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Abstract: <span>| will argue that a fundamental theory of quantum gravity that is applicable to our universe must include matter degrees of freedom.
In my talk | will focus on the option that these are fundamental, in contrast to low-energy effective, degrees of freedom, and must thus be included
in the microscopic dynamics of spacetime. <br>1 will present evidence that dynamical Standard Model matter is compatible with asymptotically safe
guantum gravity, while several "Beyond Standard Model" scenarios are disfavored. | will also discuss how the coupling to matter opens a window
into the observational quantum gravity regime.<br></span>

Pirsa: 14040109 Page 1/36



Why matter matters in quantum gravity

Astrid Eichhorn

Perimeter Institute, Waterloo

Renormalization Group approaches to quantum gravity, April 25, 2014

Pirsa: 14040109 Page 2/36



Introduction: What matters in quantum gravit

our universe contains gravitational
and matter degrees of freedom

assume: matter & gravity fundamental

Pirsa: 14040109

Page 3/36



Introduction: What matters in quantum gravit

our universe contains gravitational
and matter degrees of freedom

assume: matter & gravity fundamental

interaction between these cannot be switched off

l d(fX\/gglﬂ‘()‘”(’)(')p(:') — >m\ ><

Pirsa: 14040109 Page 4/36



Introduction: What matters in quantum gravit

our universe contains gravitational
and matter degrees of freedom

assume: matter & gravity fundamental

interaction between these cannot be switched off

l d(fx\/gglﬂ‘()‘”(’)(')p(:') — >m\ ><

Pirsa: 14040109 Page 5/36



Introduction: What matters in quantum gravit

our universe contains gravitational
and matter degrees of freedom

assume: matter & gravity fundamental

interaction between these cannot be switched off

I ddx\/gg!rf‘()‘,,f)('),,r;) — >m\ ><

RG flow in gravity and matter sector driven by metric & matter
fluctuations = gravity and matter matters!
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Learning by example: Possible effects of matter
' /)’." QCD

0.01

Towards the UV: Quantum Chromodynamics:

Asymptotic freedom only for Nf < 16.5
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Learning by example: Possible effects of matter
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microscopic action:
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Learning by example: Possible effects of matter

/)’." QCD
0.01

Towards the UV: Quantum Chromodynamics:

Asymptotic freedom only for Ny < 16.5

UV completion for gravity compatible with Standard Model?

Towards the IR: Quantum Electrodynamics:

low-energy effective action:

: : . fermionic fluctuations:
microscopic action:

no ~ — 7 interaction A
I
AVAVAYAY

Euler-Heisenberg effective action ([ F? + F*)

Low-energy effective action compatible with observations?
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A window into quantum gravity phenomenology?
Experimental input on quantum gravity hard to get

Experimental guidance helpful /necessary to construct quantum gravity
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A window into quantum gravity phenomeno

Experimental input on quantum gravity hard to get

Experimental guidance helpful/necessary to construct quantum gravity

Effects on matter!

example: extra dimensions ol Vol by O Lini]

—+ Braviton-contributions to scattering cross-section

[0 Dabuets, A [,
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Matter effects on the gravitational fixed point

with P. Dond, R. Percacci (2013): Truncation of the effective action:
Mk = Tk Binstein—Hilbert + Tk matter

with “bimetric” structure
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Setting a scale in quantum gravity
RG: sort quantum fluctuations according to momentum
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flat background: p? \/ UNDU YN curved background: D?

fluctuating spacetime? v‘ I
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Setting a scale in quantum gravity
RG: sort quantum fluctuations according to momentum
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flat background: p? U VLA YN curved background: D?

fluctuating spacetime? w I

background field method: g, = g, + hy.

’. ’Dg;we Slaw] = I.’Dh;me S{8uv+huv] ‘ ‘

D? — short/long wavelength quantum

N2

fluctuations — h,,, Rk(D?) h,,,,

action symmetric under g, — 8. + €V, by — hy — ¢

-
[

broken by regulator! = background couplings # fluctuation couplings
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Matter effects on the gravitational fixed point

with P. Dond, R. Percacci (2013): Truncation of the effective action:
M = Dk Binstein—Hilbert + Tk matter
[k Binstein—Hilbert + Sef = jeec J d9xVE (—R + 2A)

Zh [ddx\/g h- _

o Q
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Results: Graviton wave function renormalization

fixed point persists

critical  exponents  purely  real
(0 = 3.3, 6 =1.9)

ny = OyInZy = 027 G, = 0.77
A, = 0.01

T T YT TR YT T T 1N [ S

0.1 0.0 0.1 0.2 0.3
A
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Matter effects on the gravitational fixed point
with P. Dond, R. Percacci (2013): Truncation of the effective action:

[ = Tk Binstein—Hilbert + Mk matter  With minimally coupled matter:

Ns scalars: Ss = 45 [ dix/g g"" SN 0,010,,0

!

Np Dirac fermions Sp = iZp [ d9x,/g Z,{V“l I

Ny Abelian vector bosons: )
' N W kAL [ /[ - N - P P\ 2
Sy = 4 [dixB % 8" g™ F iy + 3¢ [ dIxVE XX, (8" DuA))
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Matter

with P Dona, R Percacci (2013): Truncation of the effective action

Fe = Tk instoin=1ilbert == Tk matter with minimally coupled matter

Ng scalars. Sg | d?x { ‘

-\
= oSNy i)
N1 ji=1%n I

v Lt

; = do = =Np =
Np Dirac fermions Sp = 1Zp [ d“x & 32,7
Ny Abelian vector lwoi}ons

4 ! i | o R\ |
S‘I' _1\ ’ dr\\l-v_\_,,u.l-w.l» 'CJ..F

A

T ]!
e 18 1D 11V
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Perturbative analysis

(neglect graviton and matter wave function renormalizations)

86 =26 + & ( — 46) .

-1 UV-repulsive ‘[

., fixed point

i

UV-attractive
-3 fixed point
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Perturbative analysis
(neglect graviton and matter wave function renormalizations)

36 =26 + & (Ns +2Np — 4Ny — 46),

-1 UV-repulsive ‘[

., fixed point
UV-attractive
fixed point

— for a given number of vectors Ny, there is an upper limit on the
number of scalars Ns and Dirac fermions Np!

Matter matters in asymptotically safe quantum gravity!
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Fermions, scalars and the fixed point
_wu(:h . 0, 30r
100 o

50 .

0.25
b}
20 0.20
10 . 0.15

5
0.10

|

0.05

5

Pirsa: 14040109 Page 25/36



Fermions, scalars and the fixed point
_wu(:h 0. 1()\'
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scalars & fermions drive G, to divergence = upper limit on Ns. Np
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Full analysis for Ny

Np
40

20
upper limit on Np and Ns

Standard Model: Ny = 12, Np = 45/2, Ns = 4
compatible with gravitational fixed point
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Specific matter models

Standard Model: (Ns = 4. Np = 45/2. Ny = 12) v
— right-handed neutrinos?v
— dark matter scalar? v
— axion? v

supersymmetric extension (MSSM: Ng = 49, Np = 61/2, Ny, = 12) X
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Tests of quantum gravity

Does testing quantum gravity require galaxy-size accelerators?

Possibly could test Asymptotically Safe Quantum Gravity at LHC, 14 TeV:
Look for Beyond-Standard-Model particle physics

experimental searches for weakly-coupled low-mass particles (dark matter)
might also test quantum gravity
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Matter and "the scale of quantum gravity”
l-“II.I.H .“”II-HI,“‘I-‘.'II."‘L:‘-II:‘“ ’I_'--.-'I'f.".l"--.l-"'r‘"w----v"”l'*

0.8
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230-2520-1.51.0-050.0 0.5
A A

@ G ~ O(1): quantum gravity effects " visible"

G: (Ns +2Np — 4Ny)
é (Ns +2Np —4Ny) [ » r-C. Yang, 2011]

1

-
n

G

o fixed-point scale: Gy = ;5 —

M* SM ~ 1OM4
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Asymptotic safety: Matter-gravity fixed point structure
Two possible scenarios:

Gravity-dominated

Q . . .
(Gaussian matter fixed point)

gravity x,uuphr]-__r\

. "
0.0
matter couplings
Ty
i0
) §
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1.5

e Fully interacting gravity-matter fixed point

gravity couplings

matter ¢ l\lll)llll}"«
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Gravity-induced matter self-interactions

QG fluctuations induce matter self-interactions:

Example: scalar field:

\\ }ar’nma’?{ /

5 a /

7%, :}\
yd 00000

Z d4x\/ggﬁﬂ () r)() O — /j(k)f d4X\/g (g/uf (.),,f'if),,(-'l)z
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Gravity-induced matter self-interactions

QG fluctuations induce matter self-interactions:
Example: scalar field:

s a m
™ Go0
\\ > f’r?r( /
\E ¢
/ ]}J 15‘
/ Rogoes

Z d4x\/g giu ,) r;(),,u — /’(k)f d4X\/g (g,rm (-)“(,M-)“(_.J)E

;'4‘

no coupling to gravity: GauBian
fixed point exists

metric fluctuations induce
non-vanishing interactions

for details & fixed-point values: [A.E. 2012]
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Summary & Outlook

e Matter matters in (asymptotically safe) quantum gravity

o Experimental tests of quantum gravity possible (search for
Beyond-Standard-Model physics at LHC and low-mass particle search
experiments)

e Matter-gravity fixed point interacting — full structure remains to be
explored and (experimental) implications to be studied!
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0 0

s of freedom unrestricted by fixed-point requirement

vector degree
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