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Abstract: | will introduce asymptotically safe quantum gravity, which is based on the quantum realization of scale invariance, as one candidate
theory to describe nature at all scales. | will discuss the concept of an asymptotically safe fixed point, and how the realization of scale invariance at
high energies might provide a predictive and UV-complete description of nature. In particular, | will focus on the interplay of gravity and matter,
and highlight mechanisms how this interplay might lead to constraints and predictions of asymptotically safe gravity-matter systems.
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Why Quantum Gravity?

Standard Model
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Why Quantum Gravity?

Standard Model General Relativity
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Why Quantum Gravity?

Standard Model General Relativity
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Why Quantum Gravity?
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Why Quantum Gravity?

Standard Model General Relativity
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Why Quantum Gravity?

Standard Model General Relativity
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Why Quantum Gravity?

Standard Model General Relativity
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Why not perturbative Quantum Gravity?

® Perturbative QG:

» QFT of the metric
» no new fields

» well established framework
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Why not perturbative Quantum Gravity?

® Perturbative QG:
» QFT of the metric

no new fields

>
» well established framework
>

EFT framework with finite
cutoff
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Why not perturbative Quantum Gravity?

® Perturbative QG: ® Power-counting arguments:

» QFT of the metric
no new fields P Loss of predictivity

>
» well established framework
>

EFT framework with finite
cutoff
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Why not perturbative Quantum Gravity?

® Perturbative QG: ® Power-counting arguments:

» QFT of the metric
no new fields P Loss of predictivity

>
» well established framework
>

EFT framework with finite
cutoff

Perturbative quantization of GR fails due to loss of predictivity!
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Roadmap

Overview+ .
henomenological
Implications

Main tool:
Functional RG

Main Idea: ; . AS on the Lattice
Quantum scale invariance P o

-~
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Asymptotically Safe Quantum Gravity

® Perturbative quantum gravity:
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Asymptotically Safe Quantum Gravity

® Perturbative quantum gravity:

loss of predictivity

® Key idea of asymptotic safety:

Quantum realization of
scale symmetry
» imposes infinitely many conditions on

theory
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Asymptotically Safe Quantum Gravity

® Perturbative quantum gravity:

loss of predictivity

® Key idea of asymptotic safety:

Quantum realization of
scale symmetry

» imposes infinitely many conditions on In(k /ko)

theory Asymptotic freedom:
free fixed point, a; « =0
Asymptotic safety:
interacting fixed point, G, # 0
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Asymptotically Safe Quantum Gravity

® Perturbative quantum gravity:

loss of predictivity

® Key idea of asymptotic safety:

Quantum realization of
scale symmetry

» imposes infinitely many conditions on In(k /ko)

theory Asymptotic freedom:
free fixed point, a; « =0
Asymptotic safety:
interacting fixed point, G # 0
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Tools to discover asymptotic safety in gravity

® Perturbative methods

® [attice methods (EDT/CDT)

® Functional Renormalization Group
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Tool: Functional Renormalization Group

Main idea:

include quantum fluctuations step by step

momentum
0 k l

A
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Tool: Functional Renormalization Group

Main idea:

include quantum fluctuations step by step

> 0if p? < k? (supression)

= 0if p? > k? (no supression)

momentum
0 k i

A
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Tool: Functional Renormalization Group

Main idea:

include quantum fluctuations step by step

> 0if p? < k? (supression)

Tl /p@ S-S [eCPRGD®) B2
' = 0if p? > k? (no supression)

i momentum
Flow Equation O E—
[Wetterich, 1993], [Ellwanger, 1993], [Morris, 1994], [Reuter, 1996] 0 k

! 1 2 =2l
k dkrk = E Shr ((ny:) + Rk) k @kRk)

— search for fixed points k Org; =0

— describe RG-flow in theory-space

I';. : requires truncation
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Predictivity in asymptotic safety

scale invariance our universe at low energies

— departure from scale invariance is necessary
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Predictivity in asymptotic safety

scale invariance our universe at low energies

— departure from scale invariance is necessary

10° ; 100
ki ko

Irrelevant direction:
prediction in IR
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Predictivity in asymptotic safety

scale invariance our universe at low energies

1['!1 ‘ 1(].‘:“ it} .Z'u : 1“.‘\{]
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Irrelevant direction: Relevant direction:
prediction in IR free parameter
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AS in pure gravity

Invariants
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Relevant: 1, < 0, free parameter

Irrelevant: 19,, > 0, prediction
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Current "hot topics’

® Key questions for asymptotically safe quantum gravity (FRG):

» Convergence

» Lorentzian signature

» Unitarity and scattering amplitudes
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AS in gravity-matter systems

[\mtter
tells spacetime how to curve

G,u,v = SWGNTHV

spacetime
tells matter how

® Key questions for gravity-matter systems:
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AS in gravity-matter systems

[\mtter
tells spacetime how to curve

G,u,v = SWGNTHV

® Key questions for gravity-matter systems:

» Does the gravity fixed-point allow for the inclusion of SM-matter?
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AS in gravity-matter systems

G,u,v — SWGNTHV

spacetime
tells matter how

® Key questions for gravity-matter systems:

» Does the gravity fixed-point allow for the inclusion of SM-matter?

» Does asymptotically safe quantum gravity support a UV-complete matter sector?

Does a UV-complete matter sector pose constraints on gravity?
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AS in gravity-matter systems

[\mtter
tells spacetime how to curve

G,u,v = SWGNTHV

spacetime
tells matter how

® Key questions for gravity-matter systems:

» Does the gravity fixed-point allow for the inclusion of SM-matter?

» Does asymptotically safe quantum gravity support a UV-complete matter sector?

Does a UV-complete matter sector pose constraints on gravity?

» |s there a viable phenomenology?
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AS in gravity-matter systems

[\mtter
tells spacetime how to curve

G,u,v = SWGNTHV

spacetime
tells matter how

® Key questions for gravity-matter systems:

» Does the gravity fixed-point allow for the inclusion of SM-matter?

» Does asymptotically safe quantum gravity support a UV-complete matter sector?

Does a UV-complete matter sector pose constraints on gravity?

» |s there a viable phenomenology?
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Effect of matter on gravity

® Schematically:
,8(}’ =2G - GZ (bgrav + ag Ns + arp Nr + ay N\-’Y) e O(Gq) :

® FP in pure gravity (with G« > 0): bgray > 0
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Effect of matter on gravity

® Schematically:
ﬁG = 27 — G'2 (bgmv + ag Ng + ap Ng + ay N\) + O(GB) ;

® FP in pure gravity (with G« > 0): bgray > 0
® Scalars: ag < 0 ® Bound on number of scalars?
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Effect of matter on gravity

® Schematically:
ﬁG = 27 — G'2 (bgmv + ag Ng + ap Ng + ay N\) + O(GB) ;

® FP in pure gravity (with G« > 0): bgray > 0
® Scalars: ag < 0 ® Bound on number of scalars?
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Effect of matter on gravity

® Schematically:
ﬁG = 27 — G'2 (bgmv + ag Ng + ap Ng + ay N\) + O(GB) ;

® FP in pure gravity (with G« > 0): bgray > 0
® Scalars: ag < 0 ® Bound on number of scalars?

® Fermions: ap < 0 e Bound on number of fermions?
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Effect of matter on gravity

® Schematically:
ﬁG = 27 — G'2 (bgmv + ag Ng + ap Ng + ay N\) + O(GB) ;

FP in pure gravity (with G« > 0): bgray > 0
Scalars: ag < 0 ® Bound on number of scalars?

Fermions: ap < 0 e Bound on number of fermions?

Vectors: ay > 0 ® No bound on number of vectors
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Effect of matter on gravity

® Schematically:
Bc = 2G — G? (bgrav + ag Ns + ar Nv + ay Ny) + O(G?).

FP in pure gravity (with G« > 0): bgray > 0
Scalars: ag < 0 ® Bound on number of scalars?

Fermions: ap < 0 e Bound on number of fermions?

Vectors: ay > 0 ® No bound on number of vectors

All computations so far: AS fixed point supports SM-matter!
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AS in gravity-matter systems

GPW — 8’7TGNTW,

spacetime
tells matter how

® Key questions for gravity-matter systems:

» Does the gravity fixed-point allow for the inclusion of SM-matter?

» Does asymptotically safe quantum gravity support a UV-complete matter sector?
Does a UV-complete matter sector pose constraints on gravity?

» |s there a viable phenomenology?
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The U(1) sector of the Standard Model

In(k /ko)
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The U(1) sector of the Standard Model

: 1 4l .
= —fq .QY‘F@F.Q?/ 5 O(QB%)

=const. = 0. lork > Mp

fg
~ 0, for k < Mp
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The U(1) sector of the Standard Model

: 1 4l .
= —fq .QY‘F@F.Q?/ 5 O(QB%)

-

'__VS.\1+;\.S gravity

const. > 0, fork > Mp
~0, for k < Mp;

] | | Ml LTI
10° 101 Ip2 - 1o gt
k [(.}l.‘-\r]
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The U(1) sector of the Standard Model

‘ 1 o
= —f, '(}YJFWFQ?/ 5 0(93)

-

const. > 0, fork > Mp
~0, for k < Mp;

1 1
10° 101
k [(.}l.‘-\r]

Metric fluctuations might induce a UV completion of the U(1)-sector.
= Upper bound on gy (k) (i.e., constraints on gravity)
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The U(1) sector in d > 4

* Jov = 9v (% — fg(d)) e O(Q;)
= UV-completion shifts into more strongly coupled regime

I UV-completion A - _‘- UV-completion

o= =0
A
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The U(1) sector ind > 4

* ﬁgy — v (i?l - fg( )) i O(Q}%)
= UV-completion shifts into more strongly coupled regime

® Strongly coupled regime: might feature new divergences in matter sector

[Eichhorn; 2012], [de Brito, Eichhorn, Robson Linos dos Santos; 2021], [Laporte, Pereira, Saueressig, Wang; 2021], [Knorr; 2022]
[Christiansen, Eichharn; 2017], [Eichhorn, MS; 2019], [Eichhorn, Kwapisz, MS; 2021], [Eichharn, Held; 2017]
r

[de Brito, Knorr, MS; to appear]

BN UV-completion

R Excluded strong- 474 . < A Wlrava Dhapeed Slrongs

' gravity regime gravity regime

Sl R = 90 =0 = i
A A
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The U(1) sector in d > 4

s ﬁgy = Gy (d;)i o fg( )) a7 O(Q;)

“

= UV-completion shifts into more strongly coupled regime

® Strongly coupled regime: might feature new divergences in matter sector
[Eichhorn; 2012], [de Brito, Eichhorn, Robson Linos dos Santos; 2021], [Laporte, Pereira, Saueressig, Wang; 2021], [Knorr; 2022]

[Christiansen, Eichharn; 2017], [Eichhorn, MS; 2019], [Eichhorn, Kwapisz, MS; 2021], [Eichhorn, Held; 2017], [Eichhorn, MS; 2022]

[de Brito, Knorr, MS; to appear]

Bl UV-completion § 0 X XA » || B UV-completion

Excluded strong- [IERSSEESESENE | e Excluded strong- (< >
gravity regime . [[ =% gravity regime [

U LS SR |

i, B A W T TR -20 -15 -1.0
A

U(1) gauge sector might remain UV-incomplete in d > 6, even in the presence of gravity.

il ichhorn, MS; 201 'L'i_i

Marc Schiffer, Perimeter Institute

Pirsa: 23020045 Page 49/56



Towards the Yukawa sector of the Standard Model

Single Yukawa coupling y:

#sm v’ + O(y?)

In(k/ ko)
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Towards the Yukawa sector of the Standard Model

SM+AS  /
gravity (1I) /

Single Yukawa coupling y:

By = —fyy+#smy’ + O(y*) - .

b ‘AF_L\I FAS gravity (I)

Y

( _ _, , _
—conste >0 Jork - My A8 < N

narn-vanishing

~ 0, for k < Mp Ll

\
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Towards the Yukawa sector of the Standard Model

SM+AS  /
gravity ( llj_f,—"’

Single Yukawa coupling v:

By = —fyy+#smy’ + O(y*)

( r g T g A i /
—const. >0, fork > Mep A A Nan

=~ fork < Mp

\

UV completion of the simple Yukawa system: constraints on gravitational dynamics
Additionally: top mass might be retro-dicted
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Towards the Yukawa sector of the Standard Model

SI\.IJ_FAS__M_
5 % gravity (11) /
Single Yukawa coupling y:

By = —fyy+#smy’ + O(y?)

4 . - . " o
—gonst. 0. fork > Mpr A A S Nan

=10, fork < Mp

I "R EE

UV completion of the simple Yukawa system: constraints on gravitational dynamics
Additionally: top mass might be retro-dicted
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Roadmap

Overview+ _
henomenological
Implications

Main tool:
Functional RG

Main Idea: . . :: AS on the Lattice
Quantum scale invariance S A

-~ — &
e 3
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An asymptotically safe bridge to other approaches

e Effective vs. fundamental asymptotic safety

e Applied to:
Lorentz invariance violations

String theory/ swampland

Standard Model asymptotically safe Efundamental
' scaling regime . theory

M (k) ~ K

>

S
9‘&{\(\%

running coupling

A
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Summary & Outlook

Lorentzian signature
Convergence
Unitarity

More realistic mode|s for SM sectors
Dark matter / neutrino physics

Standard Modal © asymplotically aafe Efur:iﬁmr[nenlnl . Ove er ew +

e ) D phenomenological
: {1y, ~Implications

Main tool:
Functional RG

<

Main ldea: . . ; AS on the Lattice
Quantum scale invariance phe's

] -
P
-
.
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