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Effective field theories of nature

Standard Model Einstein gravity

→ highly successful in experiments/observations 

→ not ultraviolet (UV) complete

→ breakdown of predictivity at high energies/small distances; 
occurrence of Landau poles

→ unknown how to combine the two beyond EFT regime
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{Can asymptotic safety help?



Asymptotic safety: a symmetry principle

Could scale symmetry be a deep principle of nature?



Asymptotic safety

Could scale symmetry be a deep principle of nature?

Presence of quantum fluctuations: 
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Theory is scale dependent: 
Renormalization Group flow



Asymptotic safety

Could scale symmetry be a deep principle of nature?

Presence of quantum fluctuations: 

k

couplings

Scale symmetry: 
 Renormalization Group fixed point

asymptotic freedom

asymptotic safety 
= quantum scale symmetry

Theory is scale dependent: 
Renormalization Group flow



Asymptotic safety

Asymptotic safety = EFT + UV quantum scale symmetry

→ UV extensions/completion & predictivity

k

couplings
couplings = const 

 no Landau poles→

Asymptotic safety: 
All  start at a fixed point in the UV 

 relations 
gi

⇒ g4 = g4(g1, g2, g3)

Γ = ∫ d4x (g1$1 + g2$2 + g3$3 + g4$4 . . . )

EFT: independent free 
parameters
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quantum scale 
symmetry 

(= asymptotic 
safety)

Predictive power of asymptotic safety

irrelevant directions = predictions 
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scale symmetry 
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prediction  
in the IR
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Predictive power of asymptotic safety
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predictive power of new symmetry 

quantum scale 
symmetry 

(= asymptotic 
safety)

Predictive power of asymptotic safety

IR consequences of UV scale symmetry: 
relations between couplings/predictions 

of coupling values

irrelevant directions = predictions 
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Asymptotic safety - an example in 4d perturbative QFT
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The search for asymptotic safety in gravity-matter systems
Motivation:

EHT collaboration 2019

Constituents of matterMicrostructure of spacetime



The search for asymptotic safety in gravity-matter systems

UV

Motivation:

Einstein gravity:  
perturbatively non-renormalizable

Γ = ∫ d4x −g (Λ(k) + 1
16πGN(k) R + a1(k)R2 + b(k)RμνRμν + a2(k)R3 + . . . )
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→ transplanckian Landau poles

→ 19 free parameters
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Motivation:

Einstein gravity:  
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→ loss of predictivity at Planck scale

→ transplanckian Landau poles

→ 19 free parameters

Could a new symmetry help?

→ supersymmetry?

→ quantum scale symmetry (aka asymptotic safety)?

→ grand unification?



The search for asymptotic safety in gravity-matter systems

UV

• brief introduction to the technical setup 

• status of asymptotic safety in gravity-matter systems 

              & open questions 

• predictive power of asymptotic safety 

• Abelian gauge coupling 

• Yukawa sector 

• dark sectors 
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quantum fluctuations integrated out:
UVIR k

fixed-point regime 

[AE, Held, ’18]

Three regimes of the gravity-matter functional RG flow
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gravitational fluctuations 
decouple dynamically: 

quantum fluctuations integrated out:
UVIR k

[AE, Held, ’18]

Three regimes of the gravity-matter functional RG flow

fixed-point regime 

˜
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gravitational fluctuations 
decouple dynamically: 

quantum fluctuations integrated out:
UVIR k

[AE, Held, ’18]

Three regimes of the gravity-matter functional RG flow

fixed-point regime Matter-regime 

˜
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G̃ = Gk2
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quantum fluctuations integrated out:
UVIR k

1) find fixed points (aka quantum scale symmetry) by solving  
2) integrate to             from fixed point as initial condition

@k�k = 0
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k = 0
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used from in- and out-of-equilibrium 
statistical physics to quantum many-
particle systems, high-energy physics to 
quantum gravity

Wetterich '92
recent review: Dupuis, Canet, AE et al. '20

in practise: beta functions for couplings in truncations of Γk

https://inspirehep.net/literature/33814
https://inspirehep.net/literature/1800459
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critical exponents:

Reuter, Saueressig '02

Falls et al '13

Litim '03

Machado, Saueressig '07

Codello et al '08

Benedetti et al '09

Falls et al '18

Falls, Ohta, Percacci '20

3 free parameters

predictive power of 
asymptotic safety

near-canonical scaling 
(guiding principle for robust truncations)

Status of asymptotic safety

…

also indicated by near-trivial 
symmetry identities

[AE, Labus, Pawlowski, Reichert ’18; 
AE, Lippoldt, Pawlowski, Reichert, Schiffer ’18 

AE, Lippoldt, Schiffer ’18]

• existence of Reuter fixed point

• for pure gravityX
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Falls, Litim Schröder '18

Einstein-Hilbert +Rµ⌫�R
�⇢�R µ⌫

⇢�
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Gies, Knorr, Lippoldt, Saueressig '16

selected examples:

[Weinberg ’76; Reuter ‘96]

Falls, Litim, Nikolakopoulos, Rahmede, ’13, ‘14 
Falls, Litim Schröder '18

https://arxiv.org/abs/hep-th/0110054
https://arxiv.org/abs/1301.4191
https://arxiv.org/abs/hep-th/0312114
https://arxiv.org/abs/0712.0445
https://arxiv.org/abs/0805.2909
https://arxiv.org/abs/0901.2984
https://arxiv.org/abs/1801.00162
https://arxiv.org/abs/2004.04126
https://inspirehep.net/literature/1665563
http://www.apple.com/uk
https://inspirehep.net/literature/1710491
https://inspirehep.net/literature/1710491
https://inspirehep.net/literature/1790470
https://inspirehep.net/literature/1699419
https://inspirehep.net/literature/1414598
https://inspirehep.net/literature/418310
https://inspirehep.net/literature/1211367
https://inspirehep.net/literature/1322717
https://inspirehep.net/literature/1699419
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critical exponents:

Reuter, Saueressig '02

Falls et al '13

Litim '03

Machado, Saueressig '07

Codello et al '08

Benedetti et al '09

Falls et al '18

Falls, Ohta, Percacci '20

3 free parameters

predictive power of 
asymptotic safety

Status of asymptotic safety

x

x

x

• background independence

• Lorentzian signature

Morris '16

Becker, Reuter '14

Denz, Pawlowski, Reichert  '16

Manrique, Rechenberger, Saueressig  '11

• propagating modes/instabilities

Platania, Wetterich '20

Draper, Knorr, Ripken, Saueressig  '20
• Phenomenological viability?

Matter matters!

 !  

Bonanno, Denz, Pawlowski, Reichert '21

Open questions:
see “Critical reflections on asymptotically safe gravity”  
Bonanno, AE, Gies, Pawlowski, Percacci, Reuter, Saueressig, Vacca  
'20 for further details

• existence of Reuter fixed point

• for pure gravityX
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Falls, Litim Schröder '18
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Gies, Knorr, Lippoldt, Saueressig '16

selected examples:

[Weinberg ’76; Reuter ‘96]

https://arxiv.org/abs/hep-th/0110054
https://arxiv.org/abs/1301.4191
https://arxiv.org/abs/hep-th/0312114
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Guide to the literature on asymptotically safe gravity-matter models

Effect of scalars, fermions 
and vectors on 

gravitational fixed point: 
Non-Abelian gauge sector:

[Oda, Yamada ’16; AE, Held, Pawlowski ‘16; AE, Held ’17a 
’17b ‘18; Alkofer, AE, Held, Percacci, Nieto, Schröfl ’20]

[Narain, Percacci ’09; Shaposhnikov, Wetterich ’10, 
Hamada, Yamada ’17;  AE, Hamada, Lumma, Yamada ‘17; 
Pawlowski, Reichert, Wetterich, Yamada ’18; AE, Pauly ‘20]

[Daum, Harst, Reuter ‘10; Folkerts, Litim, Pawlowski ‘12; 
Christiansen, Litim, Pawlowski, Reichert ’18]

[Harst, Reuter ’11; Christiansen, AE ’17; AE, Versteegen ’18; 
AE, Schiffer ’19; de Brito, AE, Pereira ‘19]

Abelian gauge sector:

Yukawa sector

Higgs potential

• Einstein-Hilbert truncation & 
minimal coupling: 

• Beyond minimal coupling: 

• Beyond Einstein-Hilbert 
truncation: 

Beyond SM:
Grand Unified Theories [AE, Held, Wetterich ’17 ’19]

Majorana masses [Brito, Hamada, Pereira, Yamada ’19]

Flavor structure [Kowalska, Sessolo ’20]

[AE, Hamada, Lumma, Yamada, ‘17; Hamada, Tsumura, Yamada ’19;  
Reichert, Smirnov ’19; Kwapisz ’19; AE, Pauly ’20]

[AE, Lippoldt ’16; AE, Lippoldt, Skrinjar ’17;  
AE, Lippoldt, Schiffer ’18]

[Dona, AE, Percacci ’13; 
Meibohm, Pawlowski, Reichert ’15; 

Dona, AE, Labus, Percacci ’15; 
Biemans, Platania, Saueressig ’17; 

AE, Lippoldt, Pawlowski, Reichert, Schiffer ’18; 
Yamada, Wetterich ’19]

[Alkofer, Saueressig ’18;  
Bürger, Pawlowski, Schäfer, Reichert ’18]

Dark sector

Effect of gravity on Standard Model: 

Induced matter interactions
[AE ’11 ’12; AE, Held, Pawlowski ‘16; AE, Held ’17;  
Christiansen, AE ’17; AE, Schiffer ’19]

Muon g-2 [Kowalska, Sessolo ’20]
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Predictive power of asymptotic safety

3 examples with gravity in  

Standard-Model like systems  

                     & beyond



�gY =
g3Y
16⇡2

41

6
�GgY f(⇤)�fg gY

<latexit sha1_base64="U8VaiP67BljmtlYrWbolJgrX6eU=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBg5akCOqt6MVjBWOrbQib7SZdutmE3Y1QQv+FFw8qXv053vw3btsctPXBwOO9GWbmBSlnStv2t1VaWl5ZXSuvVzY2t7Z3qrt79yrJJKEuSXgiOwFWlDNBXc00p51UUhwHnLaD4fXEbz9RqVgi7vQopV6MI8FCRrA20uNp6Ee9ExT5D361ZtftKdAicQpSgwItv/rV6ycki6nQhGOluo6dai/HUjPC6bjSyxRNMRniiHYNFTimysunF4/RkVH6KEykKaHRVP09keNYqVEcmM4Y64Ga9ybif1430+GFlzORZpoKMlsUZhzpBE3eR30mKdF8ZAgmkplbERlgiYk2IVVMCM78y4vEbdQv6/btWa15VaRRhgM4hGNw4ByacAMtcIGAgGd4hTdLWS/Wu/Uxay1Zxcw+/IH1+QOypI/R</latexit><latexit sha1_base64="U8VaiP67BljmtlYrWbolJgrX6eU=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBg5akCOqt6MVjBWOrbQib7SZdutmE3Y1QQv+FFw8qXv053vw3btsctPXBwOO9GWbmBSlnStv2t1VaWl5ZXSuvVzY2t7Z3qrt79yrJJKEuSXgiOwFWlDNBXc00p51UUhwHnLaD4fXEbz9RqVgi7vQopV6MI8FCRrA20uNp6Ee9ExT5D361ZtftKdAicQpSgwItv/rV6ycki6nQhGOluo6dai/HUjPC6bjSyxRNMRniiHYNFTimysunF4/RkVH6KEykKaHRVP09keNYqVEcmM4Y64Ga9ybif1430+GFlzORZpoKMlsUZhzpBE3eR30mKdF8ZAgmkplbERlgiYk2IVVMCM78y4vEbdQv6/btWa15VaRRhgM4hGNw4ByacAMtcIGAgGd4hTdLWS/Wu/Uxay1Zxcw+/IH1+QOypI/R</latexit><latexit sha1_base64="U8VaiP67BljmtlYrWbolJgrX6eU=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBg5akCOqt6MVjBWOrbQib7SZdutmE3Y1QQv+FFw8qXv053vw3btsctPXBwOO9GWbmBSlnStv2t1VaWl5ZXSuvVzY2t7Z3qrt79yrJJKEuSXgiOwFWlDNBXc00p51UUhwHnLaD4fXEbz9RqVgi7vQopV6MI8FCRrA20uNp6Ee9ExT5D361ZtftKdAicQpSgwItv/rV6ycki6nQhGOluo6dai/HUjPC6bjSyxRNMRniiHYNFTimysunF4/RkVH6KEykKaHRVP09keNYqVEcmM4Y64Ga9ybif1430+GFlzORZpoKMlsUZhzpBE3eR30mKdF8ZAgmkplbERlgiYk2IVVMCM78y4vEbdQv6/btWa15VaRRhgM4hGNw4ByacAMtcIGAgGd4hTdLWS/Wu/Uxay1Zxcw+/IH1+QOypI/R</latexit>

metric fluctuations

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

= upper bound

matter & gravity fluctuations compete: 

strong gravity: asymptotically free  
strong matter: UV unsafe 
balance: UV safe & interacting                        
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Upper bound on the Abelian gauge coupling

fg ! 0
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[Daum, Harst, Reuter ‘10; Harst, 
Reuter ’11; Folkerts, Litim, 
Pawlowski ‘12; 
Christiansen, Litim, Pawlowski, 
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AE, Versteegen ’18; AE, Schiffer ’19; 
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Gauge-Yukawa systems with gravity
Motivation: Where does the difference between top and bottom quark mass come from?

Quark masses ~ Yukawa couplings

Step 1: 
Implications of asymptotic safety for a single Yukawa coupling (top quark)

Step 2: 
Generalization to two Yukawa couplings (top-bottom system)
[AE, Held ‘18]

Step 3: 
Generalization to three generations of quarks with mixing
[Alkofer, AE, Held, Percacci, Nieto, Schröfl ’20]

Step 4: 
Generalization to three generations of quarks and leptons
work in progress

[AE, Held ’17a ’17b ]
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Asymptotic safety and the top quark
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metric fluctuations

Einstein-Hilbert truncation:

+ higher-order interactions

[Oda, Yamada ’16;  
AE, Held, Pawlowski ‘16]

[Hamada, Yamada ’17; 
AE, Held ’17a]
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Asymptotic safety and the top quark

fy > 0
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Asymptotic safety and the top quark
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Asymptotic safety and the top quark
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Asymptotic safety and the top quark
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Asymptotic safety and the top quark
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unequal hypercharge of top, bottom:

unequal fixed-point values
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Abelian hypercharge:

Top-bottom system:
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Top-bottom mass ratio as a 
consequence of gravity-induced scale 

symmetry in the UV

Gauge-Yukawa systems with gravity

Predictive power: Finite fermion masses from Yukawa interactions

[AE, Held ‘18]

generalization to 3 generations: Alkofer, AE, Held, Percacci, Nieto, Schröfl ’20
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Shining a light onto dark sectors:  
The asymptotically safe perspective

Standard Model + gravity: 

probably not sufficient to describe all observations

+ + …d1 d2

How many fields and which interactions?

Bold interpretation of lack of discovery to date: 
Time for a new theoretical paradigm!



How many new fields?

The vanilla model:
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decoupling of dark matter; 
cannot be produced as thermal relic

single, uncharged dark scalar with 
Higgs portal incompatible with 

asymptotic safety

generically:  
quantum gravity flattens scalar 
potentials

“asymptotically safe island”

Asymptotically safe constraints on dark sectors

[Dona, AE, Percacci ’13; 
Meibohm, Pawlowski, Reichert ’15; 

Dona, AE, Labus, Percacci ’15; 
Biemans, Platania, Saueressig ’17; 

AE, Lippoldt, Pawlowski, Reichert, Schiffer ’18; 
Yamada, Wetterich ’19]

AE, Hamada, Lumma, Yamada ‘17

cosmo consequences: AE, Pauly ‘20

[Shaposhnikov, Wetterich ’10]Higgs prediction 
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Proof of principle: Upgrade and exploit the predictive power
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toy model SM Higgs portal to singlet scalar + dark fermion

Asymptotically safe constraints on dark sectors
see also: 

Hamada, Tsumura, Yamada ’19;  
Reichert, Smirnov ’19

AE, Pauly ’20
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Proof of principle:
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toy model SM Higgs portal to singlet scalar + dark fermion
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Upgrade and exploit the predictive power
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predictive relations from quantum gravity

Asymptotically safe constraints on dark sectors

AE, Pauly ’20
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Proof of principle:
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predictive relations from quantum gravity

Upshot of dark- sector explorations so far: 

• predictive power of asymptotic safety: 

• simplest dark sector model 
excluded 

• extended dark sector much more 
constrained than in effective-field 
theory setting

Asymptotically safe constraints on dark sectors

AE, Pauly ’20
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Future perspectives: Links

Phenomenology: Links to Standard Model + dark sector

Open theoretical questions (e.g., background independence, Lorentzian 
signature): link to lattice approaches

Link to other settings: Effective asymptotic safety

Standard Model string theory

Ms
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theory

s= strings? spin foams?
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