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success story: standard model

running couplings
quantum fluctuations modify interactions
couplings depend on energy or distance
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quantum gravity as a QFT

degrees of freedom: spin 2
dimensionful coupling constant: [Gy|=2—- D <0

| asymptotic safety conjecture:

: what, if running couplings reach ]
¢ o _ Weinberg '79 3
g,: finite values in the UV? ;

fundamental _ _
V f t Wilson 71
definition of QFT 6 UV fixed poin
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exact asymptotic safety

dimension  coupling ;

{ Do Gastmans et al '78
| gravitons D=2+4+¢: a=GnN(u)pu"" e D e §
| e 20021 2t 21 90 §
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exact asymptotic safety

dimension  coupling ;

| gravitons

G(p) =GN

classical GR

Gastmans et al '78 .

_ . _ D—2 Christensen, Duff '78 §
D = 2 T € Q= GN (IU')ILL WeinbeLll*g '79 §

ena 2Wai et al 90 §
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how is this predictive?

UV: interactions are softened by fluctuations

fixed point characterised by

relevant, marginal, irrelevant invariants

predictivity “ finitely many relevant invariants
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exact asymptotic safety

| gravitons
! fermions
| gluons

scalars

dimension

D =24¢€:
D=24¢€:

D =44 ¢€:

D =2-+¢€:

a=Gn(p)p”?

coupling }

Gastmans et al '78 §
Christensen, Duff '78 4
Weinberg '79 §

Kawai et al "90 §

Gawedzki, Kupiainen ’85 v,
de Calan et al 91

Peskin ’80
Morris '04 §

Brezin, Zinn-Justin '76
Bardeen, Lee, Shrock '76 §
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exact asymptotic safety

dimension coupling '

gravitons
I fermions
gluons

scalars

&goz

—02)

04"

02

A>0:
QED-like

00!

—04

Gastmans et al '78 §
Christensen, Duff '78 4
Weinberg '79 §

Kawai et al "90 §

Gawedzki, Kupiainen ’85 v,
de Calan et al 91

Peskin ’80
Morris '04 §

Brezin, Zinn-Justin '76
Bardeen, Lee, Shrock '76 §

e SHDS
S -

Ay < 1

Friday, 26 June 15



exact asymptotic safety

dimension

i gravitons
} fermions
| gluons

i scalars

D =24¢€:
D=24¢€:

D =44 ¢€:

D =2-+¢€:

coupling {

D_9 Gastmans et al ’78 ;"_.
— — Christensen, Duff '78 §
= GN (’UI)’LL Weinberg 79 §
Kawai et al 90 §

2—D Gawedzki, Kupiainen ’85 "v

& = JGN (:u):u de Calan et al 9|

4—D Peskin '80 §

Q= gYM (’LL)'LL Morris *04

_ D—2 Brezin, Zinn-Justin '76
O = gNL (/’L)ILL Bardeen, Lee, Shrock '76 §

oo

Q: what about D=4?
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exact asymptotic safety

dimension coupling :

gravitons D=2+c¢€:

I fermions D=2+c¢€:

gluons D — 4 + € :

scalars D =2-+¢€:

i classes of

i gauge-Yukawa D =4:
| theories

a=Gn(p)p”?

a=gnp(u)u” 2

several ¢;

Gastmans et al '78 §
Christensen, Duff '78 $
Weinberg '79 £

Kawai et al ’90

Gawedzki, Kupiainen ’85 "
de Calan et al '91 %

Peskin ’80
Morris 04 -,_

Brezin, Zinn-Justin '76
Bardeen, Lee, Shrock '76 %

Litim, Sannino 1406.2337
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exact asymptotic safety
of 4D gauge-Yukawa theories




gauge-Yukawa theory

Lagrangean couplings

L\ I\I — .—Tl' Fle -.
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, Ly=—u'lr (HTH)Z 7,

small parameter:

no asymptotic freedom
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gauge-Yukawa theory

36 (25 5 e> g — 2 ( 5 e> va} gauge

By = ay, {(13 + 2€) Oy — 6(19} : Yukawa

Brn = —(11 + 2¢) 0432/ + dap (o + 2a)
) Higgs
By = 12a3, + 4o, (o + 4o, + ) -

“ no asymptotic fresdop
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gauge-Yukawa the o
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gauge-Yukawa theory
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results

UV scaling exponents

91 = —0.608¢*+ O(e?)

192 2.737 € + 0(62) ‘

193 4.039 € + 0(62)
Y9, = 294le+ O(€2).
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results
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interacting UV fixed point
entirely due to fluctuations’

Friday, 26 June 15



results

phase diagram
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exact UV FP
strict perturbative control
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results ———————————————
IR gauge a;
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results

B B e
R gauge a, Uv
. %
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0.4} :
0ot a, +a,
% __—~Vacuum stability
o.oFt — y
—02} \ @,
15—9 06 0001 T 000 100

phenomenology:
dark matter Sannino, Shoemaker, arXiv:1412.8034

i n f I at i O n Nielsen, Sannino, Svendsen, arXiv:1503.00702

RG scale 1z parameter
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results

UV fixed point from
perturbation theory

0.05}
0.04}
0.03}

0.02}

0.01}

0.00

0.02

0.04

0.08

0.10

Friday, 26 June 15



results

UV-relevant
eigendirection
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results

UV scaling exponents <0 <Py <Py <3
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vacuum stability

vacuum must be stable classically
and quantum-mechanically

V o< o, Te(H"H)? + o (TrHTH)?

jap >0 and ap+a, >0 H. o< d;j

H c X 5 ) 1

stability
ap <0 and ap +a,/Np >0

UV FP:
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phase diagram
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vacuum stability

quantum stability: Coleman-Weinberg type

resummation of logs

9, 9, 9,
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effective potential well-defined for all scales
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asymptotic safety
and quantum gravity




computational methods

4D quantum gravity:
expect large couplings
non-perturbative tools mandatory

continuum: non-perturbative renormalisation group

lattice: Monte Carlo simulations

simplicial gravity
dynamical triangulations

(AdS/CFT, holography, ...)

Friday, 26 June 15



renormalisation group

continuum methods

functional (Wilsonian) renormalisation

“effective average action’ Polchinski ‘84, Wetterich *92
Reuter ’96, Litim 00,03

vast body of results

strong evidence for interacting FP

(see e.g. 1102.4624 for an overview)

systematic search strategy (' bootstrap’)
set of relevant couplings
not known beforehand Falls, Litim, Nikolakopoulos, Rahmede, 1301.4191
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asymptotic freedom

“the knowns’
g« =0
na =0
canonical
{Van}
F256

asymptotic safety
“the unknowns’

g« 7 0

nn # 0

non-canonical

{ﬁn } not
12256 9
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K Falls, DL, K Nikolakopoulos & C Rahmede, 1301.4191

bootstrap search strategy
hypothesis




K Falls, DL, K Nikolakopoulos & C Rahmede, 1301.4191

bootstrap search strategy

hypothesis relevancy of invariants follows
canonical dimension

strategy

Step 1 retain invariants up to mass dimension D
Step 2 compute {9n} (eg. RG, lattice, holography)
Step 3 enhance D, and iterate

convergence (no convergence) of the iteration:

hypothesis supported (refuted)

Friday, 26 June 15



Riccl
scalars

effective action with invariants up to
mass dimension ) = 2(N — 1)

ar, 1 OThlel .\ dr.|  _ 1
R <5¢5¢ 'Rk) ak | 2

here: M Reuter hep-th/9605030 Falls, DL, Nikolakopoulos, Rahmede 1301.4191.pdf
Falls, DL, Nikolakopoulos, Rahmede 1410.4815

DL hep-th/0103195 A Codello, R Percacci, C Rahmede 0705.1769, 0805.2909
¢ hep-th/03121 14 P Machado, F Saueressig 0712.0445

i technicalities: functional renormalisation |
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UV fixed pomt
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scaling exponents

80 Pr———r—r——————— 1 order of approximation
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Re v, (N)

v (V) =1

hear-Gaussian

30

25

20

10

0.1}

0.01%

0.001

35

15

Friday, 26 June 15



K Falls, DL, K Nikolakopoulos & C Rahmede, (in prep, arXiv:|1506.00xyz)

f(Ricci)

'y o /ddx\/§ [fk(Rw/R'uy) + R - Zk(R,UJVRLW)]
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f(Ricci)

'y o /ddx\/§ [fk(R,UJ/R'UJV) + R - Zk(R,uVR'LW)]
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K Falls, DL, K Nikolakopoulos & C Rahmede, (in prep, arXiv:1506.00xyz)

f(Ricci)

'y o /ddﬁ\/g [fk(Rw/R'uy) + R - Zk(R,uVR'uV)]
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RG vs lattice

simplicial gravity
lattice fixed point in 4D  Hamber 0015

scaling lattice RG
exponent 0335(9) Hamber ’00 0375 Litim 03

V 0.335(4) aTaqmuzfgd’Iii 0.3333 Falls 1503.06233

1503.06233

dynamical triangulations (casual vs euclidean)
Iattice fixed pOint in 4D CDT Ambjoern, Jordan, Jurkiewicz, Loll ‘I |

Spectral D CDT Ambjoern, Jurkiewicz, Loll ’05 oD

dimension S EDT Lo coumbel D, =

RG Lauscher, Reuter,’05
Reuter, Saueressig,’ | |
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testing asymptotic safety
In the physical world

cosmology

early universe and inflation, late-time acceleration
asymptotically safe cosmology

&' 'S
particle physics

towards a Standard Model including quantum gravity
gravitational scattering: signatures at particle colliders

* % W

black holes

quantum corrections to BH space-times
quantum aspects of black hole thermodynamics
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workshop announcement

https:/conference.ippp.dur.ac.uk/event/452/

organisers:
S Abel

G Hiller

D Litim

F Sannino
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