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Motivation

 Quantum gravity is necessary to answer profound questions about our universe

What is the origin of the universe? What is the true nature of black holes? What is the quantum structure of spacetime?
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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

Planckian scales Particle physics scales Black-hole scales Cosmological scales
0—35 10—17 1011 1020
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Key challenge: gap in scales distance scale
* Solution:
Lever arm translates effect at Planck scale into effect at observationally accessible scale
| Examples:
Quantum-gravity effect « Accumulation of Lorentz-Invariance-Violation

over astrophysical distances of photons from short
Gamma-Ray-Bursts

e Large extra dimensions

Observable
consequence

 this talk: Renormalization Group flow of couplings




running couplings

Renormalization Group flow as a lever arm
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Quantum-gravity approaches with predictions
for values of the couplings at the Planck scale

String theory (see also stringy swampland conjectures)

Asymptotically safe gravity

Causal sets: constraint on quartic coupling in scalar field theory

...an opportunity for other quantum-gravity approaches!
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Asymptotic safety = quantum scale symmetry

scale symmetry realized in transplanckian regime

signature: Renormalization Group fixed point

scale symmetry

couplings

>

Renormalization Group scale k

scale symmetry = deep principle of nature

Asymptotic safety in gravity:

a(k)R* + b(k)R, R*" + ...
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quantum scale invariance
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Key idea of asymptotic safety

Asymptotic safety = quantum scale symmetry| |Asymptotic safety in gravity:

scale symmetry realized In trat |spla| IcKian regilne J' 4 1 R+ a(INR2 %
S=1d"x\/— A(k) | + b(k)R, R*™ + ...

signature: Renormalization Group fixed point

= RG fixed point:
%_ » Scale Symmetry classical gravity regime Planck scale guantum scale invariance
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[Weinberg ’79; Reuter '96]

ompelling theoretical evidence for asymptotic safety in Euclidean gravity:
Benedetti, Bonanno, Codello, de Brito, AE, Falls, Ferrero, Gies, Held, Kluth, Knorr,
Litim, Pawlowski, Percacci, Pereira, Platania, Reichert, Reuter, Saueressig, Schiffer,
etterich, Yamada, Zanusso...
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Asymptotic safety = quantum scale symmetry

scale symmetry realized in transplanckian regime

signature: Renormalization Group fixed point
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couplings
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scale symmetry = deep principle of nature

Asymptotic safety in gravity:
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classical gravity regime Planck scale quantum scale invariance
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asymptotically safe regime

[Weinberg ’79; Reuter '96]

ompelling theoretical evidence for asymptotic safety in Euclidean gravity:
Benedetti, Bonanno, Codello, de Brito, AE, Falls, Ferrero, Gies, Held, Kluth, Knorr,
Litim, Pawlowski, Percacci, Pereira, Platania, Reichert, Reuter, Saueressig, Schiffer,
etterich, Yamada, Zanusso...

Open questions: Lorentzian signature, unitarity under investigation
le.q., Fehre, Litim, Pawlowski, Reichert '21; Platania '22; Saueressig, Wang '23; d’Angelo '23;

Pastor-Guiterrez, Pawlowski, Reichert, Ruisi '24; D’Angelo, Ferrero, Frob '25;Pawlowski, Reichert, \Wessely ‘25]




Predictive power in asymptotic safety

Origin of predictions at the Planck scale

Quantum fluctuations
screen or antiscreen interactions, e.g.,

1
QED: B, = kd, e(k) = e’ + ...

1272
— e(k) decreases as k is lowered
7
QCD: 8, = k0, g(k) = S+
Py  8(5) 1672'2g

— g(k) increases as k is lowered
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Origin of predictions at the Planck scale relevant coupling = free parameter
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Qrigin of predictions at the Planck scale relevant coupling = free parameter irrelevant coupling = prediction
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| quantum fluctuations drive coupling away towards scale svmmetr
— g(k) increases as k is lowered from scale symmetry y y
— a range of coupling values — a unique coupling value

achievable at the Planck scale predicted at the Planck scale




Predictive power in asymptotic safety

Origin of predictions at the Planck scale

Quantum fluctuations

screen or antiscreen interactions, e.g.,

QED: 8, = k0, e(k) = 4L
Pe ke() 127:26

— e(k) decreases as k is lowered

QCD: 8, = k0, g(k) = 3

1672
— g(k) increases as k is lowered

g +

relevant coupling = free parameter
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Origin of predictions at the Planck scale

Quantum fluctuations

screen or antiscreen interactions, e.g.,

1
QED: B, = kd, e(k) = 1 e+ ...
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irrelevant coupling = prediction
2a,

1060 1080 | 10100

k
quantum fluctuations drive coupling
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— a unigue coupling value
predicted at the Planck scale

for gravity:

for matter:
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rest of this talk!
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Predictive power of asymptotic safety for matter

Quantum gravity at particle-physics scales?!

ratio of electric to gravitational force
between two protons: 10°°

(SR

Lyvent 74374790
Run 173768
Mon, 09 May 2016 01:45:56




Predictive power of asymptotic safety for matter

ldea: microphysics
determines properties
of macrophysics

Quantum gravity at particle-physics scales?!

ratio of electric to gravitational force
between two protons: 10°°

bottom
quark

(SR

Lyvent 74374790
Run 173768
Mon, 09 May 2016 01:45:56

M =~ 172GeV M, ~ 4GeV




Predictive power of asymptotic safety for matter

Quantum gravity at particle-physics scales?!

ratio of electric to gravitational force
between two protons: 10°°

ldea: microphysics
determines properties
of macrophysics

bottom
quark

M =~ 172GeV M, ~ 4GeV

N

Quantum gravity

Predictive power:

From microphysics that is scale symmetric
only a subset of effective field theories can

emerge:

EFTs that
emerge from

asymptotic
safety

relative vs absolute swamplands:
AE, Hebecker, Pawlowski, Walcher ‘24




Standard Model couplings

ingredient 1:

“heavy” Standard Model

[Harst, Reuter '11; Shaposhnikov, Wetterich ’09,
AE, Held ’17, ‘18, AE, Versteegen '17]

Higgs bOSBA

Leptons
ACCELERATING SCIENCE




oy

Quarks

Leptons

Standard Model couplings

ingredient 1:
“heavy” Standard Model

[Harst, Reuter '11; Shaposhnikov, Wetterich ’09,
AE, Held ’17, ‘18, AE, Versteegen '17]

ingredient 2:
the lightest fermions: neutrinos

[Held, PhD thesis ’19;

i Kowalska, Pramanick, Sessolo '22; AE, Held "22;
\ “‘_ﬁ : de Brito, AE, Pereira, Yamada '25;
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ingredient 1:
“heavy” Standard Model

[Harst, Reuter '11; Shaposhnikov, Wetterich ’09,
AE, Held ’17, ‘18, AE, Versteegen '17]

ingredient 2:
the lightest fermions: neutrinos

[Held, PhD thesis '19;

Kowalska, Pramanick, Sessolo ’'22; AE, Held ’22;
de Brito, AE, Pereira, Yamada '25;

AE, Gyftopolous, Held ’25]

Result:

mixing of mass eigenstates
(CKM and PMNS)

|[Alkofer, AE, Held, Nieto, Percacci, Schrofl "20;
Kowalska, Sessolo, Yamamoto ’20;
AE, Gyftopolous, Held '25]




Standard Model couplings

ingredient 1:
“heavy” Standard Model

central role:
Yukawa coupling [Harst, Reuter '11; Shaposhnikov, Wetterich '09,
determine masses AE, Held "17, ‘18, AE, Versteegen '17]
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ingredient 2:
the lightest fermions: neutrinos

[Held, PhD thesis '19;

Kowalska, Pramanick, Sessolo ’'22; AE, Held ’22;
de Brito, AE, Pereira, Yamada '25;

AE, Gyftopolous, Held ’25]
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e not ultraviolet complete (Landau pole/triviality problem)
 measured values are free parameters
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SM and gravity couplings

Ingredient 1: Heavy Standard Model

RG scale kin GeV

with gravity:

 ultraviolet complete (no Landau pole/triviality problem)

14 ‘ LA 4 \ 7
[ / / 4
[ . . /l // /I
1.2} UV unsafe trajectories,»” _-° _-
I /< - -
L I’ ——
1.0F predictive trajectory
< 0.8}
S : free trajectories
0.6
0.4} S
[ SO
5‘\\ \\\ ‘ |
1030 1040

RG scale k in GeV
[AE, Versteegen ’17]

195}

175

161
150

120

M;/GeV

/ ! I
/ ] 1
N II II II 1
B / / /
B / // //
// /, > O 8
/, // /’,
- - - <
-7 _--" 0.6 =
- - >

- -
- _——

- =

—_— oy,
_—
-———-———————————
b il e

free trajectories

10

1026 1051 1076
RG scale kin GeV [AE, Held "17]



Ingredient 1: Heavy Standard Model
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“heavy” Standard Model
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the lightest fermions: neutrinos
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Standard Model couplings

ingredient 1:

“heavy” Standard Model

[Harst, Reuter '11; Shaposhnikov, Wetterich ’09,
AE, Held ’17, ‘18, AE, Versteegen '17]

ingredient 2:

the lightest fermions: neutrinos

[Held, PhD thesis ’19;

Kowalska, Pramanick, Sessolo ’'22: AE, Held '22;
de Brito, AE, Pereira, Yamada '25;
AE, Gyftopolous, Held ’25]
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Standard Model fermion masses
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Ingredient 2: neutrino masses

Right-handed neutrinos with Yukawa couplings: Higgs mechanism generates neutrino masses

standard perspective: not a convincing explanation, because Yukawa couplings for neutrinos

y, ~ 1013 without explanation for this small number




Standard Model fermion masses
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Ingredient 2: neutrino masses

Right-handed neutrinos with Yukawa couplings: Higgs mechanism generates neutrino masses

standard perspective: not a convincing explanation, because Yukawa couplings for neutrinos

y, ~ 1013 without explanation for this small number

asymptotically safe perspective:

neutrino Yukawas are dynamically kept small

[Held, PhD thesis '19;
Kowalska, Sessolo '22; AE, Held '22]

Lepton Yukawa couplings

5000

|[AE, Gyftopoulos, Held '25]
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Result: mixing matrices

What generates these structures?

CKM PMNS
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Result: mixing matrices
CKM
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What generates these structures?

Proposed answer:
These structures are partially emergent from regime with quantum gravity

~I
=

u [] - vV, o
C Vy
t V. N
i Leptons




Leptons

Result: mixing matrices

 Yukawa couplings (determine quark masses)

CKM mixing matrix (determines mixing of flavors in

weak interactions)

2
|V|CKM —

Vud
Vcd
th

v

u

v
Vi

cS

\)

A

|V |* = 0.94936 = 0.00031,

| V.| = 0.05057 + 0.00031,

|V |* = 0.05063 + 0.00031

V.. |? = 0.94768 + 0.00031



Result: mixing matrices

 Yukawa couplings (determine quark masses)

 CKM mixing matrix (determines mixing of flavors in

weak interactions)

de Vs2 Vub

u u

|V|éKM — Vd ’ Vcs ’ Vcb

C

2 2 2
th Vts th

Higgs boson

|V |* =0.94936 = 0.00031, |V, |*=0.05063 + 0.00031

|V_,|* = 0.05057 £ 0.00031, |V, |*=0.94768 + 0.00031

observation: |V |+ |V, |*=0.99999 +0.00044, |V.,|*+ |V, |* = 0.99825 + 0.00044.

approximately satisfies: |V, |*+ |V, |> =1, |V "+ |V.|°=1.

fact: [Alkofer, AE, Held, Nieto, Percacci, Schrofl *19]

this relation is emergent (an infrared attractive fixed line of the RG flow),

if there is long regime (highly transplanckian)

during which y, >y, .. ;and y, = const



Result: mixing matrices

 Yukawa couplings (determine quark masses)

 CKM mixing matrix (determines mixing of flavors in

weak interactions)

VI V. ® |V,

u us

|V|éKM — Va’ ’ Vcs ’ Vcb

C

2 2 2
th Vt th

A

|V |* =0.94936 = 0.00031, |V, |*=0.05063 + 0.00031

|V_,|* = 0.05057 £ 0.00031, |V, |*=0.94768 + 0.00031

observation: |V |+ |V, |*=0.99999 +0.00044, |V.,|*+ |V, |* = 0.99825 + 0.00044.

. e 2 2 2 2
approximately satisfies: |V, + [V,  [F=1, V.I"+|V..["=1.
PP y Vial™ + 1V [ Veal + 1V Option 1): QFT has a cut-off at the Planck scale,
fact: [Alkofer, AE, Held, Nieto, Percacci, Schrofl *19] and the fact is just pure coincidence

this relation is emergent (an infrared attractive fixed line of the RG flow),

if there is long regime (highly transplanckian) Option 2): QFT holds far beyond the Planck scale

during whichy, > vy, .. ,andy, = const and the top Yukawa coupling is constant in this regime




Result: mixing matrices

 Yukawa couplings (determine quark masses)

e CKM mixina matrix (determines mixina of flavors in
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Higgs boson
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observation: |V, ;|°+ |V, |>=0.99999 +0.00044, |V ,|°+ |V, lnzv
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approximately satisfies: |V ,|°+ |V . |° = 1, V. I°P+|VIF=T.
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fact: [Alkofer, AE, Held, Nieto, Percacci, Schrofl '19] and the factis jUSt pure coincidence

this relation is emergent (an infrared attractive fixed line of the RG flow),

if there is long regime (highly transplanckian) Option 2): QFT holds far beyond the Planck scale

during whichy, > vy, .. ,andy, = const and the top Yukawa coupling is constant in this regime




SM and gravity couplings
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Result: mixing matrices

 Yukawa couplings (determine quark masses)
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Option 1): QFT has a cut-off at the Planck scale,

and the fact is just pure coincidence

Option 2): QFT holds far beyond the Planck scale

RG scale k in GeV

and the top Yukawa coupling is constant in this regime




Result: mixing matrices

quark Yukawa couplings

CKM matrix elements

|[AE, Gyftopoulos, Held '25]




Result: mixing matrices

quark Yukawa couplings
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Result: mixing matrices

quark Yukawa couplings
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Result: mixing matrices

quark Yukawa couplings

CKM matrix elements

|[AE, Gyftopoulos, Held '25]

Vol | | {1V, I} 0.99825 = 0.00044. §




Result: mixing matrices

quark Yukawa couplings
S
14

0.8

0.6

0.4

0.2

CKM matrix elements

0 102000 1 nlOOOO 1 (\‘15[;‘00 1020000 1025000

k/GeV
_f erges arller e —————— erges Iater |AE, Gyftopoulos, Held '25]

P T e s o —

cs

'  0.99825 + 0.00044. = |V, P< |V,

£uosma i3 M ez A T i Ace 8¢ posna BB RGO D Ace 8¢ posna

experimental data:
emergent relations: earlier emergence = higher accuracy V., \ V., \ ruled out at 290



Result: mixing matrices

- o

l... |

N m g L

" mog g - gy
" mog - gy
I..- L
" ow), - o g,
" mmogn -
H m g -

quark Yukawa couplings
S
14

s
. 01
< 0.08}
| R — “s 0.06} N
> 0.04} t
z >
QS:) 0.8 | = 0.02f |
' —_— B ————— & A
E P e === 102000 104000 106000 105000
) ] ]
= 0.6 N . _ _ k/GeV _ _ ]
é = 0.8 ,/,f
= 0.4 = o}
---------- 0.4}
CKM : ’ >
= 0.2 = 0.2 M,
N — : | . . .
d S b SN T RS N 102000 10000 100000 10000
0 115000 k) GeV

merges lai er R [AE, Gyftopoulos, Held ’25]

— gy A o oo o —

0.99825 + 0.00044. > |V, IP< |V, |

| | |V"

O

pons iz ot o BIRCETNS caP e Ap B Lo b e Sk B Lo pocm

emergent relations: earlier emergence = higher accuracy V., \ V., \ ruled out at 290




Result: mixing matrices

p—
]
N\

p—
]
o

juark Yukawa couplings
S
14

Yb
T T Yam == e e
.......... yd .......................-.- STt

o 01

< 0.08}

“s 0.06} N

LM) 0.04} tr

=~ 0.02}

= |
—_ 102000 10000 106000 10éooo

k/GeV

o lp ' ' '

= 0.8 ,/,f

“s o}

0.4}

@

:> 0.2f M.,

= |

— 102-000 lozIooo 105000 105000

k/GeV
s g I i ———————— [AE, Gyftopoulos, Held ’25]
I | Ivml2 0.99825 + 0.00044. = |V, P |V, |

experimental data:

emergent relations: earlier emergence = higher accuracy V., \ V., \ ruled out at 290



Result: mixing matrices

BUT: the scale dependence of the PMNS mixing matrix is fully analogous to the CKM mixing matrix,

under the exchange of quarks and leptons
CKM PMNS

Does this scenario produce the wrong PMNS matrix?



Result: mixing matrices

BUT: the scale dependence of the PMNS mixing matrix is fully analogous to the CKM mixing matrix,

under the exchange of quarks and leptons
CKM PMNS

Does this scenario produce the wrong PMNS matrix?

No, because neutrino Yukawa couplings behave differently!

Part 2: neutrino masses

Standard Model fermion masses

= 10 e 3

% 10"E .
- wwz_ : Right-handed neutrinos with Yukawa couplings: Higgs mechanism generates neutrino masses

standard perspective: not a convincing explanation, because Yukawa couplings for neutrinos

E A u 3
wikt v 3 y, ~ 10713 without explanation for this small number

103;— ----------------------------- ~ asymptotically safe perspective:

neutrino Yukawas are dynamically kept small
E [Held, PhD thesis ’19;
'+ & l """ E Kowalska, Sessolo "22; AE, Held '22]

Lepton Yukawa couplings

5000 10000 ~1‘5000 20000 25600
log [k/GeV]

[AE, Gyftopoulos, Held '25]

|||||||||||




Result: mixing matrices

BUT: the scale dependence of the PMNS mixing matrix is fully analogous to the CKM mixing matrix,

p—t

under the exchange of quarks and leptons
CKM PMNS

—

o| -
— I
\V] (@)

lepton Yukawa couplings

I <
PMNS elements

102000 104000 106000 108000 1010000 1012000

Does this scenario produce the wrong PMNS matrix? k/GeV

[AE, Gyftopoulos, Held '25]
No, because neutrino Yukawa couplings behave differently!

Part 2: neutrino masses

Standard Model fermion masses

= 102 e R mm 3

> E
w 101
- 10F Right-handed neutrinos with Yukawa couplings: Higgs mechanism generates neutrino masses
1092 ______ v __E____? .............. _;
10°F- ] : L . : :
o i standard perspective: not a convincing explanation, because Yukawa couplings for neutrinos
wikt v . y, ~ 10713 without explanation for this small number
; :
3 E k= \
< | = . . : —
107 asymptotically safe perspective: %
0 b 5 neutrino Yukawas are dynamically kept small ¢ 100 e
3 3 [Held, PhD thesis ’19; <
: E [T E Kowalska, Sessolo '22; AE, Held '22] *é
€ E 2
E g
- ’ =
______________ o of
3 . 3 [ AN
— 10—30 T ]
3 1 E 5000 10000 15000 20000 25000

log [k/GeV]

[AE, Gyftopoulos, Held '25]




Result: mixing matrices

BUT: the scale dependence of the PMNS mixing matrix is fully analogous to the CKM mixing matrix,

p—t

under the exchange of quarks and leptons
CKM PMNS

—_
T
o

lepton Yukawa couplings

I <
PMNS elements

102000 104000 106000 108000 1010000 1012000

Does this scenario produce the wrong PMNS matrix? k/GeV

[AE, Gyftopoulos, Held '25]
No, because neutrino Yukawa couplings behave differently!

Part 2: neutrino masses : : : : .
Neutrino oscillations (neutrino mixing) are large,

Standard Model fermion masses

= 10 e 3

- 10" Ar 3 . '
g 10f L ] Right-handed neutrinos with Yukawa couplings: Higgs mechanism generates neutrino masses beca use n eut rl n OS are SO I |g ht .
E. ¥« - 4. 3
3 3 standard perspective: not a convincing explanation, because Yukawa couplings for neutrinos
100 g 4 y, ~ 10713 without explanation for this small number
3 o 1
é— E k= iR
Wy 2 asymptotically safe perspective: = 19
C ] Q
3 E o
0L 5 neutrino Yukawas are dynamically kept small g
3 3 [Held, PhD thesis ’19; <
: E [T E Kowalska, Sessolo '22; AE, Held '22] *é
i E ps!
= g
- ¢ =
S B R 5 R
10-4: E — 10—30, T ]
o 1 E 5000 10000 15000 20000 25000

log [k/GeV]

[AE, Gyftopoulos, Held '25]




Result: mixing matrices

BUT: the scale dependence of the PMNS mixing matrix is fully analogous to the CKM mixing matrix,

p—t

under the exchange of quarks and leptons
CKM PMNS

—_
T
o

lepton Yukawa couplings

w 1 :
5
: o
V‘l’
L] ;
E O 102000 104000 106000 108000 1010000 1012000
Does this scenario produce the wrong PMNS matrix? k/GeV

[AE, Gyftopoulos, Held '25]
No, because neutrino Yukawa couplings behave differently!

Part 2: neutrino masses : : : : .
Neutrino oscillations (neutrino mixing) are large,

Standard Model fermion masses

= 10 e 3

% ng At 3 . .
- :Zw__ . ; Right-handed neutrinos with Yukawa couplings: Higgs mechanism generates neutrino masses beca use n eut rl n OS are SO I |g ht .
1096t

standard perspective: not a convincing explanation, because Yukawa couplings for neutrinos

' . structural connection between two properties of neutrinos

108 gy e . y, ~ 10713 without explanation for this small number
50 =

103;— ----------------------------- ~ asymptotically safe perspective:

neutrino Yukawas are dynamically kept small th at iS d u e to q u a ntu m g raVity

E [Held, PhD thesis ’19;
1.1 S l ______ E Kowalska, Sessolo '22; AE, Held '22]

Lepton Yukawa couplings

5000 10000 ~1‘5000 20000 25600
log [k/GeV]

[AE, Gyftopoulos, Held '25]

|||||||||||




Higgs boson

some structures in the Standard Model emerge
from a transplanckian regime with quantum gravity

that is governed by scale symmetry

observable physics explained by quantum gravity

<>

quantum gravity testable by observable physics

Standard Model

CKM matrix elements

quark Yukawa couplings
p—t
=

—_
-

[
-

lepton Yukawa couplings

PMNS elements

|
O

|
W

I
o

—_
- <
(@)

—
[\V)

105000 1010000 1015000 1020000 1-025000

k/GeV

neutrinos

102000 104000 106000 108000 1010000 1012000

k/GeV



Standard Model

1
< (n —
A ) Y -
- § S
L lijt ('JL J /d------ .....
| $ new paradigm for new physics beyond the Standard Model
d S o )
7 - B it seems that there is a theoretically viable possibility that there is no new physics|_ - - - - -~~~ "~~~
| e
RS S DT over huge range ofscales IR
0 . o
Leptons o H/cs|2
— but what about dark matter...? [Tt

1020000 1025000
some structures in the Ltun'u'crru—rrrvuvrcrrrcrgc = ——
2 1
from a transplanckian regime with quantum gravity S -6
o
: = 10712
that is governed by scale symmetry 2 s

—_

-
=
oo NS

observable physics explained by quantum gravity

=
=

<>

&
N

quantum gravity testable by observable physics

-

PMNS elements lepton Yukaw
-
N

102000 104000 106000 108000 1010000 1012000

k/GeV



Standard Model

1
2z, U+ —
A ) N "\ -
& § K e
= e | J Y T T
~ $ new paradigm for new physics beyond the Standard Model
| S o 1 o)
7 - B it seems that there is a theoretically viable possibility that there is no new physics|_ - - - - -~~~ "~~~
L T(“ 2
M over huge range ofscales | s s Insmem
‘‘‘‘‘‘ -
Leptons / H/CS|2
1(-)2-0(302) e 1025000

some structures in the Ltun'u'crru—rrrvuvrcrrrcrgc e

from a transplanckian regime with quantum gravity

that is governed by scale symmetry

observable physics explained by quantum gravity

<>

quantum gravity testable by observable physics

PMNS elements lepton Yukawa couplings

102000 104000 106000 108000 1010000 1012000

k/GeV



Asymptotic safety and the dark universe

Standard Model
5%

Dark matter
27 %

General idea: Use predictive power of
asymptotic safety to constrain models of

the dark sector

— to make quantum gravity testable

— to make dark sector predictive




Asymptotic safety and the dark universe

Standard Model
5%

Dark matter
27 %

dark matter mass

General idea: Use predictive power of
asymptotic safety to constrain models of

the dark sector

— to make quantum gravity testable

— to make dark sector predictive

102'eV peV meV eV  TeV

sterile v




Asymptotic safety and the dark universe

Standard Model
5%

Dark matter
27 %

dark matter mass

General idea: Use predictive power of
asymptotic safety to constrain models of

the dark sector

— to make quantum gravity testable

— to make dark sector predictive

102'eV peV meV eV  TeV

sterile v




Asymptotic safety and the dark universe

dark matter mass
Standard Model |1 >
5 %

Dark matter 1072leV peV meV eV TeV Mp, 1OM@
27 %

sterile v

Thermal WIMP:
» Dark scalar with Higgs portal A,; H TH ¢2

— QG fluctuations

0.4 drive >\H to zero at Mpjanck

0.2}

Z 00] %

-0.2}

General idea: Use predictive power of oal _:
.t v .\ Y |1 1 [AE, Hamada, Lumma, Yamada ‘17]

asymptotic safety to constrain models of 101 102 0% 10® 10 g0

k/iGeV

the dark sector . . .
— single dark scalar decouples in asymptotic safety

— to make quantum gravity testable

— to make dark sector predictive




Asymptotic safety and the dark universe

dark matter mass
Standard Model |1 >
5 %

Dark matter 1072leV peV meV eV TeV Mp, 1OM@
27 %

sterile v

Thermal WIMP:
 Dark scalar with Higgs portal A,.

[AE, Hamada, Lumma, Yamada ‘17]

General idea: Use predictive power of
asymptotic safety to constrain models of

the dark sector

— to make quantum gravity testable

— to make dark sector predictive




Asymptotic safety and the dark universe

dark matter mass
Standard Model |1 >
5 %

Dark matter 1072leV peV meV eV TeV Mp, 1OM@
27 %

sterile v

Thermal WIMP:
« Dark scalar with Higgs portal A,

 Several dark-sector fields: constrained [Reichert, Smirnov '19; Hamada, Yamada ’20;
AE, Pauly ’21; de Brito, AE, Frandsen et al. '23]

[AE, Hamada, Lumma, Yamada ‘17]

General idea: Use predictive power of
asymptotic safety to constrain models of

the dark sector

— to make quantum gravity testable

— to make dark sector predictive




Asymptotic safety and the dark universe

Standard Model
5%

Dark matter
27 %

General idea: Use predictive power of
asymptotic safety to constrain models of

the dark sector

— to make quantum gravity testable

— to make dark sector predictive

dark matter mass

1072'eV  peV meV eV  TeV Mp,  10Mg

sterile v

Thermal WIMP:
« Dark scalar with Higgs portal A,

 Several dark-sector fields: constrained [Reichert, Smirnov '19; Hamada, Yamada ’20;
AE, Pauly ’21; de Brito, AE, Frandsen et al. '23]

[AE, Hamada, Lumma, Yamada ‘17]

Axion-like particles (ALPS):
» ALP-photon interaction g, aF,, F'"* (g grito, AE, Lino dos Santos '21]



Asymptotic safety and the dark universe

Standard Model
5%

Dark matter
27 %

General idea: Use predictive power of
asymptotic safety to constrain models of

the dark sector

— to make quantum gravity testable

— to make dark sector predictive

dark matter mass

1072'eV  peV meV eV  TeV Mp,  10Mg

sterile v

Thermal WIMP:
« Dark scalar with Higgs portal A,

 Several dark-sector fields: constrained [Reichert, Smirnov '19; Hamada, Yamada ’20;
AE, Pauly ’21; de Brito, AE, Frandsen et al. '23]

[AE, Hamada, Lumma, Yamada ‘17]

Axion-like particles (ALPS):
 ALP-photon interaction g, a7 FH

[de Brito, AE, Lino dos Santos ’21]



Asymptotic safety and the dark universe

Standard Model
5%

Dark matter
27 %

General idea: Use predictive power of

asymptotic safety to constrain models of

the dark sector

— to make quantum gravity testable

— to make dark sector predictive

dark matter mass

1072'eV  peV meV eV  TeV Mp,  10Mg

sterile v

Thermal WIMP:
« Dark scalar with Higgs portal A,

 Several dark-sector fields: constrained [Reichert, Smirnov '19; Hamada, Yamada ’20;
AE, Pauly ’21; de Brito, AE, Frandsen et al. '23]

[AE, Hamada, Lumma, Yamada ‘17]

Axion-like particles (ALPS):
 ALP-photon interaction g, a7 FH

[de Brito, AE, Lino dos Santos ’21]

Ultralight scalar dark matter:
o SCﬂ'ﬂl’-phOtOl’l interaction Z:ng/w F’MU [to appear; Assant, AE, Knorr]



Asymptotic safety and the dark universe

Standard Model
5%

Dark matter
27 %

General idea: Use predictive power of

asymptotic safety to constrain models of

the dark sector

— to make quantum gravity testable

— to make dark sector predictive

dark matter mass

1072'eV  peV meV eV  TeV Mp,  10Mg

sterile v

Thermal WIMP:
« Dark scalar with Higgs portal A,

 Several dark-sector fields: constrained [Reichert, Smirnov '19; Hamada, Yamada ’20;
AE, Pauly ’21; de Brito, AE, Frandsen et al. '23]

[AE, Hamada, Lumma, Yamada ‘17]

Axion-like particles (ALPS):
 ALP-photon interaction g, a7 FH

[de Brito, AE, Lino dos Santos ’21]

Ultralight scalar dark matter:

o Scalar—photon interaction Z: P Loy 7 [to appear; Assant, AE, Knort]



Summary

Theory of quantum gravity
ZL)- [y, o GG 43

(\7 PL( = é{ 7 — .fgc;

ngEHT 345 GHz a=1.01

q (multifrequency)

e e
. T &y §§%<(502 2’/5>
T —6‘/222‘.23_

GM 7\ = Cougt

0.065 0.635

0.05
0:635

‘>/\

1073 J
0 009 018 [ Yl

Planckian scales Particle physics scales Black-hole scales Cosmological scales

_— " p—_——— N N
Key challenge: gap in scales distance scale

Key idea: lever arms Quantum-gravity effect

L
SVer ary, Observable

consequence




Thanks to current and former group members!
Former PhD students:

£
N,

4

Aaron Held, Marc Schiffer, Rafael R. Lino dos Santos, Johannes Lumma, Fleur Versteegen, Martin Pauly, Héloise Delaporte,

>

now ENS Paris now Radboud U. now Warsaw U. now Oxford U. now ASML now exnaton now U. of Faroe Islands
Former postdocs: current group members:

Zois Gyftopoulos (PhD student)
Vanessa Hollmeier (master student)
Tim Eckert (master student)
Sylvester Danos (master student)
Pedro Fernandes (postdoc)
Nawder Stokes (master student)
Moritz Gessner (master/PhD student)
Lukas Bauer (master student)

—

, R R , — , Lidia Marino (PhD student)
Antonio Pereira, Gustavo P. de Brito, _ Raul Carpallo—Rublo Shogryya Ray Fabian Willaschek (master student)
assist. prof. at assist. prof. at _ assist. prof. _ associate prof. , assist. prof. Fabian Wagner (postdoc)
Fluminense Federal U., Sao Paolo State U., Brazil at Niels-Bohr-Institute, at U of Granada, Spain at U. of Faroe Islands Daniele Berruti (master student)

Copenhagen,

Brazil
soon prof. at U. Graz

Benjamin Knorr (postdoc)
Alicia Castro (postdoc)



Standard Model couplings

The microscopic structure of quantum space-time and

—_x j " [ ) [ ] (]
matter from arenormalization group perspective

.

s B
: Astrid Eichhorn &
(=10 [ € t E =
\ . —_—— Nature Physics 19, 1527-1529 (2023) | Cite this article
——_——) W F - ; -

L ..... F d JL S J EIREaRR O e R BIX1V> hep-th > arXiv:2212.07456

Quarks

High Energy Physics - Theory

: B Gras _ | | S [Submitted on 14 Dec 2022]
r e AR Asymptotic safety of gravity with matter

Astrid Eichhorn, Marc Schiffer
Higgs boson

= I‘le > hep-th > arXiv:1810.07615

N
Leptons High Energy Physics - Theory

[Submitted on 17 Oct 2018 (v1), last revised 21 Feb 2019 (this version, v2)]

An asymptotically safe guide to quantum gravity and matter
Astrid Eichhorn




