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Outline
e Asymptotic safety

» Asymptotically safe correlation functions

e Some remarks on unitarity

e Applications I: asymptotically safe Standard Model

e Applications IT: asymptotically black holes

e Summary
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Asymptotic safety

Einstein-Hilbert action

Metric ¢ Cosmological constant A

Sl = 15 | 4'2va (~R(@) +24)

Newton constant Gy  Ricci scalar R(g)

Momentum dimension of couplings

dimGy = -2 dimA = 2

perturbatively non-renormalisable
1

graviton propagator : oo O —2
vy

3 — grav. vertex : mﬂﬁ' o 4 /GNP'Z

4 — grav. vertex : ‘M o GNp2
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Asymptotic safety

Einstein-Hilbert action

Metric ¢ Cosmological constant A

Slgl = GﬁIGN / d'z./g (—R(g)+2A)

Newton constant G Ricci scalar R(g)

Momentum dimension of couplings

dimGy = -2 dimA = 2

perturbatively non-renormalisable

Correlation functions

diffeomorphism invariant not diffeomorphism invariant

(R(g(x1)) -+ R(g(zn))) (9(z1) - g(zn))

Ricci scalar correlations metric correlations
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Asymptotic safety

Weinberg ~ 79: Ultraviolet Divergences in Quantum Theories of Gravitation

Consider an observable (J(g) with fundamental coupling g

* Standard perturbation theory

|
O(g) =00+ 019+ 502924‘"'

* Generalised perturbation theory

1

0(g)=0*+OT(9—9*)+2

Qg — g+

e.g. aiming at better convergence fundamental coupling
non-perturbative example: analytic perturbation theory in QCD

* Renormalisation group fixed points

beta functions

019 = By(g, 1)

.3 Logarithmic momentum (RG) scale: = log k_
0

Oppe = Bu(g, 1)
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Asymptotic safety

Consider an observable (J(g) with fundamental coupling g

* Ultraviolet running

QCD

1 220, 3

Bel9) =~ 1623

Asymptotic freedom

* Renormalisation group fixed points

beta functions

019 = By(9, 1)

Orp = Bu(g, 1)

quantum gravity

Bgn = [2 + v (9w, /\)]Q'N

t

dimensional running quantum fluctuations

Asymptotic safety

gN=G'Nk:2 /\ZE

Logarithmic momentum scale
Fixed points
* *
Be(g*,1*) =0

Bu(g*,1*) =0
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Asymptotic safety

Consider an observable (J(g) with fundamental coupling g

* Ultraviolet running

QCD

1 28ar .

Bel9) =~ 1623

Asymptotic freedom

GauBian fixed point

* Renormalisation group fixed points

beta functions

019 = Bg(g; 1)

Orpt = Bu(g, 1)

quantum gravity

Bon = [2 + 1IN (QIN:)\)]QN

1

dimensional running quantum fluctuations

Asymptotic safety
v = —2

non-GauBian fixed point

(9n> A7) #0

Logarithmic momentum scale
Fixed points
% E 3 — 0
Belg", k") =

Bu(g*,u*) =0
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From vertex dressings/distribution functions to physics

aka
form factors

Effective action

Bhitin o f

T

[ZA—R

= +RfR(A)R+CfC(A)C+--«] Sl

BRST-inv

Background effective action

Blg.] = #[V’E{R(A, R)+RfR2(A)R+RF;,fR£”(A)RFV+.‘.}

1 IMP, Trinkle, 2309.17043

Enforced by IR-UV consistence
Rfr:(A,R)R=R(A,R) + Rfr:(A)R

JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785
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Background independence in gravity

free energy gauge fields fermions bosons gravity
kokT'k[g, ¢] = o E g — |

Linear split

g=g+h

Effective action

= = 1 = i i
Telg, ] = Tilg) + T3V [g) » b+ T2 [g] * A% + ST (g B+

{ruig, 170g), 0210, 10Vl -

JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785
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From vertex dressings/distribution functions to physics

aka
form factors

Effective action

2N — :
(g, hycu,Cu) = f [lﬁﬂGi ek + :] H-- ] + Sgr + Sin (gauge dependent)

BRST-inv

Background effective action

Bo..| = % jx N {[R(A, R)+ @R |- R,_.,,,tfgiv(A D_R"“’ o } @auge independent)

JMP, Trénkle, 2309.17043

Enforced by IR-UV consistence
Rfr2(A,R)R=R(A,R)+ Rfp2(A)R

(How much do they differ?]

JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785
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A lesson from graviton spectral functions

Spectral representation

2 JA 7
Gk (p) — [m % —;é% Reconstruction (invefse problem): Ok [Gk]

Direct Lorentzian computation with symmetry preserving

Lorentz
invariance

fQCD, Reichert, SciPost Phys.Core 6 (2023) 061
Fehre, Litim, JMP, Reichert, PRL 130 (2023) 081501
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A lesson from graviton spectral functions

Spectral representation

®dX Xpp(\, P
Gk (p) = [m % %ﬁé) Reconstruction (inverse problem): O [Gk]

Direct Lorentzian computation with symmetry preserving

Lorentz
invariance
Lorentz invariance & Causality

Callan-Symanzik regulator

Rcs = Zyk?

Finiteness lost

fQCD, Reichert, SciPost Phys.Core 6 (2023) 061
Fehre, Litim, JMP, Reichert, PRL 130 (2023) 081501
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A lesson from graviton spectral functions

Direct computation Reconstruction

Spectral function of the fluctuating graviton Spectral function of the background graviton

[
L

10! —
— p5lw,p=0)

10—1 = Ll L
10-2 10"

A [My)

Fehre, Litim, JMP, Reichert, PRL 130 (2023) 081501 Bonanno, Denz, JMP, Reichert, SciPost Phys. 12 (2022) 1, 001

4 5
w [;"fp[]

Spectral properties ‘reselnble’ that of an asymptotic Spectral properties of an unphysical mode

dA
A o
ph(’\) eR* fn g /\Ph(z\) =00 ()\) €R R 27 ’\pg(A) 0

(How much do they differ?]

JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785
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Background spectral function and scattering amplitudes

Graviton-graviton scattering

RG-invariant vertex RG-invariant vertex

o (P1:P2=P3) Pfifh(pl,pz,ps)
22@1) () (PB) 22@1) (Pz)z2(P3)

aka aka

RG-invariant coupling RG-invariant coupling

/form factor Bonanno, Denz, JMP, Reichert, SciPost Phys. 12 (2022) 1, 001 /form factor

Fluctuation approach: 2012 --- Form factor approach: 2018 -
Knorr, Ripken, Saueressig, ...

il Suggestive educated guess I

AL F(T:») y 3 Mn
F(_“)(pla"':pn)% J_h (pl lp )
Zy (p1) -+ 25 (Pn)
\. >

JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785
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Standard Model masses

1000

g Ty, Mz, Ty

i

M, i,

E g, Ty, Ty,

0.100
0.010¢

0.001¢

w0 109 10 0.01
E [GeV]

k-mirrors of physical thresholds
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The physics of thresholds

Bonanno et al., Critical reflections on asymptotically safe gravity, Front.in Phys. 8 (2020) 269
QCD & SM thresholds in the RG since (many) decades

Example: asymptotically safe Standard Model S S SR

Pastor-Gutiérrez, JMP, Reichert, SciPost Phys. 15 (2023) 105

k-mirror of physical threshold

= . TE A

10 10° 10° 107 10° 10" 10" 10 107 10" 10%' 10% 10%

k-mirrors of physical thresholds k|GeV]

‘ k-mirrors of physical thresholds: feature, not bugD

JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785
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The physics of thresholds

Bonanno et al., Critical reflections on asymptotically safe gravity, Front.in Phys. 8 (2020) 269
QCD & SM thresholds in the RG since (many) decades

Standard Model masses Example: asymptotically safe Standard Model e EN LGRS CRIARS i

Pastor-Gutiérrez, JMP, Reichert, SciPost Phys. 15 (2023) 105

g Ty, 1Mz, Ty

k-mirror of physical threshold

— g T g2

T, Ty, Ty,

0.010f

10 10 10° 107 10° 10" 10 10 10" 10" 10*' 10% 10%
0.001F k-mirrors of physical thresholds k |(}(~VJ

0% 10% 10 001 1 :
k [GeV] k-mirrors of physical thresholds: feature, not bugD

k-mirrors of physical thresholds

( Full physics: momentum-dependent corkalation functions & S-matrix elements at k=0)

12 JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785
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Towards apparent convergence in quantum gravity

vertex expansion

(Aiming at apparent convergence ) JMP, Reichert, Front.in Phys. 82(;3:92:_3);%;
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Towards apparent convergence in quantum gravity

vertex expansion

r(m.n=2) 2 : . s
e bi-metric approach: ManriqueXReuter, Saueressig, Annals Phys. 326 (2011) 463

level 1: (™) [(m+n—1,1)

(Aiming at apparent convergence ) JMP, Reichert, Front.in Phys. 32(32::1%;535
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Towards apparent convergence in quantum gravity

vertex expansion

[(m,n>2)

Denz, JMP, Reichert, EP] C78 (2018) 4, 336

(, 1 ®. B
ar, = ) @ — A level 4: (M) [(Mm+n—4,4)
atr(h,) _ - :‘O :.>

F(2h) Q =©= = 2:. .= Zh(p): ZC(Z))j ,u, —_— —2A2

{IT{® = .. 3
; -®
F(Bh) (i)< “
s — —
T k — _§ + 3 + 4

\@/
7N )

(Aiming at apparent convergence ) JMP, Reichert, Front.in Phys. 32(32:9213]33;
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Momentum-dependent vertices

Flow of three-graviton vertex IR fine-!:upinlg of diffeomorphism invariance

— (FowlP ") / (~2m6®) - 1)
= = Bilocal: 0.57p*

0.5 n? / k2 1

no Rﬁy - tensor structure generated!

Denz, JMP, Reichert, EP] C78 (2018)

Flow of four-graviton vertex

—

classical general relativity

asymptotically safe fixed point scaling

— (Fow® 5)) / (2 () - 2) |
= --Emm-:i; u_sulz — 0.24p? Full momentum dependence

0.5 P2k 1 of -
two-, three- and four-point function| ™ Spectral properties
R2 - tensor structure generated

d at k=0
R - tensor structure sustained

JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785
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Towards apparent convergence in quantum gravity

Why does/could it work?

Typically diagrams with higher order vertices are strongly suppressed
(a) couplings stay finite

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

turns out to be very efficient!

JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785
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Towards apparent convergence in quantum gravity

Why does/could it work?

Typically diagrams with higher order vertices are strongly suppressed
(a) couplings stay finite
(b) combinatorical suppression of diagrams with higher vertices

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

turns out to be very efficient!

Why does/could it fail?

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

(b) hadrons, diquarks, glueballs, ... in QCD = 1 Emergent composites, BSE

Gies, Wetterich, PRD 65 (2002) 0650016
i i . IMP, AP 322 (2007) 2831
(c) graviballs in gravity - [ Flérchinger, Wetterich, PLB 680 (2009) 371

JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785
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Towards apparent convergence in quantum gravity

Why does/could it work?
Typically diagrams with higher order vertices are strongly suppressed
(a) couplings stay finite
(b) combinatorical suppression of diagrams with higher vertices

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

turns out to be very efficient!

Why does/could it fail?

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

(b) hadrons, diquarks, glueballs, ... in QCD == Emergent composites, BSE

Gies, Wetterich, PRD 65 (2002) 0650016

i i . ~ JMP, AP 322 (2007) 2831

(% graviballs in gravity == (&9 Flérchinger, Wetterich, PLB 680 (2009) 371
"

QG as perturbative as possible & apparently converging

... slight oversimplification for the sake of this talk ... AP Retcharts Fronkdn Plivs: 82(32:92_ 113,3:;

Pirsa: 24010091 Page 24/40



Applications I: asymptotically safe Standard Model

Pastor-Gutiérrez, JMP, Reichert, SciPost Phys. 15 (2023) 105

Dona, Eichhorn, Percacci, PRD 89 (2014) 084035

Meibohm, JMP, Reichert, EPJC 76 (2016) 285
Christiansen, Litim, JMP, Reichert PRD 97 (2018) 4, 046007

Shaposhnikov, Wetterich, PLB 683 (2010) 196
Eichhorn, Versteegen, JHEP 1801 (2018) 030
Eichhorn, Held, PRL 121 (2018) 151302

Latest 'status report’: Eichhorn, Schiffer, 2212.07456
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Mg, Mg, Mz, Mg

Ty

Mg, Ftg, My,

L

0.100f

0.001F 4,

w05 106 107
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Asymptotically safe Standard Model

Ty, TH,

5 T &2

LG

|
1

J'
|
i
|

10 10*° 10° 107 10° 10 10% 10% 107 10" 10F 10% 10%
k [GeV]

top pole mass (getting real)

M{EP) = 172.5 + 0.7GeV

Experimental value (PDG)

Pastor-Gutiérrez, JMP, Reichert, SciPost Phys. 15 (2023) 105
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Asymptotically safe Standard Model

Mg, Mgy, Mg, My

g9 T 42

Ty

My M | b
i

Mhay Mg, 1My

my; [GeV]

Ty, )

108 107 10° 10 104 10 10'7 10" 10 10 10%

0 1w
k [GeV]

)
i

000 e e L

w08 1w0% 10t 00 1 100
k [GeV]

top pole mass (getting real)

flat Higgs FP potential
o MR 1725+ 0.7GeV =  m, = 165.4705 GeV

t,pole

Euclidean curvature mass
Experimental value (PDG)

Prediction of decay width

T = 1434312 Gev

t,pole

.\ ' ; s P(thco) - 172tgg? GeV

Experimental value (PDG)

0.03 004 005 006 007 008

—1.0t
0.00 001 002
P

Two relevant directions
Pastor-Gutiérrez, JMP, Reichert, SciPost Phys. 15 (2023) 105
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Asymptotically safe Standard Model

Phase structure Where are we?

-1. -0.8 -06 -04 -0.2 0. 122 124 126 128 130 132 134
M; MH [GGV]

k

Pastor-Gutiérrez, JMP, Reichert, SciPost Phys. 15 (2023) 105
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Applications II: asymptotically black holes

JMP, Trankle, 2309.17043

Black Holes in Asymptotically Safe Gravity: Platania, 2309.17043
and beyond: Held, Eichhorn, 2212.09495 *
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Asymptotically black holes

Unfolding the background effective action

Bl = %/\/E{R(&,R)+RfR:z(A)R+RWfR-ﬁV(A)Ruu+_..}

(gauge dependent ) RG-invariant

L33 (p)
'3 (p)

T (p)

JMP, Tréankle, 2309.17043
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Asymptotically black holes

Unfolding the background effective action

Clo) = 155 [ V8 {R(A,R) + Rfra(M)R+ Ry frz, (AR + - }

(gauge dependent )

I3 (v)
'3 (0)

Y (p)

RG-invariant (gauge i“dePe"dEﬂt)

RA, R)
Unfolding Educated guess

Rfr:(A)R

Maps
R,u.vai,, (A)RHV

JMP, Trénkle, 2309.17043
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Asymptotically black holes

Unfolding the background effective action

Llgu] = ﬁf\/ﬁ{R(A,R)+RfRz(ﬂ)R+ waag,(A)RW+---}

(gauge dependent )

I} (0)
'3 (p)

9 ()

RG-invariant (gauge iﬂdePeﬂdEﬂt)

_(3) R(Al,{?) s
F§3 (p) Unfolding ucated guess

Rfgp2(A)R
f‘g‘t) (p) Maps
Ruvfr2, (A)R*

Results fok form factors

JMP, Trankle, 2309.17043
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Asymptotically black holes

Infrared asymptotic effective action
18
167

Spherical symmetric solution

ds? = — f(r)dt? + Ld'r'2 + r2dQ?

g(r)

Weak field solutions

2M —mqgT —MmarT
fig) =1-5E 1+ 6% — 1+ 8°

r
2M e R2ar

1
g(?‘):].—T—SD (1+m07‘)+582

r

~ 167 f ¥ _Q(GJ_VIR g QRﬁ.,RuvR'W + gR2 R® + c1 Ry, ORM + C2RDR)

—ImMar

 (1+mar)

JMP, Tréankle, 2309.17043
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— f(r)
glr)

— Schwarzschild

- Schwarzschild

Asymptotically black holes

Weak field solutions

S S —
T

— fir)
olr)

Schwarzschild

JMP, Trénkle, 2309.17043
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Asymptotically black holes

Weak field solutions

Numerical Solutions for S, =1 =M Phase structure

| T= 5 VIFGRTw)

‘Hawking temperature’

[ ) - / ' . , see also Borissova, Held, Afshordi,
i [ ki [ i 1l _ - S .. CQuant.Grav. 40 (2023) 7, 075011

— Schwarzschild 0.0 fF — Schwarzschild 0.0 | f — Schwarzschild

— f(r) ol T — fir) — [}

rtp)

Sp =—1

JMP, Tréankle, 2309.17043
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Asymptotically safe SM Quantum black holes

Phase structure Where are we?
Phase structure

180 el 1

175

- 170¢

165}

160
0.
-1. -0.8 -0.6 -04 -0.2 O. 122 124 126 128 130 132 134

M; j'lfo [GBV]
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Schwarzschild

Asymptotically black holes

Weak field solutions

Phase structure

|,_ fr)
— g(r)

Schwaraschild |
J

ritp)

So =4

T = VIFEg )

‘Hawking temperature’

see also Borissova, Held, Afshordi,
CQuant.Grav. 40 (2023) 7, 075011

JMP, Trankle, 2309.17043

Page 37/40



Asymptotically black holes

Infrared asymptotic effective action

1 — v v
FIR[Q,H.V] = ﬁf‘/_g(GNlR-i_gRi"R“”R“ +9R2R2+CIR“VDR” -|—C2R|:|R)

Spherical symmetric solution

ds? = —f(r)dt? + Ld'r'2 + r2dQ?
g(r)

Weak field solutions

e—mg?‘ e—mg’f‘
+ So
—mqgT e—mgf‘

1
(1 + mor) + 55’2 (1 + mor)

r i

JMP, Tréankle, 2309.17043
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F[Q#V] = 1

(gauge dependent )

=(2
I} (v)

'3 (p)

T (p)

Asymptotically black holes

Unfolding the background effective action

%/ﬁ NG {'R(ﬂ,R) + RfRz(A)R-I-Rm,fRiD(IA)RW T }

RG-invariant (gauge i“dePEHdEﬂt>

R(A, R)
Unfolding Educated guess

Rfge(A)R

Maps
Ry frz, (A)R™

Results for form factors

JMP, Tréankle, 2309.17043
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Asymptotically black holes

Weak field solutions

2M e ar e~ ma7
L o e
r r r

e~ mor e—mar

] S 1 2 1
- So . (+m0'r)+282 " (1 + mgr)

Phase structure

T= - VIFEmg )

‘Hawking temperature'

. see also Borissova, Held, Afshordi,
i _ CQuant.Grav. 40 (2023) 7, 075011

Schwarzschild 0.0 .:. f — Schwarzschild

— fir)

JMP, Trénkle, 2309.17043
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