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Motivation

 Quantum gravity is necessary to answer profound questions about our universe

 (Challenging to test proposed answers: expected scale of quantum gravity is Planck scale

* Solution:
Lever arm translates effect at Planck scale into effect at observationally accessible scale
Quantum-gravity effect Examples:
S  Accumulation of Lorentz-Invariance-Violation
i over astrophysical distances of photons from GRBs

Observable
consequence

* Large extra dimensions

* this talk:
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* or are they? [de Alwis, AE, et al. 19; AE, Hebecker, Pawlowski, Walcher ‘24]
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Renormalization Group: tools to translate physics between different scales
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* Positivity bounds

« Some may be phenomenologically important
(examples: axion-photon-coupling; Horndeski gravity)




Quantum-gravity approaches with predictions
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Asymptotically safe gravity
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...an opportunity for other quantum-gravity approaches!
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Asymptotic safety in gravity-matter systems

 Scale symmetry at (trans-) Planckian scales
 Compelling evidence with Standard Model-like matter sectors

 Open questions: Lorentzian signature, unitarity under investigation

Origin of predictions at the Planck scale relevant coupling = free parameter
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Probing quantum gravity at all scales
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Step 1: Consistency tests: distance scale

* Positivity bounds

« Measurements of SM couplings Step 3: Predictions:
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Step 2: Predictions:

* neutrino masses
e dark matter




Higher-order couplings in gravity-matter systems
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Marginally irrelevant couplings:

UV complete and bounded from a

Gravitational contribution to beta functions of marginal couplings:
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(because gravity couples to the energy-momentum tensor)
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Extension to higher order
Pereira '19, AE, Schiffer '19; AE, Kwapisz, Schiffer 21]
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Extension to higher order

Universality and connection to perturbative results:
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[Robinson, Wilczek '06; Toms '07; Ebert, Plefka, Rodigast ’07; Anber, Donoghue, El-Houssieny ’11;
Ellis, Mavromatos ’12...]

subtlety: ]fg > ( if fixed-point value for gravity evaluatleod In the same scheme [de Brito, AE '22]

10 2a a(a+ 1) log(a °|
PR LatatDlogl@y - |
67 \ (1 —a)? (1 —a) g
0.8
~ A lOg(Cl) 4 [— Litim-type
21 T 0.6} B——
127 (1 — a)? N A I S
but G«(a) = 0 02 04 06 08 1 504
(23a —34)a log(a) — 11 (1 —a)a .
1 0.2}
alog(a) a: parameter in regulator, characterizes scheme L

|[Baldazzi, Percacci, Zambelli '21]



Marginally irrelevant couplings:

UV complete and bounded from above

Gravitational contribution to beta functions of marginal couplings:

— linear in the Standard-Model couplings
(because gravity couples to the energy-momentum tensor)

— only present beyond the Planck scale
(because gravity coupling negligible below the Planck scale)

— effects are the same for all gauge groups/all flavors
(because gravity is “blind” to internal symmetries/charges)

. 3
Po.=—1o 8+ Pio8 + -
with f, _= const, above Mpy,,

f. — 0 , below MPlanck

[Daum, Harst, Reuter "09, Harst Reuter "11

Examples: Folkerts, Litim, Pawlowski *11, Christiansen, AE, '17
_ _ 5(1 —4A) AE, Versteegen ’17, de Brito, AE, Pereira '19
Abelian gauge coupling ]fg, =G AE, Schiffer *19, AE, Kwapisz, Schiffer '21]
187(1 — 2A)?

[Oda, Yamada '16;
AE, Held, Pawlowski "16,

-----------------
v

For marginally irrelevant couplings (f; , > 0, screening) . C )
and f, > 0O (antiscreening gravity), -1 0
l
gravity and matter fluctuations compete to generate upper bound A - -
1 I I .
- 13: Ill l’l Ill 17 1.2
; 161} ;) /!
=Q, 150 F / / /
2 : /s /’ 0.8 1.0
> 120} : -~ -’ R —
3 af s O _ ) e e 06 T < 0.8
S \&_____:———_—_ ————————— > O)
1 predictive trajectory Mt pole=171 GeV 40.4 0.0
_a*
27 EANRNESIIESATIRIIISY 0 | Nse T T e e e
===t —--- 102 0.4
oL~ ‘ ‘ free trajectories 3
1020 1040 1080 1080 10100 L e S S S — T 0.2%-
10 1026 1057 1076

B, = a(-a. +a)

RG scale k in GeV [AE, Held ’1 7]

G 96 + A(—235 + A(103 + 56A))
127(3 + 2A(=5 + 4A))?

AE, Held "17]

gravitational fixed-point values depend on matter

(“matter matters”)
[Dona, AE, Percacci ‘13]

1
C
<
C
S
n
Q
—"
(¢)
ﬁ
-

D,
D
@)
—t
O
3,
D

D
\

\

\

\
\
1

1020 1030 10%0
RG scale kin GeV [AE, Versteegen "17]

1 1010



Marginally irrelevant couplings:

UV complete and bounded from above

Gravitational contribution to beta functions of marginal couplings:

— linear in the Standard-Model couplings
(because gravity couples to the energy-momentum tensor)

— only present beyond the Planck scale
(because gravity coupling negligible below the Planck scale)

— effects are the same for all gauge groups/all flavors
(because gravity is “blind” to internal symmetries/charges)

. 3
Po.=—1o 8+ Pio8 + -
with f, _= const, above Mpy,,

f. — 0 , below MPlanck

For marginally irrelevant couplings (f; , > 0, screening)

[Daum, Harst, Reuter "09, Harst Reuter "11

Examples: Folkerts, Litim, Pawlowski *11, Christiansen, AE, '17
_ _ 5(1 —4A) AE, Versteegen ’17, de Brito, AE, Pereira '19
Abelian gauge coupling ]fg, =G AE, Schiffer *19, AE, Kwapisz, Schiffer '21]
187(1 — 2A)?

96 + A(—235 + A(103 + 56A))

[Oda, Yamada '16;

Yukawa couplings L=—G

AE, Held, Pawlowski 16,

1272(3 + 2A(=5 + 4A))? AE, Held "17]

.i—' e e, —— — — ‘L.!J—'_'-'—."—l—”_,é.'_'—F_'—'-"'

2 generation

\|

6
5
n
3
2

gravitational fixed-point values depend on matter

(“matter matters”)
[Dona, AE, Percacci ‘13]

and f, > 0O (antiscreening gravity), -6 -5 -4 -3 -2 -1
l
gravity and matter fluctuations compete to generate upper bound A -
’ .
2a, 195} ; I,’ :"
175} / ! / 1
161} A /!
Sa, 150 } / ! /!
2 > 120 5 o o ol >
()] i ‘ ,// ,// ’¢’ —~
S ar Qs Q j _ et e 06 =
E \§______———_—_ ———————— >
1 . predictive trajectory Mt pole=171 GeV40.4
Ea* _________________
——————mmeme—----102
0 ‘ ‘ free trajectories
1020 1040 1060 1080 10100 \ ‘ ‘ \ ‘ ‘ ‘ ‘ \ ‘ ‘ ‘ ‘ ‘ ‘ 10
K 10 1026 1051 1076
ﬁa —a (—CZ* _|_£Q RG scale k in GeV [AE’ Held ’1 7]

RN
N
——r

1020 1030 10%0
RG scale kin GeV [AE, Versteegen "17]

1 1010



Marginally irrelevant couplings:

UV complete and bounded from above

Gravitational contribution to beta functions of marginal couplings:

— linear in the Standard-Model couplings
(because gravity couples to the energy-momentum tensor)

— only present beyond the Planck scale
(because gravity coupling negligible below the Planck scale)

— effects are the same for all gauge groups/all flavors
(because gravity is “blind” to internal symmetries/charges)

B, =—1, 8+Pog+ ...

with f, _= const, above Mpy,,

f. — 0 , below MPlanck

For marginally irrelevant couplings (f; , > 0, screening)

and f, > 0 (antiscreening gravity),

Examples:

Abelian gauge coupling fg =G

Yukawa couplings

gravity and matter fluctuations compete to generate upper bound A - -
2a. 195} roo ! Tt
175} / ! / 1 [
161} ;o / 1.2
Sa, 150 | / ) /!
2 : ’ ’ 0.8 1.0
> 120} : -’ -’ -~ —
(@] a, A Q . _ ,¢” ”,’ 0.6 ~ \; O 8
S \§._ __:——‘__—_ ———————— > >
1, predictive trajectory Mt pole=171 GeV 40.4 0.0
277 E=ARINISIVIRSAIRINEAeE 0 [ | NG T e e e e
===t —--- 102 0.4
‘ ‘ ‘ free trajectories '
Y10% 1040 109 10%0 10100 — —— L b 1 0.2
) 10 1026 10° 1076
— RG scale k in GeV ’
ﬁa 00 (_&* +,QQ [AE, Held "17]

5(1 — 4A)

[Daum, Harst, Reuter 09, Harst Reuter 11
Folkerts, Litim, Pawlowski 11, Christiansen, AE, "17
AE, Versteegen "1/, de Brito, AE, Pereira '19

f,=-G

SR S B S SR B Eem R S S L L I L D

| 3 generations

187(1 — 2A)2
96 + A(=235 + A(103 + 56A))

AE, Schiffer ’19, AE, Kwapisz, Schiffer '21]

[Oda, Yamada '16;
AE, Held, Pawlowski "16,

127(3 + 2A(=5 + 4A))?

AE, Held *17]

gravitational fixed-point values depend on matter

(“matter matters”)
[Dona, AE, Percacci ‘13]

1
C
<
C
S
n
Q
—"
(¢)
ﬁ
-

D,
D
@)
—t
O
3,
D

N
\

\

\

\
\
1

1020 1030 10%0
RG scale kin GeV [AE, Versteegen "17]

1 1010



SM and gravity couplings

1.2

~0.21

Asymptotically safe Standard Model with gravity
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SM and gravity couplings

Asymptotically safe Standard Model with gravity
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Pastor-Guiterrez, Pawlowski, Reichert '22]

Open guestions:

 Higgs mass & stability (note dependence on top quark mass!)

IAE, Held *17,

Kowalska, Sessolo '19;

e Neutrino masses

running Yukawa couplings
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Neutrino masses
* Option 1:

Standard Model fermion masses neutrino masses arise through a different mechanism than the other fermion masses:
B — Weinberg operator is zero and irrelevant; Seesaw-scale (type ) is bounded from above
% 101 At
O [work in progress with de Brito, Pereira, Yamada]
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Asymptotic safety and the dark universe

Example: simplest Horndeski theory of dark energy

Standard Model combine phenomenological constraints and
5 %
Dark matter asymptotic-safety-condition
27 %
ZLy=—Gy.x), Z3=G;(¢,x)D*¢,
2

Z,= -Gy )R+ Gy, ((D2¢) _ DMDUng”D”gb)
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[Horndeski ’74]
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Example: simplest Horndeski theory of dark energy
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Example: simplest Horndeski theory of dark energy

Standard Model combine phenomenological constraints and
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Dark matter asymptotic-safety-condition
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Thermal WIMP: Dark scalar with Higgs portal
2
Ay H'H ¢

— production in the early universe

— experimental searches (e.g. LHC, XENON)
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¥ Thermal WIMP: Dark scalar with Higgs portal
7 - 2
Ay H'H ¢

— production in the early universe

— experimental searches (e.g. LHC, XENON)
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Asymptotic safety and dark matter

4 Thermal WIMP: Dark scalar with Higgs portal
Ay H'H ¢?

— production in the early universe

— experimental searches (e.g. LHC, XENON)

1
ﬁlH=]j/1H+4—ﬂ2/1,3+...

— QG fluctuations
drive Az to zero at Mpianck
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0.4F

— single dark scalar decouples in asymptotic safety
[AE, Hamada, Lumma, Yamada ‘17]
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4 Thermal WIMP: Dark scalar with Higgs portal
Ay H'H ¢?

— production in the early universe

— experimental searches (e.g. LHC, XENON)
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— single dark scalar decouples in asymptotic safety
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4 Thermal WIMP: Dark scalar with Higgs portal Extended thermal WIMP sectors with Higgs-portal

Ay H'H p?

— production in the early universe

— experimental searches (e.g. LHC, XENON)

1 |
—_— 2 1 : Sc'alar H|gg§ Por'tal |
ﬁiH o f;l AIH + 4 71'2 A/H + T XENON1T/DarkSide Excluded

0.100}

QG fluctuations
drive )\H to zero at Mpianck 0.010k

0.2¢ ] - |
. H \ = . .
o . _____:'_.:___\::;_‘- ’l1 .’...
Z 00 < 0.001} i " DARWIN
I Z %, " PLANCK
-0.2¢ - feeenes L
1074} |
_0.4f ] — , .
- ] 1 5 10 50 100 500 1000

1 01 9 1 022 1 025 1 028 1 031 1 034 ms[GeV]
kiGeV [Arcadi et al ’19]

0.4F

Anss

— single dark scalar decouples in asymptotic safety
[AE, Hamada, Lumma, Yamada ‘17]



Asymptotic safety and dark matter

4 Thermal WIMP: Dark scalar with Higgs portal Extended thermal WIMP sectors with Higgs-portal

Ay H'H p?

— production in the early universe

e add dark fermions and Yukawa interactions:
EFT: 9 dimensional parameter space
AS: 1-dimensional parameter space
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0.2 ] | S » add dark U(1) with kinetic mixing and dark fermions
= ool < oot| i \;,,""',,,..-"';'ARW.N | with Yukawa interactions:
o _; o bk upper bounds on couplings
a [ : | A | [Reichert, Smirnov '19; Hamada, Yamada ’20]
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kiGeV [Arcadi et al 19] and add dark vectors:
EFT. phenomenological constraints on couplings
AS: model ruled out due to negative quartic coupling

[de Brito, AE, Frandsen, Rosenlyst, Thing, Vieira '23]
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— single dark scalar decouples in asymptotic safety
[AE, Hamada, Lumma, Yamada ‘17]
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4 Thermal WIMP: Dark scalar with Higgs portal Extended thermal WIMP sectors with Higgs-portal
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— production in the early universe

e add dark fermions and Yukawa interactions:
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— single dark scalar decouples in asymptotic safety
[AE, Hamada, Lumma, Yamada ‘17]

— extended WIMP sectors strongly constrained or ruled out
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Asymptotic safety and dark matter

Fields Particles Macroscopic objects
. [
Ultra-light . E e
scalars " Vs 2 relics PBHs
10-20 10-10 eV Ge 10% kg 1010 10%0 10PC
Thow A1 weak scale Planck scale Asteroid mass Solar mass

[ct. lectures by Marco Cirelli]
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ALPs: generically present in stringy settings

Is there a difference to asymptotic safety?
(Can axion-searches inform us about quantum gravity??)

Too
heavy
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ALPs Iin asymptotically safe gravity

ALPS: axion-like particles with dimension-5-operator:

g ax)F WF/"”

phenomenology:
e ultralight (sub-eV) dark-matter candidate

e experimental searches: light-shining-through-wall




ALPs Iin asymptotically safe gravity

ALPS: axion-like particles with dimension-5-operator: ] 4

. ithout gravity: = 202 4 + ...
8, a(x) F,, vinostarm: Py = 260t g e

—irrelevant at Gaussian fixed point:
phenomenology: vanishes if UV completion without extra fields demanded

e ultralight (sub-eV) dark-matter candidate 7
with asymptotically safe gravity: :Bgz = 2g§ —f gg gj
a a 4872

[de Brito, AE, Lino dos Santos ’21]
gg* = ( unless ]fg , > 2 (strongly-coupled quantum gravity)

e experimental searches: light-shining-through-wall
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ALPs Iin asymptotically safe gravity

ALPS: axion-like particles with dimension-5-operator: 7 A

_ ~ without gravity: P.=12g 2 ] g, + ...
g,a(x) F, F*" Sa © 48727

—irrelevant at Gaussian fixed point:

phenomenology: vanishes if UV completion without extra fields demanded
e ultralight (sub-eV) dark-matter candidate 7
with asymptotically safe gravity: ﬁ ) = 2g§ —f gg 18 5 gj ..
a a 71-

e experimental searches: light-shining-through-wall

[de Brito, AE, Lino dos Santos ’21]
gg* = ( unless ]fg , > 2 (strongly-coupled quantum gravity)
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Summary and outlook

ngEHT 345 GHz a=1.01

. (multifrequency) 277
: : : Dark energy
Known particles
- -
(8 Dark matter o 009 o018 '
Transplanckian scales Planck scale Particle physics scales Black-hole scales Cosmological scales
7/~ 7/~ 7/~ >

distance scale
 Ensure quantitative control over truncations

e dark matter

* neutrino masses e dark energy

 matter-antimatter asymmetry

 Work in Lorentzian signature

e understand relation to other approaches
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