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Motivation: (Some) fascinating puzzles in fundamental physics

1) What is the quantum nature of gravity?

At Eprnac © 107m (or My, & 1017 GeV),
General Relativity breaks down,
because quantum effects become important

; ; Asymptotically safe gravity,
4 "’R g W:‘é"/ | & TR bl | Cafm:l Dynanzical Tr?anguTations
[ D - Sy - [ i ! 3 - Tw M 3 Grin j
—e r'"‘% a""'R—: c e § | - : a . L L &  Causal Sets,
' Loop quantum gravity/Spin Foams,
String theory,
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Motivation: (Some) fascinating puzzles in fundamental physics

2a) What is the missing new physics beyond the Standard Model?
2b) What fixes some/all of the free parameters in the Standard Model?

SM couplings

RG scale k in GeV

Key result from LHC: Higgs mass low enough to avoid sub-Planckian Landau pole
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Motivation: (Some) fascinating puzzles in fundamental physics

3) What is the nature of the dark matter?
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Motivation: (Some) fascinating puzzles in fundamental physics

3) What is the nature of the dark matter?
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Motivation: (Some) fascinating puzzles in fundamental physics

3) What is the nature of the dark energy?

Dark Energy

Accelerated Expansion .
Afterglow Light ¥ Cosmological constant, Everpresent Lambda,

Pattern  Dark Ages Development of Quintessence, Horndeski gravity, scalar-tensor theories,
375,000 yrs. Galaxies, Planets, etc. Galileon. massive gravity

i i,
. |

Dy P B B SR s e
= f CCEERRCTR
Y AL TR : S

I < aaras
o : i :
- L ,

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.77 billion years
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Motivation: (Some) fascinating puzzles in fundamental physics

4) What is the nature of the dark energy?

Dark Energy

Accelerated Expansion i
Afterglow Light ¥ Cosmological constant, Everpresent Lambda,

Pattern  Dark Ages Development of Quintessence, Horndeski gravity, scalar-tensor theories,
375,000 yrs. Galaxies, Planets, etc. Galileon. massive gravity

; 3 A SO AR P i
Inflation ;

Quantum
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.77 billion years
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Motivation: (Some) fascinating puzzles in fundamental physics

1 \ \‘
| | 4t ' {t L . /I l] :
“Quantum Col “Nature of « Nature of
ature ' . dark i
f gravity? natter? 2nergy?
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Motivation: (Some) fascinating puzzles in fundamental physics

' \ \‘
| ' gl ' A8 . l] :
“Quantum Complete ~Nature of - Nature of
ure Standard - dark dark
f gravity? A el with natter? Snergy?
- /fewer. L

Missing new physics
with predictive power
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Motivation: (Some) fascinating puzzles in fundamental physics

\ )\ \\-
’ - ! ' AN \ AR :
“Quantum Co “Nature of ~ Nature of
ature St ¢ dark
f gravity? , natter? 2nergy?

Missing new physics
with predictive power

Models constrained/ruled out
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Motivation: (Some) fascinating puzzles in fundamental physics

J \ \\
i ; 17 - Al \ AR :
“Quantum Co ~Nature of - Nature of
ature : - dark dark
f gravity? natter? 2nergy?

Theories testable
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Connecting quantum gravity and the Standard Model of particle physics — a challenge of scales

Where is quantum gravity important? “Do we need to
account for gravity
in our scattering
experiments?”

e
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Connecting quantum gravity and the Standard Model of particle physics — a challenge of scales

Where is quantum gravity important? “Do we need to
account for gravity
in our scattering
experiments?”

L] B
"“\_ -y
TR ™
i *
s > .
- !
4 e

1011 1014 1017
energy E/GeV

I

Gravity dynamically important
Gravity dynamically unimportant
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Connecting quantum gravity and the Standard Model of particle physics — a challenge of scales

Where is quantum gravity important? “Do we need to
account for gravity
in our scattering

108 10M 1014 1017
energy E/GeV

I

Gravity dynamically important
Gravity dynamically unimportant

Macrophysics MicrOphySiCS

"9

S d etermnes

B Yi—0

10 10"? 102
RG scale k in GeV
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Connecting quantum gravity and particle physics — strategies to solve the challenge of scales

Pirsa: 23050154 Page 16/69




Connecting quantum gravity and particle physics — strategies to solve the challenge of scales

* Observables with (near) Planck-scale sensitivity

* Quantum-gravity approaches with a second scale

* Leverarm for Planck-scale physics
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Observables with (near-) Planck-scale sensitivity: Proton decay and quantum gravity fluctuations

Lifetime of the proton:

- experimentally: 7, > 1034 yrs

4

: -1 M’(

- theoretically: 7, ~ M —_—
P p

M,

= M, > 2-10'°GeV
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Observables with (near-) Planck-scale sensitivity: Proton decay and quantum gravity fluctuations

Lifetime of the proton:

- experimentally: 7, > 1034 yrs

4
: -1 M’(
- theoretically: 7, & Mp —_—
M,

= M, > 2-10'°GeV

Proton decay through four-fermion coupling Gy:

7, = 162M;" (Gye(Mp))

i -2 M
= 162M, (G4F(MX))
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Observables with (near-) Planck-scale sensitivity: Proton decay and quantum gravity fluctuations

Lifetime of the proton: How large is G4r(My)? — determined by the theory at and above My
[AE, Shouryya Ray '23]

- experimentally: 7, > 10°* yrs : T
SMEFT + Gravity

,_M

- theoretically: 7, & M, ' [ —
M, M, = 0.938 GeV Moy, Moy

=2.10'°GeV]|= 10'8GeV

= M, > 2106 GeV

Proton decay through four-fermion coupling Gy:

t, = 162M;" (Gyr(Mp)) ~

o M,
= 16”Mp_l (G4F(MX)_) F;
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Observables with (near-) Planck-scale sensitivity: Proton decay and quantum gravity fluctuations

Lifetime of the proton: How large is G4s(My)? — determined by the theory at and above My
[AE, Shouryya Ray '23]

- experimentally: 7, > 10°* yrs : S
SMEFT + Gravity

,_M

- theoretically: 7, & M, ' [ —
M, M, = 0.938 GeV Moy, Moy

=2.10'°GeV]|=10'8GeV

= M, > 2106 GeV

Metric fluctuations generate anomalous dimension 7, > 0:
240y,

Proton decay through four-fermion coupling Gyg:|  G,x(My) = Gy (kyy) e = quantum gravity suppresses proton decay

uv

7, = 162M;" (Gyr(Mp)) ~

o f My
= 162M; " (G(My)) F:
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Observables with (near-) Planck-scale sensitivity: Proton decay and quantum gravity fluctuations

Lifetime of the proton:

- experimentally: 7, > 1034 yIs

My

M,

: o~ M
- theoretically: 7, & Mp

= M, > 2-10'°GeV

How large is G4(My)? — determined by the theory at and above My
[AE, Shouryya Ray '23]
SMEFT + Gravity
e e,

A fcxp A:jplam:k

=2.10'°GeV]|=10'8GeV

Metric fluctuations generate anomalous dimension 7, > 0:
240,

7, = 162M;" (G, (Mp))

. o My
= 16”Mp_l (G4F(MX)) F\
]}‘

M
Proton decay through four-fermion coupling Gy: Gyr(My) = Gylkyy) k_

= quantum gravity suppresses proton decay

7, )
Tp_ no QG
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Log[ky/10"GeV]
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Connecting quantum gravity and particle physics — strategies to solve the challenge of scales

* Observables with (near) Planck-scale sensitivity

— Quantum fluctuations of the metric and proton decay

* Quantum-gravity approaches with a second scale

* Leverarm for Planck-scale physics

— Asymptotically safe gravity and constraints at the Planck scale on logarithmically running couplings

in and beyond the Standard Model
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Bridging the gap between Planck scale and Standard-Model scales
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Bridging the gap between Planck scale and Standard-Model scales

not so different at macroscopic scales

Pirsa: 23050154

zooming out:
microscopic information gets lost

® e 9
e,

& & & o

very different at microscopic scales
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Bridging the gap between Planck scale and Standard-Model scales

Standard Model

L
’Y 9 zooming out:
microscopic information gets lost

e

not so different at macroscopic scales very different at microscopic scales”

* or are they? [de Alwis, AE, Held, Pawlowski, Schiffer, Versteegen '19; Basile, Platania '21]
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Bridging the gap between Planck scale and Standard-Model scales

Standard Model

L
’Y 9 zooming out:
most microscopic information gets lost

e

imprints of microscopic physics at macroscopic scales very different at microscopic scales

— identify which (beyond) Standard Model couplings are sensitive to the microphysics

Pirsa: 23050154 Page 27/69




Bridging the gap between Planck scale and Standard-Model scales

Standard Model

’)’ 9 zooming out:
most microscopic information gets lost

e 2

imprints of microscopic physics at macroscopic scales

— identify which (beyond) Standard Model couplings are sensitive to the microphysics

Pirsa: 23050154

0005/
5 0000]

~0.005-

~0.010%
10

10% 10! oM 107 10%°

RG scale in GeV

higher-order couplings: universality

108 10'?

RG scale in GeV

logarithmic scale dependence:
preserves “memory” of initial conditions
at the Planck scale
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Quantum gravity and values of Standard Model couplings at the Planck scale

Standard Model couplings:
free parameters

If guantum gravity fixes Planck-scale values

-
=]
T
O‘.

* low-energy values can be calculated (standard RG flow)

o
o}

* Quantum-gravity prediction can be tested

e
o2}
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w

10% T
RG scale kin GeV
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Asymptotic safety (a.k.a. quantum scale symmetry)

Symmetry principles ubiquitous

scale symmetry
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Asymptotic safety (a.k.a. quantum scale symmetry)

Symmetry principles ubiquitous

scale symmetry

_’

couplings

4

guantum fluctuations — running couplings energy/momentum scale k
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Asymptotic safety (aka quantum scale symmetry) in quantum gravity

classical gravity regime ~Planck scale quantum scale invariance

1000 ¢ - ! —
oL qotk
10=17 |

* 2
< . -27}
effective strength ¢y 10

of quantum gravity 1 0‘3? . :
fluctuations 1 01 1

P =Po=2G -G +...

Compelling theoretical evidence that gravity behaves in this way*

AE, Benedetti, Codello, Falls, Gies, Held, Knorr, Litim, Morris, Ohta, Pawlowski,
Percacci, Pereira, Platania, Reichert, Reuter, Ripken, Saueressig, Schiffer,
Wetterich, Yamada, Zanusso...
[Draper, Knorr, Ripken, Saueressig '20,
* unitarity and Lorentzian signature may be compatible with asymptotic safety Fehre, LITIm.FFJ’IZ\tA;IsigsiE!; Reichert 21,
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Asymptotic safety (aka quantum scale symmetry) in quantum gravity

classical gravity regime ~Planck scale quantum scale invariance

1000 ¢ - ! —
oL qo k
10=17 |

* i
s By
effective strength o 10 o7

of quantum gravity 1 0‘3? . :
fluctuations 1 01 1

B =Po=2G -G +...

Compelling theoretical evidence that gravity behaves in this way*

AE, Benedetti, Codello, Falls, Gies, Held, Knorr, Litim, Morris, Ohta, Pawlowski,
Percacci, Pereira, Platania, Reichert, Reuter, Ripken, Saueressig, Schiffer,
Wetterich, Yamada, Zanusso...
[Draper, Knorr, Ripken, Saueressig '20,
* unitarity and Lorentzian signature may be compatible with asymptotic safety Fehre, LITIm.FFJ’IZ\tA;IsigsiE!; Reichert 21,
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Tools to search for asymptotic safety

classical gravity regime ~Planck scale quantum scale invariance

1000 p . —

e (el ¢
g 10—27 4
10737 &

B =Po=2G -G +...

effective strength
of quantum gravity
fluctuations

T o0 1041 1051 kiGeV

: N _ _ ultraviolet
functional Renormalization Group &~ mathematical microscope

[';: analog of classical action, but with quantum fluctuations above % included

S AP . :
qur:;ﬂIOy%+m) k@&‘ = f, = ko, g(k)

infrared

Wetterich '93; Reuter ‘98]
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Tools to search for asymptotic safety

N

o | N

classical gravity regime ~Planck scale quantum scale invariance

1000 { . —

2,8 10;; 3
* 4017

g 10—27 -
1079 &

Boj=Bs=2G-pHG* +...

effective strength
of quantum gravity
fluctuations

T T 1041 1051 kiGeV

functional Renormalization Group &~ mathematical microscope

step 1: search for which values of couplings there is scale symmetry: [3’_[{ =0

step 2: zoom out to connect microscopic, scale-symmetric regime to
macrophysics, where experiments/observations exist:

numerically integrate /‘38 = k 9, g(k) to obtain g(k)

all statements in this talk in truncations of the full dynamics -> systematic uncertainties
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Predictive power of asymptotic safety: Mechanism

Quantum fluctuations screen or antiscreen interactions

Standard Model examples:
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Predictive power of asymptotic safety: Mechanism

Quantum fluctuations screen or antiscreen interactions
Standard Model examples:

1
QED: f, = ko, e(k) = ——e’ + ...

1274

» e(k) decreases as k is lowered
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Predictive power of asymptotic safety: Mechanism

Quantum fluctuations screen or antiscreen interactions

Standard Model examples:

1
QED: f3, = k9 e(k) = 1%2e3+...

» e(k) decreases as k is lowered

QCD: 8, = k 9, g(k) = - g +...

1672

— g(k) increases as k is lowered
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Predictive power of asymptotic safety: Mechanism

Quantum fluctuations screen or antiscreen interactions

Standard Model examples:

1
QEDﬁ—kake(k)— —e3+ ...
Hﬁ“

» ¢(k) decreases as k is lowered

QCD: 8, = k 9, g(k) = - g +...

1672

— g(k) increases as k is lowered

Pirsa: 23050154

relevant couplings

anhscreenlng

screenmg

1 01 (1] 1 04[.‘ 1 [] &0 ] OI.[] 1 0 100
K

guantum fluctuations drive coupling
away from scale symmetry

B, = rxg‘f_ﬁ —_g_)

— a range of coupling values
achievable at the Planck scale
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Predictive power of asymptotic safety: Mechanism

Quantum fluctuations screen or antiscreen interactions
Standard Model examples:

L 5
kake(k)— i LA

Hﬁ‘-’

QED: 8, =

» ¢(k) decreases as k is lowered

QCD: f, = kd, g(k) = —

"
ol I
16x28

— g(k) increases as k is lowered
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relevant couplings

anhscreenlng

screenmg

1 01 (1] 1 04[.‘ 1 U &0 ] OI.[] 1 0 100
k

guantum fluctuations drive coupling
away from scale symmetry

B = rxg'_,u-. —_g_)

— a range of coupling values
achievable at the Planck scale

irrelevant couplings

antiscreening

0
1020 1040 1050 1080 10100
k

quantum fluctuations drive coupling
towards scale symmetry

— a unique coupling value
achievable at the Planck scale
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Predictive power of asymptotic safety

matter regime dynamical decoupling of quantum scale invariant regime
quantum gravity fluctuations

o
@

(=]
*]]

o
S

[0)
o
s
-
=]
Q
&)
)
>
@
i
o
©

1000 1013 1028
RG scale k In GeV

quantum fluctuations integrated out:
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Predictive power of asymptotic safety

Higgs quartic
coupling:
) : . . . 3 determines mass of
matter regime dynamical decoupling of quantum scale invariant regime y
quantum gravity fluctuations the Higgs boson

-y
o

—
o

o
@

e
S

Top Yukawa coupling

o
i)

(]
o
£
-1
2
Q
Q
z06
>
@
g
o
m
=

determines top quark

1011!
RG scale k In GeV

quantum fluctuations integrated out:

Neutrino Yukawa couplings
determine tiny neutrino

masses
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Proof of principle: Upper bound on the Abelian gauge coupling
41 G

SM couplings

2
o

=
=)

without gravity

10" 058

RG scale k In GeV

SMand gravity couplin
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10:.3
RG scale k in GeV

Fa 0
=3,

By = KO,y = —

- Ax’

[AE, Versteegen ‘17|

) )

1630 1040
RG scale k in GeV

Gravity and matter fluctuations compete:

104 1080 10%0 10100
k

balance: asymptotic safety with a “retrodiction” that is upper bound
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Principled-parameterized approach to asymptotically safe gravity-matter models

[AE, Held 18]
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Principled-parameterized approach to asymptotically safe gravity-matter models

[AE, Held *18]
— the gravitational contributions to the scale-dependence of matter couplings are not known quantitatively precisely

But their qualitative form is known

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

— effects are only present beyond the Planck scale (because gravity coupling negligible below the Planck scale)
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Principled-parameterized approach to asymptotically safe gravity-matter models

[AE, Held *18]
— the gravitational contributions to the scale-dependence of matter couplings are not known quantitatively precisely

But their qualitative form is known

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

— effects are 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)
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Principled-parameterized approach to asymptotically safe gravity-matter models
[AE, Held '18]

— the gravitational contributions to the scale-dependence of matter couplings are not known quantitatively precisely

But their qualitative form is known

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

— effects are 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)

Example: third generation gauge-quark sector

ﬁ.l;’; = _ft. .-_(;’,' H(]‘ - ijlanck) + m(‘grﬂ) viable but

less predictive

ﬁ'\.’ - —f‘ Vf H(A - jw‘r"lunck-) G m“f}

B35y (kpI<0.36

1019 1010‘3

g

SM couplings

O<yp(kip)<0.1 4 2f vf - g; /3

0075 0020 0025 0030 10 10° 10 10" 10%* 10%° 10% 10%°
fa RG scale k in GeV
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Principled-parameterized approach to asymptotically safe gravity-matter models

[AE, Held *18]
— the gravitational contributions to the scale-dependence of matter couplings are not known quantitatively precisely

But their qualitative form is known

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

— effects are 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)

Principled-parameterized approach used in:

Full gauge-Yukawa sector with CKM matrix elements [Alkofer, AE, Held, Nieto, Percacci, Schréfl ‘20]
Muon g-2 [Kowalska, Sessolo ‘20]

Higgs portal to dark matter [Reichert, Smirnov ’19; AE, Pauly '20]

BSM with gauged baryon number [Boos, Carone, Donald, Musser '22]

Flavor anomalies [Kowalska, Sessolo '22]
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Beyond the Standard Model: neutrino masses

Standard Model fermion masses

[de Goueva '09]
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Beyond the Standard Model: neutrino masses

» Option 1:

Standard Model fermion masses neutrino masses arise through a different mechanism than the other fermion masses
* Option 2:

neutrino masses arise through the Higgs mechanism with a very small Yukawa coupling

Dynamically small neutrino Yukawa coupling in principled-parameterized approach
[Held '19; Kowalska, Sessolo '22; AE, Held '22]

[de Goueva '09]
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Beyond the Standard Model: neutrino masses

Option 1:

Standard Model fermion masses neutrino masses arise through a different mechanism than the other fermion masses

Option 2:
neutrino masses arise through the Higgs mechanism with a very small Yukawa coupling

Dynamically small neutrino Yukawa coupling in principled-parameterized approach
[Held '19; Kowalska, Sessolo '22; AE, Held '22]

0.010

2 0.001}

[de Goueva '09]

negative critical exponent: coupling decreases

scaling of the coupling y; ~ ko
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Beyond the Standard Model: neutrino masses

Option 1:

Standard Model fermion masses neutrino masses arise through a different mechanism than the other fermion masses

Option 2:

neutrino masses arise through the Higgs mechanism with a very small Yukawa coupling

SR T A
!

Dynamically small neutrino Yukawa coupling in prmmpled parameterlzed approach
[Held '19; Kowalska, Sessolo '22; AE, Held '22]

T T n"‘_
'

e
-
o
=}

E
E
r

running couplings

critical exponents

< ey

'10'131 o qg :
RG scale In GeV
| 3.15% 10713 e ol e Lo e e L
A 09 [ 1 g ~
[de Goueva '09] . ; ‘ ; 31x10 | - e 4
? N

305x107" \ / N
% 3_110-13. \\ i

negative critical exponent: coupling decreases 2 95x 101 &

2.9x107¢
[
L

Wor,; 101]1 10255
RG scale in GeV

scaling of the coupling y; ~ kb
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Beyond the Standard Model: the dark universe

» Dark energy: cosmological constant, many models of dark energy...

» Dark matter: primordial black holes, modified gravity (?), many models

of new particles...
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Beyond the Standard Model: the dark universe

» Dark energy: cosmological constant, many models of dark energy...

» Dark matter: primordial black holes, modified gravity (?), many models

of new particles...

* |dea: only some explanations (or none?) compatible with
asymptotically safe quantum gravity
Example: simplest Horndeski theory of dark energy:
asymptotic safety predicts vanishing couplings
[AE, Rafael R. Lino dos Santos, Fabian Wagner '23]

Further examples: dark matter models
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Beyond the Standard Model: dark matter

Some dark matter candidates

Some dark matter candidate particles

/l'
Q-ball
¥

Neutrinos

WIMPs:
Neutralino
KK photon
branon

LTP —B

Axion

T ;F'A..(ll'lf.')

Super WIMPs:

l Gravitino

[Conrad, Reimer '17]
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Beyond the Standard Model: dark matter

Some dark matter candidates

Some dark matter candidate particles

Too many choices!

Neutrinos WIMPs:

Neutralino
KK photon
branon

LTP =—»

Black hole remnant

T Axino
Super WIMPs:

l Gravitino
KK graviton

3 o

. 0 \Q\‘ \(‘\‘\6‘\0-

O P A

Mass (GeV)

[Conrad, Reimer '17]
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Asymptotic safety and the Higgs portal to dark matter

The vanilla model: Higgs portal to one singlet scalar

TH b2
AyH'H ¢
— production in the early universe

— direct searches (e.g. LHC, XENON)
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Asymptotic safety and the Higgs portal to dark matter

The vanilla model: Higgs portal to one singlet scalar

TH 2
AyH'H ¢
— production in the early universe

— direct searches (e.g. LHC, XENON)

12
2.

1
=f A+

A w2
T~

: QG fluctuations
with f; > 0 ' drive A to zero at Mpianck

— single dark scalar decouples in asymptotic safety

[AE, Hamada, Lumma, Yamada '17]
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Asymptotic safety and the Higgs portal to dark matter

The vanilla model: Higgs portal to one singlet scalar
T 5
AyH'H ¢
— production in the early universe

— direct searches (e.g. LHC, XENON)

12
2+...

1
=f A+

A w2
T~

Scalar singlot { Scalar singlot

QG fluctuations Prof. likelthood 2 WA B Prof likalthood

with f; > 0 : drive A to zero at Mpianck

[GAMBIT coll. '17]

— single dark scalar decouples in asymptotic safety

[AE, Hamada, Lumma, Yamada '17]
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Asymptotic safety and the Higgs portal to dark matter

The vanilla model: Higgs portal to one singlet scalar — Can portal be generated by adding new fields?

T 2
AyH'H ¢
— production in the early universe
N e Dark gauge group with kinetic mixing
— direct searches (e.g. LHC, XENON) - [Reichert, Smimov '19]

e Dark Yukawa coupling to dark fermion
[AE, Pauly '21]

12
2+

1
=f A+

o
T~

’ QG fluctuations
with f; > 0 : drive A to zero at Mpianck

— single dark scalar decouples in asymptotic safety

[AE, Hamada, Lumma, Yamada '17]
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Asymptotic safety and the Higgs portal to dark matter

The vanilla model: Higgs portal to one singlet scalar
i 2
AyH'H ¢
— production in the early universe

— direct searches (e.g. LHC, XENON)

12
2+

1
=f A+

A2
-

: QG fluctuations
with f; > 0 : drive A to zero at Mpianck

— single dark scalar decouples in asymptotic safety

[AE, Hamada, Lumma, Yamada '17]
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— Can portal be generated by adding new fields?

e Dark gauge group with kinetic mixing

[Reichert, Smirnov '19]

e Dark Yukawa coupling to dark fermion

[AE, Pauly '21]

— Strongly constrained settings

EFT of the dark sector: 6 free parameters
(scalar mass, scalar quartic, Higgs portal, mixing angle, Yukawa, non-minimal)

My, [GeV]
107 A 2 13
H.98
single free parameter in s
asymptotic safety -6.02¢

—
Mp|GeV)
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Asymptotic safety and the Higgs portal to dark matter: Summary

The vanilla model: Extended dark sectors:

predictive power:
reduced parameter space

extra degrees of freedom

predictive power:
model ruled out

Pirsa: 23050154 Page 62/69




Asymptotic safety and ALPS

ALPS: axion-like particles

g,ax) F F*

j27%
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ALPS: axion-like particles

g,ax) F F*

j27%

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

e experimental searches: light-shining-through-wall

wall

photon photon

rﬁagn-etic:
field
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Asymptotic safety and ALPS
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ALPS: axion-like particles

g, a(x) FWF’W

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

e experimental searches: light-shining-through-wall

wall

photon photon

magnetic
field
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Asymptotic safety and ALPS

= . . 2
with asymptotically safe gravity: ﬁ&? =2g5—f, 55 + T

4
g+ ...

gj = ( unless j;,a > 2 (strongly-coupled quantum gravity)

[de Brito, AE, Lino dos Santos '21)
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Summary

Quantum gravity Particle physics in visible & dark universe

"fi '\i-.n_ s,

key open challenge: testability key open challenge: too many possibilities & free parameters

interplay with matter makes quantum gravity testable interplay with gravity constrains properties of matter
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Outlook:

Dark matter, dark energy and matter-antimatter asymmetry in asymptotically safe quantum gravity

Gravitational-wave signatures from beyond Standard Model physics in the early universe within asymptotic safety

“Matter matters” program in other quantum gravity approaches
(e.g. towards bounds on the Higgs mass in causal sets)
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Outlook:

Dark matter, dark energy and matter-antimatter asymmetry in asymptotically safe quantum gravity

Gravitational-wave signatures from beyond Standard Model physics in the early universe within asymptotic safety

“Matter matters™ program in other quantum gravity approaches “Have we actually

(e.g. towards bounds on the Higgs mass in causal sets) been testing quantum
gravity all along?”
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Outlook:

Dark matter, dark energy and matter-antimatter asymmetry in asymptotically safe quantum gravity

Gravitational-wave signatures from beyond Standard Model physics in the early universe within asymptotic safety

“Matter matters” program in other quantum gravity approaches “Have we actually
(e.g. towards bounds on the Higgs mass in causal sets) been testing quantum
gravity all along?”

Thank you for your attention!
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Jan Kwapisz, Johanna Borissova, Johannes Lumma, Ludivine
Fausten, Marc Schiffer, Martin Pauly, Nicolai Christiansen, Peter
Vander Griend, Philipp Johannsen, Rafael Robson Lino dos Santos,
Raul Carballo-Rubio, Shouryya Ray, Vedran Skrinjar
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