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Both theories breakdown at small distances/ ) )
high energies (UV incompletion!) This falk:

Lack of a consistent framework combining th > The asymptotic safety paradigm
two in a fundamental level may help with these challenges!
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Gravity as a quantum field theory
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= Loss of predictivity!

* Still works as an Effective Field Theory
(below the Planck scale)

Donoghue 1994
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Quantum scale symmetry and fixed points

e Quantum scale symmetry corresponds to fixed kOkgi(k) = By, (91, 92, +)

points in the renormalization group flow ﬁg-(gik g5 - )=0 Wﬁg.

Asymptotic freedom Asymptotic safety
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Quantum scale symmetry and fixed points
kOkgi(k) = By, (91,92, )

points in the renormalization group flow Bg-( g5 gt ) =0 V8,

® Quantum scale symmetry corresponds to fixed

92T

= Predictivity: Finite dimensional
critical surface
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Wetterich 1993

Functional RG is a stepwise implementation of a path-integral -ciwanger 1993

Morris 1994
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Functional RG as a tool to explore Asymptotic Safety

= The Einstein-Hilbert truncation reuter 1998
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Functional RG as a tool to explore Asymptotic Safety

= The Einstein-Hilbert truncation reuter 1998
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G = k2GN,k; Ak = k_zAcc,k’
= Truncated flow

{kakAk = Ba(Gr, Ay

—p» UV fixed points
kOLGr = Ba(Gi, Ag) P

= There are further indications from
more sophisticate truncations
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Functional RG and Asymptotically Safe Quantum Gravity

For more details on ASQG, see:

Y Rober-l-o percacci's mini_course 100 Years of General Relativity-Vol.3
AN INTRODUCTION TO
on Quantum Gravity COVARIANT QUANTUM GRAVITY
AND ASYMPTOTIC SAFETY

Roberto Percacci

[ R
14 XA
N
AN
7 .

B wortd scientific



Functional RG and Asymptotically Safe Quantum Gravity

For more details on ASQG, see:

e Roberto Percacci's mini-course

on Quantum Gravity

e Asymptotically Safe Quantum Gravity at GravBR (Youtube channel)
[GPB and A. Tomaz]
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BGSics OF UnimOdUIar GraVify ** For a recent review, see:

Carballo-Rubio, Garay, Garcia-Moreno 2022

GR with fixed metric determinant: det(g,,) = w?(x)
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e UG is classically equivalent to GR

See:
Fabris, Alvarenga, Hamani-Dauda, Velten 2021

(for conserved energy-momentum 1ensor) uarenga, Fabris, veiten 2023

for explorations on non-conservative UG

e Cosmological constant arises as an integration constant Weinberg 1989
Percacci 2018

= Different perspective on the C.C. problem

e UG is symmetric under TDiff. rather than Diff. —» V =0

= Symmetry group in the bottom-up approach van ver 8ij van Dam and Yee Jack Ng 1982
Barceld, Carballo-Rubio, Garay 2014
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Basics of Unimodular Quantum Gravity

Quantizing Unimodular Gravity

1
167TGN
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e Quantum (in)equivalence with RG? 6ps, Melichey, Percacci and Pereira 2021

e How to implement the unimodularity in the path integral?
= Field redefinition?

= Lagrange multipliers?
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Juv = g,uoz (eh)ay with
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Quantizing Unimodular Gravity
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Unimodular (Quantum) Gravity

Basics of Unimodular Quantum Gravity

Quantizing Unimodular Gravity
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Earlier works on unimodular ASQG:

Ur"mOdular f(R) -fruncaf|on Eichhorn 2013; Saltas 2014; Benedetti 2015

1
- 167T]€_2Gk

Fk wfk (R) Eichhorn gms N
GPB, Pereira and Vieira 2020
X

2 N
fk(R) = —R—|—Oék,2R —|—"'—|—Oék,NR
Ardon, Ohta, Percacci 2017

o . . Measure contribution e cocci 2018
Flow equation in Unimodular Gravity A\

' d N

1 (2) ' 1 -1
kO I' = §STI‘ (Fk -+ Rk) kOLRL| — §TI‘ [(A + Rk) kOLRy

GPB, Pereira 2020



Novel indications for asymptotic safety in unimodular gravity

Unimodular f(R)-truncation

1
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Earlier works on unimodular ASQG:
Eichhorn 2013; Saltas 2014; Benedetti 2015

Eichhorn 2015
GPB, Pereira and Vieira 2020

fk(R) = —R+ Oé].@,QR2 + -4 CY].@,NRN

e Number of relevant directions stabilizes at two

e Near-canonical scaling (for negative crit. exp)

0, ~4—2n,

n=34,

Critical exponents
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Novel indications for asymptotic safety in unimodular gravity

Unimodular truncations beyond Ricci scalar

1
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Falls, King, Litim, Nikolakopoulos, Rahmede 2017 in standard ASQG
GPB, Pereira and Vieira 2020 in unimodular ASQG
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Unimodular truncations beyond Ricci scalar
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Critical exponents
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k 167T]{?_2Gk; /mw( k(Ruy)—'_R k<R,u7/>)

Falls, King, Litim, Nikolakopoulos, Rahmede 2017 in standard ASQG
GPB, Pereira and Vieira 2020 in unimodular ASQG

Fk(Riy) — pk,QR;QLV +  + Pk,2Np (Riy

)

N
Zk?(RZV) =—1+ pk,3RZV Sl Pk,2Nz+1 (Riu) ’

e Number of relevant directions stabilizes at two

e We also observe sear-canonical scaling, but only

for high order truncations
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Steps Beyond Background Field Approximation ces eereira 2020

1 1
UG _ _ P 2
I'y™ = T 167Cn LWR(9(97 h)>+§mk,h/m(*)huy

Motivated by / > //

3.0
mSTIs and mNIs 2.5
G 2.0
e The RG-flow resembles the picture from Lo \’\
standard ASQG 10
0.5
® The mass parameter should not be -04 -0.2 00 0.2

confused with the cosmological constant ms
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Gravity Matter Meibohm, Pawlowski, Reichert 2015

** See also Eichhorn, Schiffer 2022 for an overview on gravity+matter in AS



Connecting quantum gravity to particle physics

~ 10 GeV

~ 102 GeV

Particle Physics
(Standard Model)

Quantum gravity Energy scale

= Matter can impact the structure of (or even destroy)

the gravitational fixed point: "Matter Matters in QG”
Dona, Eichhorn, Percacci 2013

Christiansen, Litim, Pawlowski, Reichert 2017

Grav".y Mdfi'er Meibohm, Pawlowski, Reichert 2015
= Gravity can impose non-trivial constraints in the RG
flow of matter couplings

** See also Eichhorn, Schiffer 2022 for an overview on gravity+matter in AS
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Asymptotic safety connecting quantum gravity to particle physics

Ex: belian- .
x: flow of Abelian-gauge couplings Landau-pole

e )

5 Mgw Mp,
T T

By
Y

0 ! - Triviality
problem

01 2 3 41 3 102 10 10® 10% 10%* 102 10%°
g RG-scale in GeV
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Asymptotic safety connecting quantum gravity to particle physics

Ex: flow of Abelian-gauge couplings + Gravity - Gravity acts with anti-screening effects

Daum, Harst and Reuter 2009
Harst and Reuter 2011

5 Folkerts, Litim, Pawlowski 2011
Christiansen, Eichhorn 2017
4} Eichhorn, Versteegen 2017
y Christiansen, Litim,
3t Pawlowski, Reichert 2017
Eichhorn, Schiffer 2019
o GPB, Eichhorn, Pereira 2019
o 2 GPB, Eichhorn 2022
1}
0 .
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The interplay between quantum gravity and particle physics

Asymptotic safety connecting quantum gravity to particle physics

Ex: flow of Abelian-gauge couplings + Gravity - Gravity acts with anti-screening effects

Daum, Harst and Reuter 2009
Harst and Reuter 2011

5 i Megw Mp, Folkerts, Litim, Pawlowski 2011
/ 4 T T Christiansen, Eichhorn 2017
4} Eichhorn, Versteegen 2017
Christiansen, Litim,
3t Pawlowski, Reichert 2017
Eichhorn, Schiffer 2019
o GPB, Eichhorn, Pereira 2019
w2 GPB, Eichhorn 2022
1}
Oloe———
\Y
—1L L . L . ) Of N 2 N N 2 ST
o 1 2 3 4 5 10> 10 10 10 10" 10%

g RG-scale in GeV
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The interplay between quantum gravity and particle physics

Very exciting results in the last 15 years:

Narain, Percacci 2009
e Quantum gravity effects on the Higgs potential  Percacci vacca 2015

Eichhorn, Hamada, Lumma, Yamada 2018
Pawlowski, Reichert, Wetterich, Yamada 2019
Eichhorn, Pauly 2021

> Flattening of the the Higgs potential
> Higgs mass from asymptotically safe gravity snaposhnikov, wetterich 2009

Daum, Harst and Reuter 2009
Harst and Reuter 2011

® Quantum gravity effects on gauge couplings Folkerts, Litim, Pawlowski 2011
Christiansen, Eichhorn 2017

» Quantum gravity acts with anti-screening contributions Eichhorn, Versteegen 2017

Christiansen, Litim, Pawlowski, Reichert 2017

> Possible solution of the hypercharge triviality problem  cichhorn, schiffer 2019
GPB, Eichhorn, Pereira 2019

GPB, Eichhorn 2022
® Quantum gravity effects on Yukawa couplings

o o o o o o o Oda, Y. da 2015
> Possible anti-screening contributions from graviton fluctuations ..\ ™ 0 o ot

» Quantum-gravity induced UV completion in the Yukawa sector =™ @ %017

» Top-bottom mass difference from asymptotically safe gravity Zo o ec 2’



Gravity-Matter Systems in Unimodular Setting

Setup:

Fk: — FEG + F%M—like

e (Unimodular) Gravitational Setor

1
UG 2

e SM-like sector

e = [ (2252, + 22007 + Ve + 2000 + i)



Gravity-Matter Systems in Unimodular Setting

Yukawa and abelian gauge couplings:

3Gy (25(1+ 3w) 3 — 1l4a
6y|grav — 2 + . 2
80 \ (1+ 2w) (1 — 6a)

592|grav T 45 ( (1+ 2w)2 + (1-— 6a)2 >

Quantum gravity anti-screening contributions:

1 By‘grav < O and 692|grav < 0

e Regions for UV completion and

predictivity are available!

1.0

0.5

w 0.0
-0.9

i

-1.0
-1.0 -0.5 0.0

a

0.5

1.0



Gravity-Matter Systems in Unimodular Setting

Scalar sector

In UG, the gravitational contribution to the scalar potential flow

comes exclusively from the scalar anomalous dimension

Vi(d) =Y K720 Aond™ = B, lgrav = N7lgravAn

G (25(1+3w)  2(5—33a) 1.0
77¢|grav =

207 \ (14202 | (1—6a) 0.5

w 0.0
An RG-predictive scalar potential requires a

positive contribution to the anomalous dimension

0.5 ——— = — - ===

-1.0

-1.0
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Gravity-Matter Systems in Unimodular Setting

Combined SM-like couplings
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Small overlap region

The results are quite similar in comparison

with the standard case (with vanishing C.C.)

Non-vanishing C.C. increases the overlap

region in the standard case

Symmetry-breaking masses can increase

the overlap region for UG
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Final remarks

e Asymptotic safety as a road to quantum gravity
= UV completion via quantum scale symmetry

= Compelling evidences from FRG methods for the viability of ASQG

= Many challenges on the way
(Lorentzian, unitarity, control of non-pert. results, observables, etc... )

e Asymptotic safety also seems to provide a viable scenario for UV
completion in unimodular quantum gravity

e Unimodular gravity-matter systems

= Phenomenological selection of different candidates for ASQG?
= Quite similar results in comparison with standard ASQG with vanishing C.C.

= Quantum UG seems less predictive than standard ASQG with C.C.



Thank youl!



