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Motivation

• Quantum gravity is necessary to answer profound questions about our universe 

Challenging to test proposed answers: expected scale of quantum gravity is Planck scale  

• Solution:  
Lever arm translates effect at Planck scale into effect at observationally accessible scale

What is the origin of the universe? What is the true nature of black holes? What is the quantum structure of spacetime?
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Quantum-gravity effect

Observable 

consequence

Lever arm

Examples: 
• Accumulation of Lorentz-Invariance-Violation 

over astrophysical distances of photons from short

Gamma-Ray-Bursts 

• Large extra dimensions


• this talk: Renormalization Group flow of couplings

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

[Arkani-Hamed, Dimopoulos, Dvali ’98]



Quantum-gravity effect
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Lever arm

Renormalization Group flow as a lever arm
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Quantum-gravity approaches with predictions  
for values of the couplings at the Planck scale

• String theory (see also stringy swampland conjectures) 

• Asymptotically safe gravity (  this talk!)


• Causal sets: constraint on quartic coupling in scalar field theory 

• …an opportunity for other quantum-gravity approaches!

←

[de Brito, AE, Fausten ’23]

[AE, de Brito, Held, Pawlowski, Percacci, Reichert, Saueressig, Shaposhnikov, Schiffer, Wetterich, Yamada…]

review: AE, Schiffer ‘22

[Vafa, Valenzuela, Montero, Ooguri, Palti, Heidenreich, McNamara, Rudelius, Shiu…]
[swampland conjectures in asymptotic safety: [de Alwis, AE, Held, Pawlowski, Schiffer, Versteegen ’19; Basile, Platania ’21; 

Knorr, Platania ’24; AE, Hebecker, Pawlowski, Walcher ‘24]]
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scale symmetry 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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Asymptotic safety in gravity:


Open questions: Lorentzian signature, unitarity under investigation


[Weinberg ’79; Reuter ’96]

S = ∫ d4x −g (Λ(k) +
1

16πGN(k)
R + a(k)R2 + b(k)RμνRμν + . . . )
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Open questions: Lorentzian signature, unitarity under investigation


[Weinberg ’79; Reuter ’96]

S = ∫ d4x −g (Λ(k) +
1

16πGN(k)
R + a(k)R2 + b(k)RμνRμν + . . . )

Compelling theoretical evidence for asymptotic safety in Euclidean gravity: 
Benedetti, Bonanno, Codello, de Brito, AE, Falls, Ferrero, Gies, Held, Kluth, Knorr, 
Litim, Pawlowski, Percacci, Pereira, Platania, Reichert, Reuter, Saueressig, Schiffer, 
Wetterich, Yamada, Zanusso…
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Asymptotic safety in gravity:


Open questions: Lorentzian signature, unitarity under investigation


[Weinberg ’79; Reuter ’96]

S = ∫ d4x −g (Λ(k) +
1

16πGN(k)
R + a(k)R2 + b(k)RμνRμν + . . . )

[e.g., Fehre, Litim, Pawlowski, Reichert ’21; Platania ’22; Saueressig, Wang ’23; d’Angelo ’23; 
Pastor-Guiterrez, Pawlowski, Reichert, Ruisi ’24; D’Angelo, Ferrero, Fröb ’25;Pawlowski, Reichert, Wessely ‘25]

Compelling theoretical evidence for asymptotic safety in Euclidean gravity: 
Benedetti, Bonanno, Codello, de Brito, AE, Falls, Ferrero, Gies, Held, Kluth, Knorr, 
Litim, Pawlowski, Percacci, Pereira, Platania, Reichert, Reuter, Saueressig, Schiffer, 
Wetterich, Yamada, Zanusso…



Predictive power in asymptotic safety

Quantum fluctuations 

screen or antiscreen interactions, e.g.,


QED: 


  decreases as  is lowered


QCD: 


  increases as  is lowered

βe = k ∂k e(k) =
1

12π2
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βg = k ∂k g(k) = −

7
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Origin of predictions at the Planck scale
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for gravity:                                        all other couplings−gΛ, −gR
1

16πGN
, −g(R2 + #RμνRμν) a

[Benedetti, Machado, Saueressig ’09; Falls, Litim, et al. ’13, ’14; Denz, Pawlowski, Reichert ’16; 
Falls, Ohta, Percacci ’20]
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for matter:                               rest of this talk!

[Benedetti, Machado, Saueressig ’09; Falls, Litim, et al. ’13, ’14; Denz, Pawlowski, Reichert ’16; 
Falls, Ohta, Percacci ’20]
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Predictive power of asymptotic safety for matter

Predictive power:


From microphysics that is scale symmetric

only a subset of effective field theories can 
emerge:


Space of all EFTs

EFTs that 
emerge from 
asymptotic 

 safety

relative swampland 
of asymptotic safety

relative vs absolute swamplands: 

AE, Hebecker, Pawlowski, Walcher ‘24
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central role: 
Yukawa coupling 

determine masses

ingredient 1: 
“heavy” Standard Model

ingredient 2: 
the lightest fermions: neutrinos
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Ingredient 1: Heavy Standard Model

without gravity:

• not ultraviolet complete (Landau pole/triviality problem)

• measured values are free parameters
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with gravity:

• ultraviolet complete (no Landau pole/triviality problem)


• constant yt

βgY
= −fg gY +

41
6

⋅
g3

Y

16π2
+ . . .

βyt
= −fy yt +

9
32π2

⋅ y3
t + . . .

1 1010 1020 1030 1040
0.2

0.4

0.6

0.8

1.0

1.2

1.4

RG scale k in GeV

g y
(k
)

predictive trajectory

free trajectories

UV unsafe trajectories

[AE, Versteegen ’17]

10 1026 1051 1076

120

150
161
175
195

0

0.2

0.4

0.6

0.8

1

1.2

RG scale k in GeV

M
t/G
eV

y t
(k
)

predictive trajectory Mt,pole=171 GeV

free trajectories

UV unsafe trajectories

[AE, Held ’17]



Ingredient 1: Heavy Standard Model

���� ���� ���� ����
���

���

���

���

���

���

���

�� ����� � �� ���

��
��
�
��
��
���
��
��
���
��

�/�
��

��

��

��

��
λ

with gravity:

• ultraviolet complete (no Landau pole/triviality problem)


• constant yt

βgY
= −fg gY +

41
6

⋅
g3

Y

16π2
+ . . .

βyt
= −fy yt +

9
32π2

⋅ y3
t + . . .

1 1010 1020 1030 1040
0.2

0.4

0.6

0.8

1.0

1.2

1.4

RG scale k in GeV

g y
(k
)

predictive trajectory

free trajectories

UV unsafe trajectories

[AE, Versteegen ’17]

10 1026 1051 1076

120

150
161
175
195

0

0.2

0.4

0.6

0.8

1

1.2

RG scale k in GeV

M
t/G
eV

y t
(k
)

predictive trajectory Mt,pole=171 GeV

free trajectories

UV unsafe trajectories

[AE, Held ’17]

constant top Yukawa coupling

constant hypercharge coupling (distinguishes flavors)
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Standard Model fermion masses


Right-handed neutrinos with Yukawa couplings: Higgs mechanism generates neutrino masses


standard perspective: not a convincing explanation, because Yukawa couplings for neutrinos


 without explanation for this small number
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with a very small Yukawa coupling

yν ∼ 10−13

Ingredient 2: neutrino masses



Standard Model fermion masses


Right-handed neutrinos with Yukawa couplings: Higgs mechanism generates neutrino masses


standard perspective: not a convincing explanation, because Yukawa couplings for neutrinos


 without explanation for this small number


asymptotically safe perspective:


with a very small Yukawa coupling

yν ∼ 10−13
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[AE, Gyftopoulos, Held ’25]

Ingredient 2: neutrino masses

mass gap generic 
exact values: free parameters
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CKM

PMNS
Proposed answer: 

These structures are partially emergent from regime with quantum gravity

Result: mixing matrices



• Yukawa couplings (determine quark masses) 

• CKM mixing matrix (determines mixing of flavors in 

weak interactions)

|V |2
CKM =

|Vud |2 |Vus |2 |Vub |2

|Vcd |2 |Vcs |2 |Vcb |2

|Vtd |2 |Vts |2 |Vtb |2

.

|Vud |2 = 0.94936 ± 0.00031, |Vus |2 = 0.05063 ± 0.00031

|Vcd |2 = 0.05057 ± 0.00031, |Vcs |2 = 0.94768 ± 0.00031

Result: mixing matrices



• Yukawa couplings (determine quark masses) 

• CKM mixing matrix (determines mixing of flavors in 
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and the fact is just pure coincidence 

Option 2): QFT holds far beyond the Planck scale 
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Neutrino oscillations (neutrino mixing) are large,


because neutrinos are so light.

structural connection between two properties of neutrinos 

that is due to quantum gravity

Result: mixing matrices
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QG fluctuations 
drive         to zero at MPlanck

 single dark scalar decouples in asymptotic safety→

[AE, Hamada, Lumma, Yamada ‘17]
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Summary

Lever arm Observable 

consequence

Key idea: lever arms Quantum-gravity effect

Planckian scales Particle physics scales Black-hole scales Cosmological scales

distance scale

Theory of quantum gravity

Key challenge: gap in scales

!
Observational tests of quantum gravity
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