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Quantum-gravity effect

Observable 

consequence

Lever arm

Renormalization Group flow as a lever arm
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classical gravity regime Planck scale quantum scale invariance

asymptotically safe regime

Fig 1: Illustration of zooming in on spacetime: Quantum fluctuations set in at the Planck scale. Beyond, a scale-invariant regime is realized. 
The corresponding Newton coupling, measured in units of the energy scale k, becomes asymptotically safe.
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Part 1: Heavy Standard Model

without gravity:

• not ultraviolet complete (Landau pole/triviality problem)

• measured values are free parameters
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[AE, Gyftopoulos, Held, in progress] 
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• PMNS mixing matrix (determines mixing of leptons in 

weak interactions)

|VPMNS | ≈
0.82343 0.54806 0.14697
0.47366 0.61638 0.62907
0.31243 0.56543 0.76333

observation: very far from fixed lines 

But: .X + Y = 1, W + Z = 1

this relation is an infrared attractive fixed line of the RG flow,  

if there is long regime (highly transplanckian)  

during which  and yτ ≫ yμ,e,ντ,νμ,νe
yτ = const

Part 3: mixing matrices

 if the UV completion has such a regime, it generically produces a wrong PMNS matrix⇒

Renormalization Group flow (simplified): 

∂t(X + Y − 1) =
3

16π2
y2

τ (X + Y − 1) .



PM
N

S 
m

at
rix

 e
le

m
en

ts
le

pt
on

 Y
uk

aw
a 

co
up

lin
gs

Part 3: mixing matrices

[AE, Gyftopoulos, Held, in progress] 



PM
N

S 
m

at
rix

 e
le

m
en

ts
le

pt
on

 Y
uk

aw
a 

co
up

lin
gs

Part 3: mixing matrices

[AE, Gyftopoulos, Held, in progress] 

✓
tau Yukawa not constant
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[AE, Gyftopoulos, Held, in progress] 

✓
tau Yukawa not constant

✓PMNS does not 
become near-diagonal

✓neutrino Yukawas small



Mixing matrix summary

Mechanism for mixing matrices to approach near-diagonal configuration, if: 

heaviest fermion dominates the RG flow over long range of scales, 
or relative differences between fermion Yukawa couplings become tiny.

Asymptotically safe Standard Model: 

• realizes this mechanism for CKM, because top Yukawa coupling is constant and large over huge range in scales 
• avoids this mechanism for PMNS, because tau Yukawa coupling is non-constant and overall neutrino mass 
scale is kept low, so relative differences do not become tiny

Consequence: RG flows over huge ranges of scales are suggested by observed patterns in mixing matrices





Motivation: How to test proposed theories of quantum gravity?
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[Amelino-Camelia, Ellis, Mavromatos Nanopoulos, Sakar ’97]

[Colladay, Kostelecky ’96]What about the Renormalization Group perspective 
on Lorentz-invariance-violations and CPT violation?



CPT & Lorentz violation and Renormalization Group flows

S CPT−odd
scalar = i gϕ ∫ d4x g nμ (ϕ*∂μϕ − ϕ∂μϕ* ) .

S CPT−odd
photon =

1
2 ∫ d4x g gγ nμ ϵμνρσ AνFρσ

S CPT−odd
fermion = − ∫ d4x g nμ (gψψ̄γμψ + hψψ̄γμγ5ψ) .

[AE, Schiffer ’25]



CPT & Lorentz violation and Renormalization Group flows

S CPT−odd
scalar = i gϕ ∫ d4x g nμ (ϕ*∂μϕ − ϕ∂μϕ* ) .

S CPT−odd
photon =

1
2 ∫ d4x g gγ nμ ϵμνρσ AνFρσ

S CPT−odd
fermion = − ∫ d4x g nμ (gψψ̄γμψ + hψψ̄γμγ5ψ) .

[AE, Schiffer ’25]

Experimental status: numerous constraints, 

some examples: (see Kostelecky) 

 (CMB) 

 (Higgs sector) 

 (electrons)

gγnμ < 10−43 GeV

gϕnμ < 10−29 GeV

nμhψ < 10−25 GeV



CPT & Lorentz violation and Renormalization Group flows

S CPT−odd
scalar = i gϕ ∫ d4x g nμ (ϕ*∂μϕ − ϕ∂μϕ* ) .

S CPT−odd
photon =

1
2 ∫ d4x g gγ nμ ϵμνρσ AνFρσ

S CPT−odd
fermion = − ∫ d4x g nμ (gψψ̄γμψ + hψψ̄γμγ5ψ) .

[AE, Schiffer ’25]

gi(k) = gi(ΛUV) ⋅ ( k
ΛUV )

fi
anomalous dimension from  

quantum-gravity fluctuations

• if ,  generically largefi < 0 gi(k)

• if ,  generically smallfi > 0 gi(k)
Experimental status: numerous constraints, 

some examples: (see Kostelecky) 

 (CMB) 

 (Higgs sector) 

 (electrons)

gγnμ < 10−43 GeV

gϕnμ < 10−29 GeV

nμhψ < 10−25 GeV



CPT & Lorentz violation and Renormalization Group flows

S CPT−odd
scalar = i gϕ ∫ d4x g nμ (ϕ*∂μϕ − ϕ∂μϕ* ) .

S CPT−odd
photon =

1
2 ∫ d4x g gγ nμ ϵμνρσ AνFρσ

S CPT−odd
fermion = − ∫ d4x g nμ (gψψ̄γμψ + hψψ̄γμγ5ψ) .

[AE, Schiffer ’25]

gi(k) = gi(ΛUV) ⋅ ( k
ΛUV )

fi
anomalous dimension from  

quantum-gravity fluctuations

• if ,  generically largefi < 0 gi(k)

• if ,  generically smallfi > 0 gi(k)

fϕ > 0

fψ < 0 everywhere

fγ > 0 & fϕ > 0

fγ > 0

Experimental status: numerous constraints, 

some examples: (see Kostelecky) 

 (CMB) 

 (Higgs sector) 

 (electrons)

gγnμ < 10−43 GeV

gϕnμ < 10−29 GeV

nμhψ < 10−25 GeV



CPT & Lorentz violation and Renormalization Group flows

S CPT−odd
scalar = i gϕ ∫ d4x g nμ (ϕ*∂μϕ − ϕ∂μϕ* ) .

S CPT−odd
photon =

1
2 ∫ d4x g gγ nμ ϵμνρσ AνFρσ

S CPT−odd
fermion = − ∫ d4x g nμ (gψψ̄γμψ + hψψ̄γμγ5ψ) .

[AE, Schiffer ’25]

gi(k) = gi(ΛUV) ⋅ ( k
ΛUV )

fi
anomalous dimension from  

quantum-gravity fluctuations

• if ,  generically largefi < 0 gi(k)

• if ,  generically smallfi > 0 gi(k)

 quantum-gravity theories need a mechanism to ensure ⇒ gi(ΛUV) = 0

Experimental status: numerous constraints, 

some examples: (see Kostelecky) 

 (CMB) 

 (Higgs sector) 

 (electrons)

gγnμ < 10−43 GeV

gϕnμ < 10−29 GeV

nμhψ < 10−25 GeV

fϕ > 0

fψ < 0 everywhere

fγ > 0 & fϕ > 0

fγ > 0



CPT & Lorentz violation and Renormalization Group flows

S CPT−odd
scalar = i gϕ ∫ d4x g nμ (ϕ*∂μϕ − ϕ∂μϕ* ) .

S CPT−odd
photon =

1
2 ∫ d4x g gγ nμ ϵμνρσ AνFρσ

S CPT−odd
fermion = − ∫ d4x g nμ (gψψ̄γμψ + hψψ̄γμγ5ψ) .

[AE, Schiffer ’25]

gi(k) = gi(ΛUV) ⋅ ( k
ΛUV )

fi
anomalous dimension from  

quantum-gravity fluctuations

• if ,  generically largefi < 0 gi(k)

• if ,  generically smallfi > 0 gi(k)

 quantum-gravity theories need a mechanism to ensure ⇒ gi(ΛUV) = 0
Two examples: string theory (all symmetries are gauged), 

asymptotic safety (global symmetries can be imposed)

Experimental status: numerous constraints, 
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Motivation: How to test proposed theories of quantum gravity?

Planckian scales Particle physics scales Black-hole scales Cosmological scales

distance scale

10−35 m 10−17 m 1011 m > 1020 m

Key challenge: gap in scales

Theory of quantum gravity

Lever arm Observable 

consequence

Quantum-gravity effect
Examples: 
• Accumulation of Lorentz-Invariance-Violation 

over astrophysical distances of photons from short

Gamma-Ray-Bursts

 

• High sensitivity in probes of CPT symmetry

breaking in the Standard Model


• Renormalization Group flow of couplings

[Amelino-Camelia, Ellis, Mavromatos Nanopoulos, Sakar ’97]

[Colladay, Kostelecky ’96]
Renormalization Group flow of 

couplings can be powerful 
lever arm for 


Bridging high & low energies 
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g*

1 − 2λ* + . . .

metric propagator:

1
16πg k−2 ∫ d4x g (R − 2λk2)

Near-perturbative nature of asymptotic safety



Key property: near-perturbative


• free parameters  dimension-4-interactions

• similar set as free parameters at perturbative 


(Gaussian) fixed point


≃

Δθ =
∑i (Re(θ(i)) − θGauss)2

∑i

Image Credit: NASA/CXC/M.Weiss

How non-perturbative is the fixed point?

or

?

g*

1 − 2λ* + . . .

metric propagator:

[Falls, Litim et al. ’13][AE, Pauly ’18]

1
16πg k−2 ∫ d4x g (R − 2λk2)

Near-perturbative nature of asymptotic safety



Method & key assumptions
Functional Renormalization Group: based on Euclidean path integral


: analog of classical action, but with quantum fluctuations above k included


       


Γk

k ∂k Γk =
1
2

Tr [(Γ(2)
k + Rk)

−1
k ∂kRk] → βg = k∂k g(k)

[Wetterich ’93; Reuter ‘96]
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−1
k ∂kRk] → βg = k∂k g(k)

[Wetterich ’93; Reuter ‘96]

Quantitative precision achievable 
 
Example: Fixed point in the Ising model, 

derivative expansion 


[Balog, Chaté, Delamotte, Marohnić, Wschebor ’19]



Method & key assumptions
Functional Renormalization Group: based on Euclidean path integral

 


: analog of classical action, but with quantum fluctuations above k included


       


Γk

k ∂k Γk =
1
2

Tr [(Γ(2)
k + Rk)

−1
k ∂kRk] → βg = k∂k g(k)

[Wetterich ’93; Reuter ‘96]

Truncation scheme for matter-gravity: near-perturbativity as a bootstrap

• assume near-perturbativity:  

quantum corrections are subleading compared to canonical scaling

• use canonical power-counting to set up truncations

• check that near-perturbativity holds at fixed point in truncation
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Quantitative precision achievable 
 
Example: Fixed point in the Ising model, 

derivative expansion 


[Balog, Chaté, Delamotte, Marohnić, Wschebor ’19]



Method & key assumptions
Quantitative precision achievable 
 
Example: Fixed point in the Ising model, 

derivative expansion 


[Balog, Chaté, Delamotte, Marohnić, Wschebor ’19]

Key assumption: Euclidean vs. Lorentzian signature

 
First hints of Lorentzian asymptotic safety

• impact of foliation on fixed-point structure small


• calculation in Einstein-Hilbert truncation in Lorentzian 
signature yields fixed point


Functional Renormalization Group: based on Euclidean path integral


: analog of classical action, but with quantum fluctuations above k included
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Truncation scheme for matter-gravity: near-perturbativity as a bootstrap

• assume near-perturbativity:  

quantum corrections are subleading compared to canonical scaling

• use canonical power-counting to set up truncations

• check that near-perturbativity holds at fixed point in truncation
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