠ 0 → ത𝑞𝑞 ≠ 0

Analogy: Non-perturbative QCD vacuum

QCD with 3 quarksQuantity Gravity with 3 neutrinos

𝑈 3 𝐿 × 𝑈 3 𝑅 exact if 𝑚𝜈 = 0

vacuum energy

vacuum angle 𝜃
−2𝜋 2𝜋0

instanton
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Fermion flavor symmetry

(Pseudo) Goldstone bosons

Axial anomaly

Topological susceptibility

𝑈 3 𝐿 × 𝑈 3 𝑅 → 𝑈 3 𝑉 

1 𝜂′ + 8 𝜋, 𝐾, 𝜂  

𝜕𝜇𝑗5
𝜇

= 𝐺 ෨𝐺 + 𝑚𝑞 ത𝑞𝛾5𝑞

𝐺 ෨𝐺, 𝐺 ෨𝐺
𝑝→0

≠ 0 → ത𝑞𝑞 ≠ 0

Analogy: Non-perturbative QCD vacuum

QCD with 3 quarksQuantity Gravity with 3 neutrinos

𝑈 3 𝐿 × 𝑈 3 𝑅 → 𝑈 1 3 ? 1

1 𝜂𝜈 + 14 𝜙𝑘
1

𝜕𝜇𝑗5
𝜇

= 𝑅 ෨𝑅 + 𝑚𝜈 ҧ𝜈𝛾5𝜈

𝑅 ෨𝑅, 𝑅 ෨𝑅
𝑝→0

≠ 0 ? → ҧ𝜈𝜈 ≠ 0 1

vacuum energy

vacuum angle 𝜃
−2𝜋 2𝜋0

instanton

1 Dvali, LF, PRD (2016a)
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The model: Neutrino condensation

Starting point

Non-perturbative topological effects in pure gravity

Assumption

Non-zero topological vacuum susceptibility → 𝜃-term

Consequence 1

New low-energy gravitational scale Λ𝐺

Anomaly

Neutrino flavor symmetry breaking via chiral anomaly

Condensation 1

Neutrino condensation below scale Λ𝐺: ҧ𝜈𝜈 ≠ 0

New particles 1

Emergence of 𝜂𝜈 and 14 massless Goldstones 𝜙𝑘

Gravity coupled to neutrinosPure gravity

vacuum energy

vacuum angle 𝜃
−2𝜋 2𝜋0

instanton

1 Dvali, LF, PRD (2016a)
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The model: Neutrino masses

Effective masses 1

Generated via non-perturbative coupling to condensate

QCD analogy

Coupling analogous to `t Hooft vertex in QCD 2

Effective potential 1

𝑉 𝑋 = σ𝑛
1

𝑛
𝑐𝑛Tr 𝑋+ 𝑋

𝑛
 with 𝑋𝛼𝐿

𝛼𝑅 ≡ ⟨ ҧ𝜈𝛼𝐿
𝜈𝛼𝑅

⟩

Mass hierarchy 1

𝑋 = diag(𝑚1, 𝑚2, 𝑚3) determined by minimum 
𝜕𝑉

𝜕𝑚𝑖
= 0

Dirac vs. Marjoana 1

Model works for both natures: ҧ𝜈𝐿𝜈𝑅 or 𝜈𝐿
𝑇𝐶𝜈𝐿

PropertiesNon-perturbative origin

1 Dvali, LF, PRD (2016a), 2 Computation of topological up-quark mass contribution with Lattice QCD: Alexandrou, Finkenrath, LF, et al., PRL (2020)
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The model: Theory summary

Standard Model

Masses of particles are generated in the early universe

Problem

Neutrino masses: predicted = 0 but measured > 0

Our model 1

Neutrinos can become massive in the late universe

Key prediction

Neutrino condensation → flavor symmetry breaking

Neutrino mass model

1 Dvali, LF, PRD (2016a)
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How to constrain this model?

Standard Model

Masses of particles are generated in the early universe

Problem

Neutrino masses: predicted = 0 but measured > 0

Our model 1

Neutrinos can become massive in the late universe

Key prediction

Neutrino condensation → flavor symmetry breaking

ConstraintsNeutrino mass model

Λ𝐺

∼ 0.3 eV Upper bound from 

SM and cosmology

∼ 4 meV
Lower bound from 

Δ𝑚𝜈 and gravity

Condensate ҧ𝜈𝜈 ∼ scale Λ𝐺
3 ∼ temperature 𝑇SSB

3

1 Dvali, LF, PRD (2016a)
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How to test this model?

Numerical coincidence 1

Condensate ҧ𝜈𝜈  on dark energy scale, 𝜌DE ∼ meV 4

→ connected to fundamental new energy scale Λ𝐺

Cosmological constant? 2

Excluded by S-matrix formulation of quantum gravity

Dynamical dark energy? 3

Predicted time dependence, e.o.s. parameter 𝑤 ≠ −1

  

 

1 Dvali, LF, PRD (2016a); 
2 Dvali, Gomez, JCAP (2014); 3 Dvali, Freche, LF, manuscript in preparation

Standard Model

Masses of particles are generated in the early universe

Problem

Neutrino masses: predicted = 0 but measured > 0

Our model 1

Neutrinos can become massive in the late universe

Key prediction

Neutrino condensation → flavor symmetry breaking

Implications for dark energyNeutrino mass model
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Standard Model

Masses of particles are generated in the early universe

Problem

Neutrino masses: predicted = 0 but measured > 0

Our model 1

Neutrinos can become massive in the late universe

Key prediction

Neutrino condensation → flavor symmetry breaking

How to test this model?

Topological defects emerge from phase transition 2

Cosmic neutrinos disappear after phase transition 1,3

→ no mass detection at             only at

Neutrino mass model Predictions for cosmic neutrinos

1 Dvali, LF, PRD (2016a); 
2 Dvali, LF, Vachaspati, PRL (2023); 3 Lorenz, LF, et al., PRD (2019), (2021); ongoing work with Brinckmann (Euclid Collaboration)
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Standard Model

Masses of particles are generated in the early universe

Problem

Neutrino masses: predicted = 0 but measured > 0

Our model 1

Neutrinos can become massive in the late universe

Key prediction

Neutrino condensation → flavor symmetry breaking

How to test this model?

Neutrino mass model Predictions for astrophysical neutrinos

Heavier neutrinos decay into lightest: 1 𝜈𝑖 → 𝜙𝑘 + 𝜈𝑗 or ҧ𝜈𝑗

Discover: neutrino = or ≠ antineutrino? 2

1058

neutrinos

1 Dvali, LF, PRD (2016a); 
2 LF, Raffelt, Vitagliano, PRD (2020) 
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Standard Model

Weak force distinguishes matter from antimatter

Problem

Strong force doesn’t! Need new particle: axion?

Our model 1

New axion-like particles 𝜂𝜈 and 𝜙𝑘 → testable at …

How to test this model?

… ALPS II experiment 2 … MADMAX experiment? 3 

Standard Model

Masses of particles are generated in the early universe

Problem

Neutrino masses: predicted = 0 but measured > 0

Our model 1

Neutrinos can become massive in the late universe

Key prediction

Neutrino condensation → flavor symmetry breaking

Predictions for axion-search experimentsNeutrino mass model

1 Dvali, LF, PRD (2016a); 
2 Dvali, LF (2016b); 3 ongoing discussions with Dvali, Zhang, et al.
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Markov Chain Monte Carlo (MCMC)

Powerful but limited

New models and methods for particle physics

Develop new methodsBuild new models

Standard Model of particle physics

Successful but incomplete

Machine 

learning

Tensor 

networks

Quantum 

computing
KATRIN
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Why do we need numerical methods?

Too complex: 

no exact computation!

∫ 𝒅𝑭 𝒅𝝍 𝒅𝝓

Integrate over forces (𝐹), matter (𝜓), Higgs field (𝜙)  

Way out: 

approximation!
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MCMC method

Cosmological parameter estimation: age of Universe, …

Our work 2

Studied time-dependent cosmological neutrino masses

Which methods do we currently use?

1 Alexandrou, Finkenrath, LF, et al., PRL (2020); 2 Lorenz, LF, et al., PRD (2019), (2021), ongoing work with Brinckmann (Euclid Collaboration)

∫
Integrate

∫
Integrate

CosmologyParticle physics

Markov Chain Monte Carlo (MCMC) method

“Lattice” QCD: quarks and gluons on spacetime grid

Our work 1

Falsified 𝑚𝑢 = 0 solution to strong CP problem → axion

common methods for 

particle physics, cosmology,

condensed matter physics,

chemistry, biology, …
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Baryon Density

LHC

Quark-Gluon Plasma

Hadrons

Why do we need new methods?

Computational costs of MCMC Computational challenges of MCMC

Atomic nuclei

Neutron

stars

Lattice QCD:

∼ 𝟒𝟎%

Materials /

chemistry

Plasma

physics

E.g. “Lattice QCD”:

dominant supercomputer

usage (INCITE 2019)

→ machine learning 1 Cannot directly compute 

free energy, entropy, …

→ machine learning 1

tensor networks 2

1 White Paper: Boyda, Cali, Foreman, LF, et al. (2022); Nicoli, Anders, LF, et al., PRL (2021); …
2 LF, et al., PRD (2023); LF et al., PRD (2020); Nakayama, LF, et al., PRD (2022); …
3 LF, et al., Quantum (2021); LF, et al., PRA (2022); Di Meglio, et int., LF, et al. (QC4HEP Working Group), PRX Quantum (2023); …
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Cannot directly compute 

free energy, entropy, …

→ machine learning 1

Cannot simulate large 𝜃-

term, chemical potential, …

→ tensor networks 2

→ quantum computing 3

T
e
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p
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Baryon Density

LHC

Quark-Gluon Plasma

Hadrons

Why do we need new methods?

Computational costs of MCMC Computational challenges of MCMC

Atomic nuclei

Neutron

stars

Lattice QCD:

∼ 𝟒𝟎%

Materials /

chemistry

Plasma

physics

E.g. “Lattice QCD”:

dominant supercomputer

usage (INCITE 2019)

→ machine learning 1

1 White Paper: Boyda, Cali, Foreman, LF, et al. (2022); Nicoli, Anders, LF, et al., PRL (2021); …
2 LF, et al., PRD (2023); LF et al., PRD (2020); Nakayama, LF, et al., PRD (2022); …
3 LF, et al., Quantum (2021); LF, et al., PRA (2022); Di Meglio, et int., LF, et al. (QC4HEP Working Group), PRX Quantum (2023); …
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Cannot directly compute 

free energy, entropy, …

→ machine learning 1

Cannot simulate large 𝜃-

term, chemical potential, …

→ tensor networks 2

Cannot simulate out-of-

equilibrium dynamics, …

→ quantum computing 3
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Baryon Density

LHC

Quark-Gluon Plasma

Atomic nuclei

Hadrons

Neutron

stars

Lattice QCD:

∼ 𝟒𝟎%

Materials /

chemistry

Plasma

physics

Why do we need new methods?

Computational costs of MCMC Computational challenges of MCMC

E.g. “Lattice QCD”:

dominant supercomputer

usage (INCITE 2019)

→ machine learning 1

1 White Paper: Boyda, Cali, Foreman, LF, et al. (2022); Nicoli, Anders, LF, et al., PRL (2021); …
2 LF, et al., PRD (2023); LF et al., PRD (2020); Nakayama, LF, et al., PRD (2022); …
3 LF, et al., Quantum (2021); LF, et al., PRA (2022); Di Meglio, et int., LF, et al. (QC4HEP Working Group), PRX Quantum (2023); …
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Cannot directly compute 

free energy, entropy, …

→ machine learning 1

Cannot simulate large 𝜃-

term, chemical potential, …

→ tensor networks 2

Cannot simulate out-of-

equilibrium dynamics, …

→ quantum computing 3

T
e
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p

e
ra

tu
re

Baryon Density

LHC

Quark-Gluon Plasma

Atomic nuclei

Hadrons

Neutron

stars

Lattice QCD:

∼ 𝟒𝟎%

Materials /

chemistry

Plasma

physics

Why do we need new methods?

Computational costs of MCMC

sign problem

Computational challenges of MCMC

E.g. “Lattice QCD”:

dominant supercomputer

usage (INCITE 2019)

→ machine learning 1

1 White Paper: Boyda, Cali, Foreman, LF, et al. (2022); Nicoli, Anders, LF, et al., PRL (2021); …
2 LF, et al., PRD (2023); LF et al., PRD (2020); Nakayama, LF, et al., PRD (2022); …
3 LF, et al., Quantum (2021); LF, et al., PRA (2022); Di Meglio, et int., LF, et al. (QC4HEP Working Group), PRX Quantum (2023); …
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Markov Chain Monte Carlo (MCMC)

Powerful but limited

New models and methods for particle physics

Develop new methodsBuild new models

Standard Model of particle physics

Successful but incomplete

Machine 

learning

Tensor 

networks

Quantum 

computing
KATRIN
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Concept

Train deep neural network:

bb

Results

Parallel, uncorrelated sampling of 𝑥𝑖 → get 𝜙𝑖 = 𝑔𝜃(𝑥𝑖)  

Direct computation of free energy in 1+1D Higgs model 1 

Future

Observables in

2+1D 2 & 3+1D 3

space-time lattice volume

neural network

MCMC

fr
e
e

 e
n

e
rg

y
 

Concept

Compute observables: 𝑂 =
1

𝑍
 ∫ 𝐷𝜙𝑒−𝑆 𝜙 𝑂 𝜙

Sample: 𝑂 ≈
1

𝑁
σ 𝑂(𝜙𝑖), where 𝜙𝑖 ∼ 𝑝 𝜙 =

1

𝑍
𝑒−𝑆 𝜙

Problem 

Sequential, correlated sampling of 𝜙𝑖 → slow and costly

No direct computation of free energy → large errors

How to tackle MCMC challenges with new methods? 

New method: machine learningStandard method: MCMC for Lattice QCD

𝑔𝜃 𝑥𝑖

𝑥𝑖 ∼ 𝑞(𝑥) 𝑞𝜃 𝜙 ≈ 𝑝(𝜙)

 
 
 
 
 
  
  
  

              

   

                  

             

       

       

     

1 Nicoli, Anders, LF, et al., PRL (2021), 

PoS Lattice (2022), PoS Lattice (2024);
2 Ongoing work with Nicoli, Schuh, et al.; 

development of software package NeuLat;
3 White Paper: Boyda, Cali, Foreman, LF, 

et al. (2022) 29
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How to tackle MCMC challenges with new methods?

New method: tensor networksStandard method: MCMC for Lattice QCD

Concept

Compute observables: 𝑂 = ⟨𝜓|𝑂|𝜓⟩, approximate 𝜓

E.g.: 𝜓 = σ 𝑐𝑖1⋯𝑖𝑛
𝑖1 ⋅⋅⋅ 𝑖𝑛 ≈ σ 𝐴𝑖1

1 ⋯ 𝐴𝑖𝑛

𝑛 𝑖1 ⋅⋅⋅ 𝑖𝑛  

Results

Simulations of phase transitions for large 𝜃 or 𝜇 in 1+1D1 

Future

Phase transitions 
in 2+1D and 3+1D2

1 LF, et al., PRD (2020); Nakayama, LF, et al., PRD (2022); LF, et al., PRD (2023); 
2 Kühn, Gerken, LF, et al., PRB (2023); Crippa, Romiti, LF, et al. (2024); 

Crane, et int., LF, et al. (2024); ongoing work with Diamantini, et al. 

Concept

Compute observables: 𝑂 =
1

𝑍
 ∫ 𝐷𝜙𝑒−𝑆 𝜙 𝑂 𝜙

Sample: 𝑂 ≈
1

𝑁
σ 𝑂(𝜙𝑖), where 𝜙𝑖 ∼ 𝑝 𝜙 =

1

𝑍
𝑒−𝑆 𝜙  

Problem 

Complex action for 𝜃−term and chemical potential 𝜇

→ “sign problem” → no simulations for large 𝜃 or 𝜇

 
 
 
 
 
  
  
  

              

   

                  

             

       

       

     

fr
e
e

 e
n

e
rg

y
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Prospects 

   Direct computation of free energy, entropy, … 1 

Mitigate sign problem 2

Challenges

   Mode collapse 3

   Focus on 1+1D, first ansatzes in 2+1D & 3+1D

   → roadmap to QCD 4

What are the prospects and challenges of new methods?

New method: tensor networksNew method: machine learning

✓


Prospects

   Direct computation of free energy, entropy, … 5

   Evade sign problem 5

Challenges

   Approximation inefficient for highly entangled states

   Focus on 1+1D, first ansatzes in 2+1D & 3+1D 6

   → competition with
   quantum computing 7

✓



✓

✓

✓

fr
e
e

 e
n

e
rg

y
 

1 Nicoli, Anders, LF, et al., PRL (2021), PoS Lattice (2024); 2 Ongoing work with Nicoli, Schuh, et al., 3 Nicoli, Anders, LF, et al., PoS Lattice (2022); 4 Boyda, Calì, Foreman, LF, et al. (2022); 
5 LF, et al., PRD (2020); Nakayama, LF, et al., PRD (2022); LF, et al., PRD (2023); 6 Crippa, Romiti, LF, et al. (2024); Avkhadiev, LF, et al. (2024); 7 review: LF, et al., PoS Lattice (2023)

✓

space-time lattice volume

neural network

MCMC

fr
e

e
 e

n
e

rg
y
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Markov Chain Monte Carlo (MCMC)

Powerful but limited

New models and methods for particle physics

Develop new methodsBuild new models

Standard Model of particle physics

Successful but incomplete

Machine 

learning

Tensor 

networks

Quantum 

computing
KATRIN
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How to tackle MCMC challenges with new methods?

New method: quantum algorithmsStandard method: MCMC for Lattice QCD

Concept

Compute 𝜓(𝑡) = 𝑒−𝑖𝐻𝑡 𝜓(0) , encode 2𝑛 basis states

First step

Focus on ground-state preparation: min
 𝛼

 𝐸𝜶 = ⟨𝜓𝜶 ℋ 𝜓𝜶⟩ 

Hybrid quantum-classical algorithms

Classical optimization of quantum gate parameters 𝜶 

→ use machine learning 1

1 Nicoli, Anders, LF, et al., NeurIPS (2023), Anders, et int., LF, et al., ICML (2024)

Concept

Compute observables: 𝑂 =
1

𝑍
 ∫ 𝐷𝜙𝑒−𝑆 𝜙 𝑂 𝜙

Sample: 𝑂 ≈
1

𝑁
σ 𝑂(𝜙𝑖), where 𝜙𝑖 ∼ 𝑝 𝜙 =

1

𝑍
𝑒−𝑆 𝜙

Problem 

Euclidean action 𝑆 𝜏 = 𝑖𝑡 → no real-time evolution

→ can be exponentially hard for tensor networks

1 =

0 = Superposition

+ entanglement

𝜓 =
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Topological terms

1+1D gauge theories with 𝜃-term 4 and dynamical axion 5

2+1D gauge theories with Chern-Simons term 6

Chemical potentials

1+1D gauge theories with chemical potentials 𝜈𝑓 7

Current technology

𝒪(100 − 1000) noisy qubits with error mitigation

State of the art

First quantum simulations of 1+1D gauge theories 1

Next steps

Efficient lattice fermion implementations 2

Hybrid MCMC-quantum simulations of gauge theories 3

* Note: quantum simulate or tensor-network-approximate
1 Reviews: LF, et al., PoS Lattice (2023); Di Meglio, et int., LF, et al. (QC4HEP Working Group), PRX Quantum (2023); 2 Angelides, LF, et al., PRD (2023); 3 Crippa, Romiti, LF, et al. (2024); 

Avkhadiev, LF, et al. (2024); 4 Crane, et int., LF, et al. (2024); 5 ongoing work with Halimeh et al.; 6 Peng, Diamantini, LF, et al., (2024); 7 Schuster, Kühn, LF, et al., PRD (2024); … 

How can we quantum simulate  lattice field theories?

Sign-problem-afflicted regimesOverview

*
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Goal

Study phase transition at 𝜃 = 𝜋 and large 𝑔 = 𝛽−1/2

Theoretical requirements

Derive 3+1D 𝜃-term in Hamiltonian lattice formulation 1 

Develop quantum algorithms for 1+1D,2 2+1D,3 and 3+1D

First classical computations

Study phase transition with exact diagonalization 1

Future work

Larger volumes: tensor-network & quantum computations

𝜃/8𝜋2

T
o

p
o
lo

g
ic

a
l 
c
h
a
rg

e
 ⟨

ℋ
𝜃

⟩(
−

8
𝜋

2
𝛽

/𝜃
𝑉

)

1 Kan, LF, et al., PRD (2021);
2 LF, et al., PoS Lattice (2023); Angelides, LF, et al., PRD (2023); 

Schuster, Kühn, LF, et al., PRD (2023); Avkhadiev, LF, et al. (2024); 
3 Crippa, Romiti, LF, et al. (2024); Crane, et int., LF, et al. (2024); …

Outlook: how can we address the sign problem in 3+1D?

First classical results for a single cubeExample: U(1) lattice gauge theory with 𝜽-term
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Outlook: the future of quantum computing
P

re
s
e
n
t

N
e
a
r 

fu
tu

re

A rough sketch…The path to go…

State of the art 

First quantum simulations of 1+1D lattice theories 1 

Noise mitigation, 2 circuit optimization, 3 new algorithms 4

Future goals  

Quantum simulations for 2+1D & 3+1D theories

To evade sign problem, … of Lattice QCD and beyond

* Focus on algorithms: usable also for tensor networks

Analogous to 

Lattice QCD from 

1980s to 2020s?

1 Reviews: LF, et al., PoS Lattice (2023); Di Meglio, et int., LF, et al. (QC4HEP Working Group), PRX Quantum (2023); 
2 LF, et al., PRA (2022), …, 3 LF, et al., Quantum (2021), LF, et al., IEEE ICWS (2021), …, 4 Angelides, LF, et al., PRD (2023); Crippa, Romiti, LF, et al. (2024); …

Adapted from

Groenland (2024)

*

*
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Summary: new models and methods for particle physics
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State of the art 

Low-energy avenue of model building: 1 𝑚𝜈, 𝜌DE, 𝜙𝑘, …

Future goals

Further developing and testing new low-energy models

New methodsNew models

State of the art 

Testing (B)SM physics with MCMC, 2 new methods 3

Future goals

Application of new methods to (B)SM phenomena

1 Dvali, LF, PRD (2016a); (2016b); Lorenz, LF, et al., PRD (2019); LF, Raffelt, Vitagliano, PRD (2020); Dvali, LF, Vachaspati, PRL (2023); Dvali, Freche, LF, manuscript in prep.;
2 Lorenz, LF, et al., PRD (2021); Alexandrou, Finkenrath, LF, et al., PRL (2020); 3 LF, et al., Quantum (2021), LF, et al., PRA (2022), LF, et al., PRD (2023); Avkhadiev, LF, et al. (2024); …

Today                   2025+                    2030s                   2040s 
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CP
Markov chain Monte Carlo (MCMC)

Powerful but limited

Thanks to you for listening! Any questions on … ?

Standard Model of particle physics

Successful but incomplete

Machine 

learning

Tensor 

networks

Quantum 

computing

New methodsNew models

KATRIN
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