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‘Wer Visionen hat, sollte zum Arzt gehen’

Helmut Schmidt ‘80
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Momentum dimension of couplings

perturbatively non-renormalisable
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graviton propagator :

3− grav.vertex :
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Einstein-Hilbert action

⇤Cosmological constant

GNNewton constant R(g)Ricci scalar

Momentum dimension of couplings

perturbatively non-renormalisable

dimGN = �2 dim⇤ = 2

Correlation functions

hR(g(x1)) · · ·R(g(xn))i hg(x1) · · · g(xn)i
Ricci scalar correlations metric correlations

not diffeomorphism invariantdiffeomorphism invariant
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e.g. aiming at better convergence fundamental coupling 

non-perturbative example: analytic perturbation theory in QCD

Fixed points
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!Renormalisation group fixed points
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!Ultraviolet running

O(g)Consider an Observable with fundamental coupling g

Asymptotic freedom

!Renormalisation group fixed points

@tg = �g(g, µ)
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⇤, µ⇤) = 0
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QCD quantum gravity

Logarithmic momentum scale

dimensional running quantum fluctuations

Asymptotic safety
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Phase Structure of Quantum Gravity 
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1 + µ g3

IR fine-tuning of diffeomorphism invariance

Reuter, Saueressig, PRD 65 (2002) 065016

Denz, JMP, Reichert, EPJ C78 (2018) 4, 336 

classical general relativity

asymptotically save fixed point scaling

Einstein-Hilbert truncation

Reuter ‘96
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.

<latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit><latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit><latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit><latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit>



Asymptotic safety
Weinberg `79: Ultraviolet Divergences in Quantum Theories of Gravitation

Phase Structure of Quantum Gravity 

�

gN
10�2 10�1 100 101 102

10�3

10�1

101

k/MPl

1� 2�̄ ḡ
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QG as perturbative as possible?

classical general relativity

asymptotically save fixed point scaling

Einstein-Hilbert truncation

Reuter ‘96
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a brief introduction
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�̇k[ḡ,�] =
1

2
� � +

1

2
graviton



quantum gravity QCD

@t�k =
1

2
�

@t�
(h)
k = �1

2
+

@t�
(2h)
k = �1

2
+ � 2

@t�
(cc̄)
k = +

@t�
(3h)
k = �1

2
+ 3 � 3 + 6

@t�
(4h)
k = �1

2
+ 3 + 4 � 6

� 12 + 12 � 24
−

∂t = − − − − −

1

2

+2 − + perm.

∂t = − − − −

− −−

2

+ perm.

∂t = + + 1

2

+ −+

−1

+

− 2

− + perm.

=∂t

=∂t
−1

−1

+ perm.− −

+ perm.+ 2−=

=∂t

∂t

=∂t

−

1

2

+

+ + − 2

diagrams with  
 matter lines+

Pure quantum gravity Pure glue part

Glue-matter part

Functional Renormalisation Group

..
.

<latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit><latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit><latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit><latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit>

..
.

<latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit><latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit><latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit><latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit>



quantum gravity QCD

@t�k =
1

2
�

@t�
(h)
k = �1

2
+

@t�
(2h)
k = �1

2
+ � 2

@t�
(cc̄)
k = +

@t�
(3h)
k = �1

2
+ 3 � 3 + 6

@t�
(4h)
k = �1

2
+ 3 + 4 � 6

� 12 + 12 � 24
−

∂t = − − − − −

1

2

+2 − + perm.

∂t = − − − −

− −−

2

+ perm.

∂t = + + 1

2

+ −+

−1

+

− 2

− + perm.

=∂t

=∂t
−1

−1

+ perm.− −

+ perm.+ 2−=

=∂t

∂t

=∂t

−

1

2

+

+ + − 2

diagrams with  
 matter lines+

Pure quantum gravity Pure glue part

Glue-matter part

Functional Renormalisation Group

..
.

<latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit><latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit><latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit><latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit>

..
.

<latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit><latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit><latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit><latexit sha1_base64="vLgyVELbSDd/whX/2BkDJxdMnjE="></latexit>

Aiming at apparent convergence



Why does/could it work? 

Typically diagrams with higher order vertices are strongly suppressed 

Towards apparent convergence in QCD & quantum gravity   



Why does/could it work? 

Typically diagrams with higher order vertices are strongly suppressed 

Towards apparent convergence in QCD & quantum gravity   

(a) couplings stay finite



Why does/could it work? 

Typically diagrams with higher order vertices are strongly suppressed 

(b) combinatorical suppression of diagrams with higher vertices

Towards apparent convergence in QCD & quantum gravity   

(a) couplings stay finite



Why does/could it work? 

Typically diagrams with higher order vertices are strongly suppressed 

(b) combinatorical suppression of diagrams with higher vertices

(c) phase space (angular) suppression of diagrams with higher vertices

Towards apparent convergence in QCD & quantum gravity   

(a) couplings stay finite



Why does/could it work? 

Typically diagrams with higher order vertices are strongly suppressed 

(b) combinatorical suppression of diagrams with higher vertices

(c) phase space (angular) suppression of diagrams with higher vertices

Towards apparent convergence in QCD & quantum gravity   

turns out to be very efficient!

(a) couplings stay finite



Why does/could it work? 

Typically diagrams with higher order vertices are strongly suppressed 

(b) combinatorical suppression of diagrams with higher vertices

(c) phase space (angular) suppression of diagrams with higher vertices

Why does/could it fail? 

Towards apparent convergence in QCD & quantum gravity   

turns out to be very efficient!

(a) couplings stay finite



Why does/could it work? 

Resonant interaction channels and their interactions circumvent (b) and make (a) irrelevant

Typically diagrams with higher order vertices are strongly suppressed 

(b) combinatorical suppression of diagrams with higher vertices

(c) phase space (angular) suppression of diagrams with higher vertices

Why does/could it fail? 

Towards apparent convergence in QCD & quantum gravity   

turns out to be very efficient!

(a) couplings stay finite



Why does/could it work? 

Resonant interaction channels and their interactions circumvent (b) and make (a) irrelevant

Typically diagrams with higher order vertices are strongly suppressed 

(b) combinatorical suppression of diagrams with higher vertices

(c) phase space (angular) suppression of diagrams with higher vertices

Why does/could it fail? 

Towards apparent convergence in QCD & quantum gravity   

turns out to be very efficient!

(a) couplings stay finite

(a) couplings diverge



Why does/could it work? 

Resonant interaction channels and their interactions circumvent (b) and make (a) irrelevant

Typically diagrams with higher order vertices are strongly suppressed 

(b) combinatorical suppression of diagrams with higher vertices

(c) phase space (angular) suppression of diagrams with higher vertices

Why does/could it fail? 

(b) hadrons, diquarks, glueballs, … in QCD

Towards apparent convergence in QCD & quantum gravity   

turns out to be very efficient!

(a) couplings stay finite

(a) couplings diverge



Why does/could it work? 

Resonant interaction channels and their interactions circumvent (b) and make (a) irrelevant

Typically diagrams with higher order vertices are strongly suppressed 

(b) combinatorical suppression of diagrams with higher vertices

(c) phase space (angular) suppression of diagrams with higher vertices

Why does/could it fail? 

(b) hadrons, diquarks, glueballs, … in QCD dynamical hadronisation, BSE

Towards apparent convergence in QCD & quantum gravity   

turns out to be very efficient!

(a) couplings stay finite

(a) couplings diverge

     Gies, Wetterich, PRD 65 (2002) 0650016 
                               JMP, AP 322 (2007) 2831 
 Flörchinger, Wetterich, PLB 680 (2009) 371 



Why does/could it work? 

Resonant interaction channels and their interactions circumvent (b) and make (a) irrelevant

Typically diagrams with higher order vertices are strongly suppressed 

(b) combinatorical suppression of diagrams with higher vertices

(c) phase space (angular) suppression of diagrams with higher vertices

Why does/could it fail? 

(b) hadrons, diquarks, glueballs, … in QCD

(c) graviballs in gravity

dynamical hadronisation, BSE

Towards apparent convergence in QCD & quantum gravity   

turns out to be very efficient!

(a) couplings stay finite

(a) couplings diverge

     Gies, Wetterich, PRD 65 (2002) 0650016 
                               JMP, AP 322 (2007) 2831 
 Flörchinger, Wetterich, PLB 680 (2009) 371 



Why does/could it work? 

Resonant interaction channels and their interactions circumvent (b) and make (a) irrelevant

Typically diagrams with higher order vertices are strongly suppressed 

(b) combinatorical suppression of diagrams with higher vertices

(c) phase space (angular) suppression of diagrams with higher vertices

Why does/could it fail? 

(b) hadrons, diquarks, glueballs, … in QCD

(c) graviballs in gravity

dynamical hadronisation, BSE

Towards apparent convergence in QCD & quantum gravity   

turns out to be very efficient!

(a) couplings stay finite

(a) couplings diverge

     Gies, Wetterich, PRD 65 (2002) 0650016 
                               JMP, AP 322 (2007) 2831 
 Flörchinger, Wetterich, PLB 680 (2009) 371 



Why does/could it work? 

Resonant interaction channels and their interactions circumvent (b) and make (a) irrelevant

Typically diagrams with higher order vertices are strongly suppressed 

(b) combinatorical suppression of diagrams with higher vertices

(c) phase space (angular) suppression of diagrams with higher vertices

Why does/could it fail? 

(b) hadrons, diquarks, glueballs, … in QCD

(c) graviballs in gravity

dynamical hadronisation, BSE

Towards apparent convergence in QCD & quantum gravity   

turns out to be very efficient!

QCD strongly correlated!

(a) couplings stay finite

(a) couplings diverge

     Gies, Wetterich, PRD 65 (2002) 0650016 
                               JMP, AP 322 (2007) 2831 
 Flörchinger, Wetterich, PLB 680 (2009) 371 



Why does/could it work? 

Resonant interaction channels and their interactions circumvent (b) and make (a) irrelevant

Typically diagrams with higher order vertices are strongly suppressed 

(b) combinatorical suppression of diagrams with higher vertices

(c) phase space (angular) suppression of diagrams with higher vertices

Why does/could it fail? 

(b) hadrons, diquarks, glueballs, … in QCD

(c) graviballs in gravity

dynamical hadronisation, BSE

Towards apparent convergence in QCD & quantum gravity   

turns out to be very efficient!

QCD strongly correlated!QG as perturbative as possible?

(a) couplings stay finite

(a) couplings diverge

     Gies, Wetterich, PRD 65 (2002) 0650016 
                               JMP, AP 322 (2007) 2831 
 Flörchinger, Wetterich, PLB 680 (2009) 371 



Why does/could it work? 

Resonant interaction channels and their interactions circumvent (b) and make (a) irrelevant

Typically diagrams with higher order vertices are strongly suppressed 

(b) combinatorical suppression of diagrams with higher vertices

(c) phase space (angular) suppression of diagrams with higher vertices

Why does/could it fail? 

(b) hadrons, diquarks, glueballs, … in QCD

(c) graviballs in gravity

dynamical hadronisation, BSE

Towards apparent convergence in QCD & quantum gravity   

turns out to be very efficient!

QCD strongly correlated!QG as perturbative as possible?

… slight oversimplification for the sake of this talk … 

(a) couplings stay finite

(a) couplings diverge

     Gies, Wetterich, PRD 65 (2002) 0650016 
                               JMP, AP 322 (2007) 2831 
 Flörchinger, Wetterich, PLB 680 (2009) 371 



Couplings stay finite

Towards apparent convergence in QCD & quantum gravity   

10�2 10�1 100 101 102

10�3

10�1

101

k/MPl

1� 2�̄ ḡ
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QCD: Quark-gluon vertex
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log p
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Binosi, Chang, Papavassiliou, Qin, Roberts, PRD 95 (2017) 031501 
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Summary
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transport coefficients

QCD-assisted hydrodynamics & transport

QCD strongly correlated!

Dynamical hadronisation
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