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Quantum gravity in perturbation theory

Einstein-Hilbert action with g, = 1, + v/ Gnhu,

1

g | VI £ N~ Rig.)

Perturbatively non-renormalisable

Sen =

[Gn] = -2

Actual evidence by two-loop Goroff-Sagnotti counter term

Scs ~ /\/det gWCW”)‘CMpJ C,ot
Jx

Start of an infinite series of counter terms: No predictivity



Quantum gravity in perturbation theory

Higher-derivative gravity
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Quantum gravity in perturbation theory

Higher-derivative gravity

5HD=/X\/M(21)\C2—::;R2) + Sen
Perturbatively renormalisable
[w] =0 A =0
Asymptotically free
A =0

But perturbatively non-unitary
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Asymptotically safe quantum gravity

Weinberg’s proposal '76
Non-perturbative UV fixed point of the renormalisation group flow

e Metric carries fundamental degrees of freedom
e Diffeomorphism invariance is the symmetry of the theory
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kakAEﬁA —0

Predictivity < UV critical hypersurface is finite dimensional

Unitarity < Properties of the spectral function
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Expansion in curvature invariants

O(R%):|A Let's zoom into EH truncation!
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Challenge: keeping track of diffeomorphism invariance

Metric split
8w = B + v/ Zn G
Gauge-fixed Einstein-Hilbert action with regulator
S = Senlg = & + h] + Sefl@, h] + Sgnlg, h, ¢, ] + SeeglZ. 1]
Effective action depends separately on g, and h,,
M =Tklg, hl

The dynamics are carried by the correlators of h,,,

O p(nh)

Shn — K

(hy...hy)



Vertex expansion of the effective action

Infinite tower
of coupled functional
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Vertex expansion of the effective action

[(‘)tl“k = % @ = ;;'®';., Background-field approximation: g, A ]




Vertex expansion of the effective action
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UV fixed point
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Towards a Standard-Model—-gravity system

/ d*x /g (2\A = R)
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Gravity
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UV fixed point with matter

Scalars Fermions Yang-Mills
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Gravity dominates the UV behaviour: Geg ~
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V fixed point with matter

Scalars Fermions Yang-Mills
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Gravity dominates the UV behaviour: Geg ~

[One force to rule them all
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Dark Matter

Baryonic Matter

Dark Matter evidence from

e Rotation curves
e CMB
e Structure formation

Dark Energy
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Dark Matter can be
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Dark Matter

Baryonic Matter

Dark Matter can be

e |a particle
e a modified gravitational interaction
e primordial black holes

Dark Energy

We want to use quantum gravity to constrain a given dark matter model

11
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A dark matter candidate SM ‘\ /DM
e is stable or long-lived on direct
cosmic time scales / \
SM DM

e has a portal interaction

with the SM fields collider
Example: Higgs portal A, HTHS S*

Various production mechanisms

o [Thermal production (freeze out)}

e Non-thermal production

(decay from heavier particle, during reheating)
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Freeze out

Number density of DM candidate is described by the Bolzmann equation

dn
d—: +3Hn, = —(o(xx — SI\/I)vreL)(nf< — ni,eq)
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Number density of DM candidate is described by the Bolzmann equation

dn.
X _ 2 2
T +3H ny = —(a(xx = SM)Ve1.) (05, — N3 oq)
relativistic non-relativistic
T T T T
L freeze-out 4
I'~H
n i R
= |

relic density |

r equilibrium
/T

| | % L
1 10 100

m
T
Smaller portal coupling — earlier decoupling — larger relic density

13



Scalar Higgs portal
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Scalar Higgs portal

10° T

107" & k|

Qs > Qpym
10-3 b BR(h — 55) > 58%
BR(h — $9) > 16%
Fermi-LAT bb

LUX 2015

1074 £ XENONIT projected
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111101

e Higgs resonance at ms ~ m;, /2 allows for smaller coupling values
e Quantum gravity prediction A,(Mp;) =0

e Portal coupling remains zero also below Mp,
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How can we generate the portal coupling?

Yukawa interaction can generate A,
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How can we generate the portal coupling?

Yukawa interaction can generate A,

Sl = =

Yukawa interaction is fine as long as v cannot decay into light particles

15



How can we generate the portal coupling?

Gauge interaction U(1)x

e Stability: interaction preserves Z, symmetry

e Kinetic mixing: no charge of Higgs boson under U(1)x needed

16



Lagrangian of U(1)x and U(1)y

€ v
= FXFY

1 g 1y
Lo 2 LR+ FLFY + 5 FL

nv Nz
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Lagrangian of U(1)x and U(1)y

€ v
= FXFY

1 g 1y
Lo 2 LR+ FLFY + 5 FL

nv uv

nz

e Eliminate Flfl,FY by rotations and rescalings of the gauge fields

e Price to pay: non-diagonal covariant derivative
Dy =9, +i(gyny) B, +i(gonx + &gny) Z,

e New gauge couplings gp and g.

17



Lagrangian of the dark sector

‘CD ~ Escalar + »Cferrnion + »Cgauge
1 ) 2
~ 5DuSDS* + A HTHSS® + As(S5")? + 22 55°
+ P+ My + yy SPYe

1 _x —pw M2,

€ Y v
5 F. FX +

2
+ (Z = 9u0)
e Stueckelberg mechanism to give mass to Z’

e Vector-like fermion v for vacuum stability of S

e S or v is dark matter candidate depending on mass hierarchy

18



Dark Matter meets
Quantum Gravity




Philosophy

Standard Model extension that allows for a Dark Matter candidate

Simple dark matter models preferred

Demand that the model is UV complete with quantum gravity

e Assume no further particle content

19



Boundary conditions from asymptotically safety

If matter couplings become too large, they run into a Landau pole
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RG scale k in GeV

20



Boundary conditions from asymptotically safety

If matter couplings become too large, they run into a Landau pole

14 7 7

,I II '/
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1.0F predictive trajectory
< osf
) free trajectories

0.6

0.4} ~

0.2L - NN -

1 10" 10% 10% 10%

RG scale k in GeV

Notice difference between

e UV attractive (relevant) direction

e UV repulsive (irrelevant) direction

20



Quartic scalar coupling

Beta function of quartic scalar coupling

5)\ = B)\,matter + f/\

with UV repulsive fixed point \* =0
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Quartic scalar coupling

Beta function of quartic scalar coupling

5)\ = B)\,matter + f/\

with UV repulsive fixed point \* =0
Boundary condition: AMMpi) =0

Application to Higgs mass

mp = 126 — 136 GeV

21



U(1) gauge coupling

U(1) gauge beta function

ﬁg - ﬁg,matter - fgg
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U(1) gauge coupling

U(1) gauge beta function

ﬁg - ﬁg,matter - fgg

fg is positive

f_é( 8 4 )
€ 16w \1-2A (1-—2A)?

Boundary condition at one loop (Bg.matter = B¢ 1-lo0p&°)

fg

Mp)) <
g( PI)_ Bg,l—loop

We use f; < 0.04

22



Yukawa coupling

Yukawa beta function at one loop

3
5y = By,l—loop—yukaway - By,l—loop—gaugey - fyy

Boundary condition

}/(MPl) < \/fy + By,l—loop—gauge

ﬂy,l—loop—yukawa

Application: top mass and difference between top & bottom mass

23



Compatibility with SM

When is the SM compatible with Asymptotic Safety?
e For U(1)y we need f;, >9.8-103
e For top and bottom mass we need f, > 10~*

e The Higgs mass is slightly wrong m;, ~ 130 GeV

Two perspectives on the Higgs mass
e Accept small difference

e Use freedom of SM extension to adjust Higgs mass

24



Scalar dark matter model

Properties
e U(1)x is identified with U(1)s-,
e Right-handed neutrinos to make B-L anomaly free

e Dark fermions for vacuum stability; decay via neutrino channel
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Scalar dark matter model

Properties
e U(1)x is identified with U(1)s-,
e Right-handed neutrinos to make B-L anomaly free

e Dark fermions for vacuum stability; decay via neutrino channel

Predictivity from
o \p(Mpi) ~ 0
e )\, induced by gp and g., which are bounded as well

e Vacuum stability of S is crucial

25



Allowed range for gp and g,
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Asymptotically free couplings, if their values are in the green area at Mp,
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Example running

e Choose gp(Mpy)
e Adjust g.(Mp) to match Higgs mass

e Add fermions for vacuum stability
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Example running

e Choose gp(Mpy)
e Adjust g.(Mp) to match Higgs mass

e Add fermions for vacuum stability
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Prediction for portal coupling

Use g. to fix Higgs mass and f, < 0.04

IA(TeV)| < 0.08
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Prediction for portal coupling

Use g. to fix Higgs mass and f, < 0.04

IA(TeV)| < 0.08

Accepting a small difference in the Higgs mass

Ap(TeV)| S 1.1f; + 54 £
M, min = (136 — 382 f;) GeV

For f, = 0.04 we find |A,| < 0.13

28



Favoured mass range scalar dark matter

10
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56 GeV < Mpm < 63 GeV
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Fermionic dark matter model

Properties
e U(1)x with free quantum number ny, for fermion

e Scalar Higgs portal optional
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Fermionic dark matter model

Properties
e U(1)x with free quantum number ny, for fermion

e Scalar Higgs portal optional

Predictivity from
e Upper bound on nygp
e Annihilation cross section ~ nygp

e ny drops out

30



Allowed range for gp and g,

00 02 04 06 08 10
ny 8D

Asymptotically free couplings, if their values are in the green area at Mp,
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Favoured mass range fermionic dark matter
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Favoured mass range fermionic dark matter

103k
1025
2 %
Q E
Sl J
V My =74 TeV ]
10-15 Mz =30 TeV
2:MZ:10TeV
10~k E
108 10* 10°
MDM[GCV]

e non-resonant My < Mpy:  Mpm < 2TeV

e resonant Mz > Mpy: Mpnm < 40 TeV
32



e Dark matter models guided by simplicity
e Demand asymptotic safety or freedom of all couplings

e Boundary conditions at Mp, leads to constraints on the mass

Scalar Higgs portal
56 GeV < Mpm < 63 GeV

Fermionic dark matter

Mpm < 40 TeV
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e Dark matter models guided by simplicity
e Demand asymptotic safety or freedom of all couplings

e Boundary conditions at Mp, leads to constraints on the mass

Scalar Higgs portal
56 GeV < Mpm < 63 GeV

Fermionic dark matter

Mpm < 40 TeV

Thank you for your attention
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